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ABSTRACT OF THE DISSERTATION
Towards functional regeneration of the central nerous system: glial calcium signaling in

reactive gliosis and the therapeutic potential of bone marrow-derived mesenchymal stem
cells for retinal degenerative diseases

by
Diana Xuan Yu
Doctor of Philosophy in Bioengineering
University of California, San Diego, 2008

Professor Gabriel Silva, Chair

While great strides have been made in medicine and technology in the recent
decades, satisfactory treatment of injuries and diseases in the central nervous system
remain largely elusive. Neurodegenerative disorders such as Alzheimer’s and Parkinson’s
disease as well as degenerative retinal disorders such as Age-related macular
degeneration and Retinitis pigmentosa are devastating illnesses that severely affect the
quality of life of patients and current therapies for them are at best symptomatic
treatments. It is no doubt that effective therapeutic strategy for these diseases will require
thorough knowledge of the pathogenesis of the diseases as well as development of the
central nervous system to not only halt the progression of the degeneration but also repair
the loss or dysfunctional tissue in order to restore cognitive functions.

Stem cells have roused great enthusiasm in recent years due to their therapeutic
potential to restore function by replacing the lost or dysfunctional cell types. Bone

marrow-derived mesenchymal stem cells (BMSCs) are of particular interest as somatic

XV



(adult) stem cells because of its relative ease of isolation and the minimal ethical
concerns associated with its use. Numerous studies have suggested the potential of bone
marrow-derived mesenchymal stem cells (BMSCs) to differentiate into cell types of all
three germ layer. However, as is common with most fast growing research fields, its
rapid progress to yield clinical treatments leaves many fundamental questions
unanswered. Amongst them, large variations in experimental protocols make comparison
of findings between different studies particularly difficult. In the studies presented here,
we compare the viability and differentiation potential of BMSCs on standard surface
chemistries and report the optimum growth conditions of these cells for neuronal
differentiation as well as induction of neural progenitor marker in BMSCs.

In addition, recent studies in neurobiology have revealed significant functional
roles of glial cells in regulating synaptic activity and information processing that were
previously unappreciated. Specifically, calcium signaling has been highlighted as a
potential mechanism of intra- and intercellular communication in networks of neurons
and glia that is not only essential in normal physiology but may also play crucial roles in
progression of degeneration in disease via processes mediated by the glia. In the studies
presented here, we investigate the role of glial calcium signaling in reactive gliosis, an
endogenous inflammatory response of the CNS to injury and disease that often
aggravates the loss function and hampers effectively recovery. We introduce the rMC-1
Miiller glia cell line as a model for studying calcium signaling and present evidence for
complex signaling dynamics in intercellular calcium transient propagation within glial

networks that may be altered under pathological conditions. In addition, we show that

Xvi



disruption of glial calcium homeostasis via altered calcium signaling dynamics directly
correlates with known hallmarks of reactive astrogliosis and may play an important role

in pathogenesis of neurodegenerative disease.
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Chapter I

Stem cell sources and therapeutic approaches for central
nervous system and neural retinal disorders

Abstract

In the past decades, stem cell biology has made a profound impact on our views
of mammalian development as well as opened new avenues in regenerative medicine.
Their potential to differentiate into various cell types of the body is the principle reason
they are being explored in treatments for diseases where there may be dysfunctional cells
and/or lost of healthy cells due to pathology. In addition, other properties unique to stem
cells; its endogenous trophic support, ability to home to sites of pathology, and stability
in culture to allow genetic manipulation, are also being utilized to formulate stem cell-
based therapy for CNS disorders.

In this chapter, we will review key characteristics of embryonic and somatic
(adult) stem cells, consider therapeutic strategies employed in stem cell therapy, and
discuss the recent advances made in stem cell-based therapy for a number of progressive
neurodegenerative diseases in the CNS as well as neuronal degeneration secondary to
other abnormalities and injuries. While a great deal of progress has been made in our
knowledge of stem cells and it’s utility in treating CNS disorders, much still needs to be
elucidated regarding the biology of the stem cells as well as the pathogenesis of targeted

CNS disease in order to maximize therapeutic benefits.



Introduction

In a broad sense, by definition stem cells are a population of cells capable of
indefinite self-renewal that give rise to “daughter” cells committed to specific
differentiation lineages through asymmetric cell division. Their ability to control
proliferation, differentiation, and apoptosis distinguishes them from neoplastic cells.
Embryonic stem cells are primordial cells of the developing blastula capable of
generating an entire organism while somatic stem cells reside within individual organs
and usually only give rise to cell types specific to that tissue. The normal function of stem
cells include the maintenance of homeostasis mediated by providing trophic support, as
well as serving as a reservoir for replacing dysfunctional and senescent cells throughout
the lifetime of the organism (Thomas, Thomson et al. 2006). The fact that stem cells have
the potential to differentiate into various cell types and tissues is the principle reason they
are being explored in treatments for diseases where there may be dysfunctional cells
and/or lost of healthy cells due to pathology.

The central nervous system (CNS), traditionally believed to have limited
regenerative capabilities, does retain a limited number of stem cells in adulthood,
particularly in the dentate gyrus of the hippocampus and the subventricular zone (SVZ)
that replenishes olfactory bulb neurons (Singec, Jandial et al. 2007; Zietlow, Lane et al.
2007). However, these cells have little capability to participate in CNS repair following
degenerative diseases or traumatic injury (Ninomiya, Yamashita et al. 2006), and also
present limitations as a cell source for transplantation therapies. This implies that new

potential sources of stems cells for CNS therapies need to be considered. Ultimately, the



goals are to replace lost neurons, re-establish functional neural circuitry, and restore
neurological function. As such, the investigation and development of stem cell based
therapies aimed at the CNS have received a tremendous amount of attention(Ourednik,
Ourednik et al. 2000; Pluchino, Zanotti et al. 2005; Miller 2006).

In this chapter, we start by first reviewing some fundamental characteristics of
embryonic stem cells (ESCs) and somatic (adult) stem cells, using the neural stem cell
(NSC) and bone marrow-derived mesenchymal stem cell (BMSC) as examples. We then
consider in more detail three main approaches to neurological stem cell therapies: cell
transplantation, neuroprotective strategies, and gene therapy approaches. Finally, we will
discuss in depth the recent advances made in stem cell-based therapies for treatment of
progressive neurodegenerative diseases in the brain and the neural sensory retina, as well

as neuronal degeneration that is secondary to other pathology.

A. Stem cell sources

A wide range of stem cells from various sources is currently being investigated
for their potential in stem cell-based therapies for CNS disorders. Although a detailed
discussion of their properties and characteristics is beyond the scope of this review, we
present here a broad introduction and provide extensive references for the interested

reader.

A.1. Embryonic stem cells



Embryonic stem cells (ESCs) are pluripotent cells isolated from the inner cell
mass of day 5 to day 8 blastocysts with indefinite self-renewal capabilities as well as the
ability to differentiate into all cell types derived from the three embryonic germ layers.
This was demonstrated with mouse ESCs (mESCs), first isolated in 1981, where in vitro
cultures of mESCs could be propagated indefinitely without telomerase mediated cell
senescence, and were able to give rise to all cell types of the body both in vitro and in
vivo (Evans and Kaufman 1981; Martin 1981; Nagy, Rossant et al. 1993).

Successful isolation of human ESCs (hESCs) was achieved in 1998, and they
were shown to share similar self-renewal and differentiation properties to
mESCs(Thomson, Itskovitz-Eldor et al. 1998). Since then, hESCs work has relied heavily
on previous studies done on mESCs and embryonic carcinomas (EC), cells derived from
testicular teratocarcinomas(Draper, Pigott et al. 2002; Draper and Fox 2003). While
identifying precise markers that define undifferentiated ESCs is still a very active area of
investigation, it is generally accepted that the transcription factors Oct-4, Sox-2, Nanog,
Rex-1 and myc are important for maintaining the pluripotency and self-renewal
properties of mouse and human ESCs(Boyer, Lee et al. 2005). However, several lines of
evidence caution against over extrapolating mESCs results to hESCs. For example,
unlike mESCs which express stage-specific embryonic antigen 1 (SSEA-1), hESCs
express SSEA-3 and SSEA-4(Henderson, Draper et al. 2002). In addition, surface
antigens associated with matrix keratin sulphate/chondroitin sulphates (TRA-1-60, TRA-
1-81, GCTM-2, TG-30, and TG-343) are expressed by hESCs but not mESCs(Laslett,

Filipczyk et al. 2003) . And finally, in contrast to mESCs, hESCs have been shown to



express CD9, Thyl, and class 1 major histocompatibility complex (MHC-1) (Henderson,
Draper et al. 2002). .

Other research is focusing on identifying signaling pathways necessary for
sustaining stem cell pluoripotency so that undifferentiated hESC can be maintained and
expanded in vitro without potential trans-species contamination associated with
xenogeneic feeder layers (Xu, Inokuma et al. 2001; Amit, Margulets et al. 2003)or
animal-derived reagents (Stojkovic, Lako et al. 2004). It has been shown that while
leukemia inhibitory factor (LIF) and bone morphogenetic protein (BMP4) inhibit neural
differentiation of mESCs and promote self-renewal under feeder-free conditions (Smith,
Heath et al. 1988; Ying, Nichols et al. 2003), it is not sufficient to support
undifferentiated hESCs (Reubinoff, Pera et al. 2000; Amit and Itskovitz-Eldor 2002;
Daheron, Opitz et al. 2004; Humphrey, Beattie et al. 2004). There is evidence that
inhibition of BMP and fibroblast growth factor 2 (FGF-2) signaling are important to
maintain undifferentiated hESCs without feeder layer (Xu, Peck et al. 2005).

To date, hESCs have been shown to differentiate into various derivatives of the
ectoderm including neural precursors(Reubinoff, Itsykson et al. 2001; Schuldiner, Eiges
et al. 2001; Zhang, Wernig et al. 2001), dopamine and motor neurons(Perrier, Tabar et al.
2004; Park, Minn et al. 2005; Yan, Yang et al. 2005; Martinat, Bacci et al. 2006), retinal
cells (Banin, Obolensky et al. 2006), keratinocytes (Green, Easley et al. 2003; Tuchi,
Dabelsteen et al. 2006), and melanocytes(Zhang, Wernig et al. 2001; Fang, Leishear et al.
2006). In addition, they have also been differentiated into connective and structural tissue

cell types as well as cell subpopulations from blood and cardiovascular tissues normally



derived from the mesoderm(Kaufman, Hanson et al. 2001; Levenberg, Golub et al. 2002;
Sottile, Thomson et al. 2003; Barberi, Willis et al. 2005; Pilat, Carotta et al. 2005; Wang,
Menendez et al. 2005; Karp, Ferreira et al. 2006; Passier, Denning et al. 2006). And
finally, they have also been shown to give rise to cell types from the endoderm including
pancreatic, hepatocytes and lung epithelium(Assady, Maor et al. 2001; Shirahashi, Wu et
al. 2004; Samadikuchaksaraei, Cohen et al. 2006). However, it should be appreciated that
most of these differentiated cell types were assessed morphologically using
immunohistological methods only, so that their functional characterization and therefore
physiological potential remain to be determined.

In addition to the challenges introduced above for using ESCs in transplantation
therapies as well as its associated ethical concerns, there are a number of other obstacles
that need to be overcome before ESCs can be considered for clinical use. First, the most
widely used method today for differentiating ESC involves culturing them as free floating
embryoid bodies which inevitably give rise to cell types of different lineages derived
from all three germ layers (Schuldiner, Yanuka et al. 2000). This approach however does
not allow efficient production of mature, functional, and homogenous cultures of the
desired cell type with reliable precision and accuracy. Again, this highlights the need for
better isolation, identification, and maintenance of undifferentiated hESCs as well as the
development of better differentiation protocols. Secondly, since MHC-1 is up-regulated
during differentiation (Drukker 2004), clinical applications of hESCs could lead to host
immune rejection in the absence of immunosuppressive therapy. To address this issue,

therapeutic cloning via somatic cell nuclear transfer (SCNT), where the nuclear genome



of the host is introduced into an enucleated oocyte to generate hESC lines that are
histocompatible with the patient, is currently being explored (Barberi, Klivenyi et al.
2003; Hochedlinger and Jaenisch 2006). And finally, as demonstrated by the formation of
teratocarcinomas following injection of mESCs into the striatum of Parkinsonian rats
(Bjorklund, Sanchez-Pernaute et al. 2002), unregulated cell growth of undifferentiated
cells in vivo pose major challenges for the safety of using ESCs in any kind of

transplantation therapy.

A.2. Adult (Somatic) stem cells

The discovery of somatic stem cells, sources of multipotent stem cells in adult
animals with the capacity to differentiate into tissue-specific cell types, have caused
much excitement because they represent a potential source of autologous cells for
transplantation therapies that eliminates immunological complications associated with
allogeneic donor cells as well as bypasses ethical concerns associated with ESCs. The
realization that a cell source must exist in the adult animal for cell replacement in normal
physiology and following injury was first was recognized in the hematopoetic system
with the development of bone marrow transplantations. Hematopoetic stem cells (HSCs)
in the bone marrow transplanted to lethally irradiated subjects have the capability to
reconstitute all the lineages of the blood system (erythroid, lymphoid, myeloid, and
megakaryocytic)(McCulloch and Till 1971; Yoon, Chung et al. 2007). Interestingly, in
the wake of HSCs, the discovery of unexpected plasticity and regenerative capabilities in

the adult CNS made it the first solid organ system shown to possess somatic stem cells,



later termed neural stem cells (Snyder, Deitcher et al. 1992). While it may not be
surprising to find stem cells in the bone marrow that would support the rapid turnover of
blood cells in the hematopoetic system, the discovery of stem cells in the brain, an organ
that was previously thought to be largely immutable following embryogenesis,
revolutionized traditional principles of adult organogenesis and cell replacement and
opened new avenues of investigation in regenerative medicine.

Stimulated by work in the CNS and blood, multipotent somatic stem cells were
soon discovered in other tissues and organ systems including adult mammalian testis,
epidermis, gut, heart, pancreas, lung, retina, vasculature, and breast (da Silva Meirelles,
Chagastelles et al. 2006; Molyneux, Regan et al. 2007; Sohn, Jain et al. 2007). Unlike
ESCs that are able to generate all cell types of the body, somatic stem cells are largely
believed to be only capable of differentiating into cells types from their tissue of origin,
although recent work on “trans-differentiation” of bone marrow-derived mesenchymal
stem cells (BMSCs) is challenging such notions (Bossolasco, Cova et al. 2005; Choi,
Shin et al. 2005; Rice and Scolding 2007). To date, the general consensus is that these
somatic stem cells originate from pluripotent ESCs during development and are stored in
specific stem cell niches to participate in organogenesis and support cell turnover
throughout the lifetime of the organism. Since a lot of the current somatic stem cell work
on CNS regeneration involves the use of neural stem cells (NSCs) and bone marrow-
derived mesenchymal stem cells (BMSCs), these two cell types will discussed in more

detail in the following sections as examples of somatic stem cells.



A.3. Neural stem cell (NSC)

As introduced above, the concept that the adult mammalian CNS contains NSCs
was first inferred from evidence of neuronal turnover in the olfactory bulb and
hippocampus in the adult organism (Altman and Das 1965; Altman and Das 1966). Since
then, NSCs and neural progenitor cells (NPCs), cells with more restricted neural
differentiation capabilities committed to specific subpopulation lineages, have been
generated from hESCs (Conti, Pollard et al. 2005) or directly isolated from neurogenic
regions of fetal and adult CNS, such as the subventricular zone (SVZ) that provides
neuroblasts to replenish inhibitory interneurons in the olfactory bulb (Snyder, Deitcher et
al. 1992; Flax, Aurora et al. 1998; Shihabuddin, Palmer et al. 1999; Rietze and Reynolds
2006). The multipotency of NSCs were demonstrated in vitro in the 1990s by their ability
to differentiate into neurons, astrocytes, and oligodentrocytes as well as various forms of
neural precursors (Weiss, Dunne et al. 1996; Palmer, Takahashi et al. 1997; Flax, Aurora
et al. 1998; Takahashi, Palmer et al. 1999; Gage 2000). In addition, in vivo delivery of
these cells to animal models of neurodegenerative diseases demonstrated varying degrees
of functional recovery (discussed below)(Ourednik, Ourednik et al. 2002).

Currently, there is still no set of markers or protein expression profiles that
precisely define and fully characterize undifferentiated NSCs. To date, they are primarily
isolated and propagated in vitro as cells that form free-floating neurospheres when
cultured in serum-free medium on non-adherent surfaces in the presence of mitogentic
factors such as basic fibroblasts growth factor (bFGF or FGF-2) and epidermal growth

factor (EGF) (Snyder, Deitcher et al. 1992; Kitchens, Snyder et al. 1994; Gritti, Parati et
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al. 1996; Reynolds and Rietze 2005), although there have also been reports of monolayer
cultures (Johe, Hazel et al. 1996; Gage 2000). However, the neurospheres are by no
means homogenous. They consist of heterogeneous cells expressing a continuum of
surface markers and transcription factors that change during long-term culture.
Furthermore, the clonality of individual neurospheres is not absolute; time-lapse video
microscopy has captured merging and exchanging of cells between neurospheres (Singec,
Knoth et al. 2006; Singec, Jandial et al. 2007). While it has been shown that
undifferentiated fetal NSCs can be maintained in vitro for up to 6 month (Carpenter, Cui
et al. 1999) and that the derived neurons preferentially differentiate down the GABAergic
lineage (Jain, Armstrong et al. 2003), there is evidence that the fraction of neuron to glia
generation from NSCs declines with extended culture time(Jain, Armstrong et al. 2003;
Kelly, Tyers et al. 2005; Wright, Prowse et al. 2006). Adult derived NSCs show similar
properties in vitro to fetal NSCs but with more limited expansion potential. The data and
results to date suggest that the development of a fully validated protocol to characterize
and extensively propagate undifferentiated NSCs is still much needed before there is any
hope of their clinical use.

Transplantation of both fetal and adult NSCs in vivo have so far showed little
tumorgeneic complications, however, there has also been limited differentiation of tissue-
specific mature neurons (also further discussed below). The underlying problem is
believed to be the short time window following neural induction during which the cells
can be directed toward specific neuronal lineages (Bouhon, Kato et al. 2005). Functional

recovery following NSC transplantation is likely due to neuroprotective effects of the
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grafted cells rather than the replacement of lost neurons. Nevertheless, because they can
potentially be an autologous stem cell source for transplantation with minimal risk of

tumor formation, the therapeutic use of NSCs is actively being investigated.

A.4. Bone marrow-derived mesenchymal stem cells (BMSCs)

Bone marrow-derived mesenchymal stem cells (BMSCs), also termed bone
marrow stromal cells, are another example of somatic stem cell being studied for its
therapeutic potential in the CNS and in other tissues. They are a population of adherent
cells in the bone marrow, independent of the hematopoietic system, that normally give
rise to osteoblasts, chondrocytes, and adipocytes (Abdallah and Kassem 2007). In
comparison to NSCs, an additional attractive quality of BMSCs is the relative ease of
clinically viable cell isolation. They can then be further expanded and differentiated in
vitro using various media formulations and culture surface conditions in order to direct
them to different cell lineages (Ho, Yu et al. 2006). Like other stem cells, BMSCs have
been shown to be able to migrate to areas of injury, even crossing the blood brain barrier
(Akiyama, Radtke et al. 2002; Tang, Yasuhara et al. 2007). Although the reproducibility
and efficiency of BMSC therapies need to be carefully examined, these early experiments
suggest that BMSCs can potentially be administered intravenously to CNS targets,
although much work remains.

Despite the relative ease of isolation and migration potential of BMSCs, there is
considerable debate in the literature regarding the true plasticity of these cells and

therefore their clinical utility. First, BMSCs are normally obtained from the bone marrow
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by plastic adhesion assay but there has been no characterization of the full spectrum of
adherent cells that reside in the bone marrow. While some studies use fluorescent-
activated cell sorting (FACS) to obtain a more homogenous population of cells, there is
no consensus on the set of surface markers that characterize undifferentiated BMSCs,
making it difficult to directly compare studies. In fact, one current school of thought in
the field is that the bone marrow may serve as a reserve for a wide variety of stem cells,
such that BMSCs obtained by plastic adherence assay alone may actually include
heterogeneous subpopulations of multipotent stem cells with differing preferences for
varying cellular lineages(Rice and Scolding 2007). Secondly, original reports of in vivo
BMSC differentiation into neurons and glia (Brazelton, Rossi et al. 2000; Wislet-
Gendebien, Wautier et al. 2005), termed “trans-differentiation” since BMSCs do not
normally differentiate down neural lineages (Song and Tuan 2004), were challenged by
confounding results claiming trans-differentiation to be the result of cell fusion (Terada,
Hamazaki et al. 2002). However, recent evidence seems to show that BMSCs can
generate neurotransmitter-responsive cells with electrophysiological properties similar to
neurons (Wislet-Gendebien, Hans et al. 2005). In addition, there are reports of the co-
expression of markers from different neural phenotypes in BMSCs following putative
trans-differentiation events, including GABA and tyrosine hydroxlase (Suon, Yang et al.
2006), nestin and glial fibrillary acidic protein (GFAP)(Wislet-Gendebien, Leprince et al.
2003), nestin and B-tubulin (Tropel, Platet et al. 2006), GFAP and Gal-C (Tsai, Hwang et
al. 2006). Still, most of these co-expression patterns have not been observed in primary

neural cells nor in cells derived from NSCs, therefore, whether these observations
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actually support the neurogenetic plasticity of BMSCs remains to be determined. Finally,
an additional potential therapeutic application of BMSCs is in neuroprotection. These
cells have been shown to release a variety of neurotrophic growth factors that can
enhance cell survival in injured CNS regions (Pisati, Bossolasco et al. 2007), although
again the effectiveness of any neuroprotective applications need to be further investigated

and ultimately assessed in vivo.

B. In vivo stem cell transplantation therapeutic strategies

To date, there are three major classes of applications being explored for functional
restoration of the CNS that in part make use of stem cells, namely, cell replacement
strategies, neuroprotection, and gene therapy. Each of these takes advantage of the unique
properties and capabilities offered by stem and progenitor cells, and they are often used

in combination to maximize therapeutic effects.

B.1. Cell replacement: Restoring lost neurons and glia

Arguably the most desired outcome of stem cell-based transplantation therapies is
to provide injured areas of the CNS a population of cells, potentially engineered, that can
use local biochemical and mechanical cues to differentiate into cell types that have been
lost or altered by disease mechanisms and ultimately restore neurological function.
Snyder et al. demonstrated the potential use of stem cells in cell replacement therapies in
1997 when they showed that grafting C17.2 cells, a NSC cell line derived from the

external germinal layer of neonatal mouse cerebellum and immortalized with the v-myc
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gene (Snyder, Deitcher et al. 1992; Kitchens, Snyder et al. 1994), into areas of
photolysis-induced apoptotic pyramidal neurons in the adult mouse neocortex led to
integration into regions of cell death, differentiation into pyramidal neuron-like cells, and
extension of neurites that established appropriate afferent synaptic contacts(Snyder, Yoon
et al. 1997). These results suggest that there may be local environmental cues during
injury in the adult neocortex that can direct the differentiation of NSCs to regenerate
areas of damage even though the normal developmental window has passed. The
sensitivity to differentiation cues was emphasized in this study by the preferential
differentiation of NSCs into glia in areas outside the photolytic lesion. This in itself
raises technical issues related to how does one control the proliferation and differentiation
of transplanted cells outside target areas. One potential strategy may be to use local cues
induced by injury mechanisms or other secondary mechanisms that regulate proliferation
and differentiation processes under the control of specific inducible promoters, although
this is in itself is challenging task.

Since this early work, many other studies have focused on demonstrating and
optimizing stem cell based methods for the replacement of CNS cells lost to injury or
disease. We discuss several of these below in the next section. However, a number of
challenges still need to be addressed before stem cell transplantation for cell replacement
can be successfully translated to the clinical setting. With increasing knowledge of stem
cell biology, there need to be developed ways to more reliably characterize the
differentiation and cell cycle states of stem cells prior to transplantation in order to better

evaluate and control clinical outcomes. Also, there is evidence that differing
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transplantation techniques (e.g. implanting multiple micrografts versus a single large
graft) may have a significant effect on the outcome and success of the procedure(Nikkhah,
Bentlage et al. 1994). In addition, for grafts with allogeneic donor cells, establishing a
post-operative immunosuppression regimen to avoid acute and chronic rejection of the

graft is also essential(Lindvall and Bjorklund 2004).

B.2. Neuroprotection: Secretion of neurotrophic factors

The notion that stem cells may also play a neuroprotective role in vivo has been
suggested by several studies that documented functional improvement following
transplantation stem cells in the absence of any significant differentiation and re-
establishment of functional synaptic connections. Ourednik et al. first showed that
undifferentiated NSC C17.2 produced glial derived neurotrophic factor (GDNF) in vitro
which may have contributed to the observed “rescuing” of dopamine neurons in regions
of NSC transplantation in aged mouse brains in vivo(Ourednik, Ourednik et al. 2002).
hNSCs isolated from fetal spinal cord expressed and released GDNF as well brain-
derived neurotrophic factor (BDNF) when implanted into a transgenic rat model of
amyotophic lateral sclerosis (ALS), leading to delayed onset of motor dysfunction and
extended life spans(Xu, Yan et al. 2006). NSCs graphed into rats models of spinal cord
injury have also been shown to express nerve growth factor (NGF), neurotrophin-3 (NT-
3), and glial growth factor receptors such as ErbB-2; and PASK, the mammalian
homologue of the fray gene that is involved in axon ensheathment(Lu, Jones et al. 2003;

Yan, Welsh et al. 2004). This list is by no means all inclusive, and it is conceivable that
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there may be additional unidentified neurotrophic factors that we are not yet aware of
released by stem cells under stress of pathological conditions that may contribute to the
neuroprotective effect. In addition to NSCs, this effect has also been found in stem cells
from other organ systems. hMSCs have been shown to secrete NT-3 in co-culture with
neonatal cortical brain slices(Pisati, Bossolasco et al. 2007). The same neurotrophin
expression profile was observed at 45 days after transplantation of hMSCs in nude mice

(Pisati, Bossolasco et al. 2007).

B.3. Vehicles for gene therapy: Delivery of factors to delay, arrest, and reverse
injury

Contrary to localized and acute traumatic insults, in a number of degenerative
disorders, multiple subpopulations of cells and anatomical regions can be affected due to
dysfunctional proteins (e.g. lysosomal storage diseases) or inadequate synthesis of key
factors (e.g. dopamine in Parkinson’s disease). Stem cells possess several characteristics
that make them promising delivery vehicles for gene therapy approaches aimed at
reversing genetic mutations. Most can be propagated for numerous passages in vitro to
allow genetic manipulation prior to transplantation, there is evidence that at least some
stem and progenitor cells tend to selectively target regions of injury or disease, they seem
to display intrinsic neurotrophic properties, and may have the potential to differentiate
into cell types endogenous to the targeted regions. It has been shown, at least in NSCs, a

variety of molecules released during inflammation (e.g. SDF-1a) and chronic diseases
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can act as chemo-attractants to guide stem cells to the site of injury (Imitola, Raddassi et

al. 2004).

C. Stem cell therapies for CNS disorders

In this final section, we summarize recent progress in stem cell therapies aimed at
six major CNS disorders and illustrate how some of the methods and strategies discussed

above are being utilized to formulate clinically viable treatments.

C.1 Parkinson’s Disease

Parkinson’s disease is a neurodegenerative disorder caused by decreased
stimulation of the motor cortex due to progressive degeneration of the nigral
dopaminergic neurons of the substantia nigra, leading to motor function deficiencies
characterized by muscle rigidity, tremor, bradykinesia, and akinesia(Kandel, Schwartz et
al. 2000). To date, the main stem cell therapy strategy for Parkinson’s disease is cell
replacement aimed at the restoration of dopaminergic neurotransmission in the striatum.
Animal model studies suggest that cellular transplantation may improve striatal function
by normalizing dopamine receptor sensitivity, regulating dopamine receptor activity, and
reconstructing both afferent and efferent connections in the striatum(Forni, Brundin et al.
1989; Bjorklund and Lindvall 2000). Functional improvements have been reported
following the transplantation of fetal mesencephalic grafts into Parkinson’s disease
patients. Clinical improvements have been observed to develop gradually over 6-24

months after the procedure, and to last 5-10 years (Lindvall and Bjorklund 2004).
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However, issues with fetal tissue availability, complications with optimizing treatment
conditions, and variations in functional recovery following the procedure limit this
approach from developing into a standardized therapy.

ESCs and somatic NSCs may provide a reliable and more plentiful source of
dopamine neurons needed for transplantation(Wagner, Akerud et al. 1999; Kim,
Auerbach et al. 2002; Perrier, Tabar et al. 2004). In vitro protocols have been shown to
be able to differentiate mouse, monkey, and human ESCs into dopamine neuron-like cells
expressing specific transcription actors (e.g. Pax2, Pax5, Enl) indicative of dopamine
synthesis(Barberi, Klivenyi et al. 2003; Perrier, Tabar et al. 2004; Yan, Yang et al. 2005;
Martinat, Bacci et al. 2006) and electrophysiological properties of midbrain dopamine
neurons(Kim, Auerbach et al. 2002; Takagi, Takahashi et al. 2005; Kim, Kim et al. 2007).
A recent study transplanting human ESC-derived dopaminergic neurons into the
neostriata of 6-hyoxydopamine-lesioned rat model of Parkinson’s disease showed long
term restoration of motor function (Roy, Cleren et al. 2006). However, the grafts also
showed expanding cores of undifferentiated mitotic neuroepithelial cells that could
potentially become tumorgenic.

While a great deal of progress has been made in this area, a number of challenges
still remain to be addressed before stem cell-based therapies can be used as standardized
treatments for Parkinson’s disease. First, differentiation protocols needs to be further
optimized to reliably produce highly purified and homogeneous populations of desired
cell types. Secondly, the ability of transplanted stem cell-derived dopamine producing

neurons to survive, re-innervate, and restore dopaminerigc neurotransmission in the
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striatum still needs to be fully assessed in vivo in order to ensure the long term efficacy
and safety of the procedure. Finally, treatment conditions such as patient selection,
postoperative rehabilitation, and immuno-suppression also need to be optimized to

maximize therapeutic benefits.

C.2. Huntington’s Disease

Huntington’s disease or Huntington’s chorea is an inherited autosomal dominant
disorder caused by a repeating CAG mutation in the Huntingtin gene (chromosome 4)
leading to abnormal processing of the defective protein, accumulation of its fragments in
cellular compartments, and eventual loss of GABAergic medium spiny neurons in the
striatum as well as neurons in the cortex (Kandel, Schwartz et al. 2000). In Huntington’s
disease patients, progressive loss of these neurons disrupts functions in the cortico-
striatal-pallidal circuit through dis-inhibition of pallidal signaling output, leading to
severe physical and cognitive impairments as well as psychopathological symptoms.
Currently, there is no treatment for Huntington’s disease. The stem cell therapy strategy
most explored for this disease has been cellular transplantation of somatic stem cells of
adult and fetal origins in an attempt to restore the inhibitory connections. This is based on
promising results obtained with animal studies (McBride, Behrstock et al. 2004; Visnyei,
Tatsukawa et al. 2006), and subsequent phase I clinical trials (Philpott, Kopyov et al.
1997; Bachoud-Levi, Gaura et al. 2006) of intra-striatal implantation of fetal striatal

primodium from the forebrain.
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Huntington’s disease is uniquely suitable for fetal striatal neural grafts because
the treatment uses population of cells that are just entering active developmental growth
and maturation into the exact cell type that needs to be replaced. As shown using animal
models, varying levels of restoration, from the establishment of efferent and afferent
connectivity to the development of complex fronto-striatal neural circuitry, result in
different degrees of functional improvement. These include reduced chorea to recovery of
complex motor/cognitive abilities (Dunnett and Rosser 2007) and even restoration of
habit learning capabilities (Brasted, Watts et al. 1999). In a phase I clinical trials, three of
the five Huntington’s disease patients that received fetal neural transplantations had
metabolically active grafts (demonstrated using fluorodeoxyglucose PET scans) as well
as clinical improvements in motor and cognitive functions for up to six years following
the procedure (Bachoud-Levi, Gaura et al. 2006). A post-mortem examination of a
Huntington’s disease transplant patient who died 18 months after grafting from unrelated
causes showed that the implanted neural grafts had successfully integrated into the host
tissue, had extended neurites and had innervated dopaminerigc fibers of the host tissue
(Freeman, Hauser et al. 2000).

Though still under investigation, it is thought that the native population of NPCs
in fetal tissues is the critical element responsible for the observed improvements.
Therefore, it is presumable that NSCs may offer a treatment option to stop or even
reverse the progress of Huntington’s disease by providing a reliable source of
homogenous NPCs for transplantation. There are numerous studies on stem cell grafts

transplanted into different animal models of Huntington’s disease, most of them using
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neural progenitor cells (NPCs) expanded as neurospheres and differentiated in vitro prior
to transplantation. A recent study injecting adult NPCs isolated from the subventricular
zone into a rodent quisqualic acid lesion model of Huntington’s disease showed good
graft viability with extensive cell migration at 8 weeks with presence of differentiated
cells positive for DARPP-32 and GAD67 (markers for GABAnergic spiny striatal neuron)
as wells as reduced functional impairment determined by apomorphine-induced rotational
asymmetry and spontaneous exploratory forelimb use (Vazey, Chen et al. 2006). Studies
done with fetal human and rodent NPCs have also demonstrated good graft survival and
integration into host tissue with varying degrees of differentiation(McBride, Behrstock et
al. 2004; Visnyei, Tatsukawa et al. 2006), but further assessment of functional recovery is
needed. In addition, transplantation of grafts with stem cells of mesenchymal orgin (i.e.
bone marrow and human umbilical cord blood cells) showed longer subject survival
(Ende and Chen 2001) as well as improved motor function (Chen and Ende 2000) and
working memory (Lescaudron, Unni et al. 2003). In comparison to NPCs, fewer studies
were done using ESCs. Recent work by Dihne e.r al. demonstrated > 75% ESC
differentiation into B-tubulin(+) immature neurons in vitro prior to transplantation with
no tumor growth following the procedure (Dihne, Bernreuther et al. 2006). However, no
functional assessments were done in these studies.

While tremendous progress has been made, there are still challenges to be
addressed before stem cells can replace fetal neural tissue as cell transplantation therapy
for Huntington’s disease. While a GABAergic phenotype appears to be the default

differentiation pathways of NPCs (Jain, Armstrong et al. 2003), protocols need to be
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developed that can more precisely direct differentiation into the striatal medium spiny
projection neurons and interneurons needed for transplantation. Also, despite evidence
that differentiated cells from grafts sprout neurites and make synaptic contacts with host
tissue, observations of extensive axonal outgrowth have been limited and there is no
conclusive evidence for reconstruction of neural circuits in damaged areas (Dunnett and
Rosser 2007). Since restoration of the corticostriatal circuit is crucial for long term
functional recovery, more work is needed to optimize graft-host connectivity as well as

the development of more rigorous tests to accurately assess motor and cognitive functions.

C.3. Amyotrophic Lateral Sclerosis (ALS)

ALS is a progressive neurodegenerative disease caused by degeneration of motor
neurons in the cortex and ventral grey matter of the spinal cord, leading to muscular
atrophy throughout the body and eventually death(Kandel, Schwartz et al. 2000). Unlike
Parkinson’s disease and Huntington’s disease, ALS has a more rapid clinical progression
in which glial cells may play a key role (Julien 2007). In fact, experimental evidence of
wild-type non-neuronal cells ameliorating degeneration of SODI1 mutant-expressing
motor neurons in a chimeric mouse model of ALS composed of a mixture of normal and
mutant cells suggests that neurotrophic support by stem cells could provide an effective
treatment even without neuronal differentiation(Clement, Nguyen et al. 2003). As a result,
stem cell therapeutic strategies for ALS involve transplantation aimed at neurotrophic
support and neuroprotection in addition to the replacement of lost motor neurons. In

animal studies of stem cell therapies for ALS, transplantation of genetically modified
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human fetal NSCs into the spinal cord of a mouse ALS model have been found to survive
and secret GDNF at the 11-week end point of the study with some differentiation into
astrocytes(Klein, Behrstock et al. 2005). However, the cells were not able to completely
halt neurodegeneration and the rapidly progressing etiology. Similar decreases in the rate
of disease progression was observed in a recent study transplanting NSCs that had been
first differentiated in vitro into cholingeric motor neuron-like cells and transplanted into
the spinal cord of the same animal model(Corti, Locatelli et al. 2007).

In addition to neural stem cells, reconstitution of wild-type BMSCs following
irradiation of the SOD-1 transgenic mouse model of ALS showed delayed disease onset
and increased life span(Corti, Locatelli et al. 2004). Similar results have been obtained by
intravenous infusion of human umbilical cord blood cells(Garbuzova-Davis, Willing et al.
2003). While direct delivery of cells into the CNS may circumvent complications with
peripheral injections, the more widely distributed and extensive pathology associated
with ALS presents a unique surgical challenge in terms of cellular transplant delivery.
Instead, the disease may benefit from a therapeutic strategy that utilizes the intrinsic
capability of stem cells to migrate to areas of damage in order to provide neurotrophic
support.

It should also be noted that since potential causes for ALS could have a hereditary
component, it is unclear whether autologous stem cells could provide therapeutic benefits.
Despite the fact that many treatment parameters still await elucidation, clinical trials are
underway based on the transplantation of autologous BMSCs into spinal cords of ALS

patients(Mazzini, Fagioli et al. 2003). Cells isolated and expanded for 32 days in vitro
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were transplanted into seven rapidly progressing ALS patients. No major complications
were reported following the procedure and no abnormal cell proliferation was observed in
MRI at 4 years post surgery. Four of the seven patients demonstrated significant
reduction in the rate of decline of respiratory function and on the ALS-functional rating
score(Mazzini, Mareschi et al. 2007). However, one noted problem with using autologous
stem cells is the variation in expansion potential between different patients dependent

largely on age, and may significantly affect the efficacy and outcomes of the treatment.

C.4. Retinal Degenerative Diseases

Another area where stem cell-based therapies are being actively pursued as a
potential therapeutic alternative is in the treatment of retinal degenerative diseases. In
comparison to other cell based translational CNS targets, the retina offers unique
advantages that render it considerably more favorable for development of transplantation
and stem cell therapy. The retina is a unique structure of the CNS in that all of the
essential cell types and neuronal circuitry necessary for function are contained within its
five primary layers spanning approximately 200 um in thickness(Kandel, Schwartz et al.
2000). This indicates that, with the exception of replacement of retinal ganglion cells
(RGC:s) for optic nerve degeneration (i.e. glaucoma), functional neuronal synapses that
need to be established between host and transplanted cells are local and short range
connections with minimal need for guidance. In addition, information flow is essentially
unidirectional towards the RGCs and many of the diverse functional cell types in the

mammalian retina have been identified morphologically and physiologically(Masland
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2001; Masland 2004). Furthermore, the retina is the most accessible part of the CNS
which facilitates surgical delivery of cells and grafts via transplantation or injection. It
can be assessed structurally and functionally using noninvasive imaging tools such as the
fundus scope and optical coherence tomography (OCT), as well as standard
electroretinogram (ERG) techniques.

With the exception of glaucoma, which primarily affects retinal ganglion cells,
and some forms of vitreoretinal degeneration which also first affect the inner retina, most
retinal degenerative diseases such as age-related macular degeneration (AMD), retinitis
pigmentosa (RP), and the numerous forms of retinopathy are all characterized by
progressive loss of retinal photoreceptors, resulting in remodeling of neural retinal
circuitry and eventually vision loss. Stem and progenitor cells isolated from a number of
sources including embryonic tissue, adult brain, adult bone marrow, and even the retina
itself are been explored for their potential as stem cell-based therapies for these diverse
classes of disorders(Lund, Wang et al. 2006; MacLaren, Pearson et al. 2006; Gamm,
Wang et al. 2007; Lund, Wang et al. 2007).

Of the numerous studies being done, there have been two general approaches to
the transplantation of stem cells or stem cell-derived cells to rescue the degenerating
retina: Photoreceptor survival promoted by restoring the supportive functions of the
retinal pigment epithelial (RPE) cells through subretinal grafts of stem cell-derived RPE-
like cells; and directly replacing lost photoreceptors with transplanted stem cells and
retinal precursor cells coaxed to differentiate and integrate into the outer nuclear layer of

the degenerating retina. In contrast to Huntington’s disease and ALS, which have already
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entered clinical trials, and Parkinson’s disease, for which graft viability and host
integration have been investigated and verified, the potential of these cell-based therapies
for retinal degenerative disorders are still being assessed in animal models.

A recent study of subretinal injections of hESC-derived RPE into the Royal
College of Surgeon (RCS) rat model of retinal degeneration (caused by inhibition of RPE
phagocytosis of photoreceptor outer segments due to mutation in the receptor tyrosine
kinase mertk gene (D'Cruz, Yasumura et al. 2000)) reported rescue of visual response and
acuity assessed using electroretinogram, optomotor acuity thresholds, and luminance
threshold recordings in the superior colliculus (Lund, Wang et al. 2006). However, there
is no direct evidence showing that the observed functional improvements were due to
rescue of RPE phagocytosis rather than a general neuroprotective effect brought on by
the transplanted cells. Indeed, a variety of cell types have been shown to provide
temporary rescuing effects through secretion of neurotrophic factors when transplanted
into the retina (Gamm, Wang et al. 2007; Lund, Wang et al. 2007) and the hESC-derived
RPE cells have been shown to produce PEDF (Klimanskaya, Hipp et al. 2004), a trophic
factor with protective and morphogeneic effects on photoreceptors (Aymerich, Alberdi et
al. 2001; Barnstable and Tombran-Tink 2004; Imai, Yoneya et al. 2005). Furthermore,
the grafted cells were observed to aggregate at the injection site instead of integrating into
the host retina with poor long term cell retention that parallels the decline in rescue
effects at 4 weeks after transplantation (Lund, Wang et al. 2006).

Attempting to rescue the degenerating retina by cellular replacement of lost

photoreceptor neurons presents its own unique set of challenges. In cases of severe retinal
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degeneration, the retina may have already undergone substantial post-receptor
remodeling (Fisher, Lewis et al. 2005) (in the early stages of these diseases the retina
beyond the photoreceptor layer remains relatively anatomically and functionally intact).
Therefore, grafted stem cells would need to differentiated into functional photoreceptor
neurons and establish the intricate functional connections with bipolar and horizontal
cells in order to restore the neural retinal circuitry. A recent study of subretinal injections
of photoreceptor precursor cells (isolated from the retina during rod photoreceptor
genesis) into mouse models of retinal degeneration demonstrated cell integration into the
retina, expression of the synapse protein bassoon, formation of synaptic contacts with
bipolar cells identified by immunostaining with phosphokinase C (PKC), positive rod
photoreceptor differentiation based on immunostaining for proteins involved in the
phototransduction pathway (phosducin and rhodopsin), and improved visual responses
assessed with extracellular field potentials of the retinal ganglion cell layer and papillary
reflex to light stimulation(MacLaren, Pearson et al. 2006). Progenitor cells harvested at
earlier and later developmental stages were shown unable to achieve these results, which
the authors attributed to a lack of Nr/ transcription factor expression generally only
observed in post mitotic immature rod precursors(MacLaren, Pearson et al. 2006).
However, despite the promising results of this study, the availability human fetal
photoreceptor precursors (which would need to be harvested in the second trimester of
fetal development) limit the feasibility of translating such a treatment into the clinical
setting. A better understanding of the developmental processes that guide embryonic and

adult stem cells towards photoreceptor differentiation will allow optimization of
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protocols to reliably direct stem cell differentiation for photoreceptor replacement
therapies. And advances in therapeutic cloning could lead to successful generation of
stem cells from adult somatic cells to facilitate transplantation of autologous cells for
treatment of RD patients.

In addition to treating pathologies involving photoreceptors of the outer retina,
stem cell therapy is also being investigated for treating degeneration of the inner retina,
namely of diseases that cause deterioration of the optic nerve and retinal ganglion cells
(i.e. glaucoma, Leber’s hereditary optic neuropathy, ischemic optic neuropathy), where
there is currently no treatment to improve vision once its is compromised(Bull and
Martin 2007). Regeneration of the optic nerve after injury or disease is hindered by a few
major obstacles. Optic nerve degeneration is usually accompanied with RGC apoptosis,
whether it is due to elevated intraocular pressure as in glaucoma or excitotoxicity as in
retinal ischemia and reperfusion injuries(Dreyer, Zurakowski et al. 1996; Dreyer and
Grosskreutz 1997). Furthermore, RGCs in the adult mammalian retina does not have the
ability to initiate axonal elongation after injury despite having this capacity during
development(Chierzi and Fawcett 2001). Finally, similar to other areas of the CNS,
reactive gliosis and up-regulation of factors such as myelin-associated proteins (i.e. Nogo)
in the local environment in the retina following injury inhibit re-growth of the axon to
establish synaptic connections with the LGN(Chierzi and Fawcett 2001). Overcoming
these challenges using stem cell therapy would require a combination of the
transplantation approach to replace lost RGCs with neuroprotective strategies to optimize

viability and function of the host as well as transplanted cells by producing a more
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permissive environment for axonal regeneration and regulating the reactive gliosis
response.

Embryonic stem cells have been attractive as a potential cell source for cell
replacement therapy, despite its teratogenic tendencies when transplanted in vivo. Mouse
ESCs have been reported to generate eye-like structures consisting of lens, neural retina,
and retinal pigment epithelium cells when co-cultured with PA6 cells and induced with
bFGF, dexamethasone, and cholera toxin(Hirano, Yamamoto et al. 2003). Furthermore,
these structures have also been found to harbor retinal progenitor cells that could be
differentiated into specific retinal cells types(Aoki, Hara et al. 2006). A recent study that
co-cultured these ESC-derived eye-like structures with both normal adult mouse retinal
tissue and retinas with NMDA-induced excitotoxicity damage developed Tujl-postive
neurons that migrated to the ganglion cell layer. Most of these neurons in NMDA-treated
retina went on to express ganglion cell-specific markers, Hu and Bm3b(Aoki, Hara et al.
2007). However, functional assessment in a more physiologically relevant in vivo model
remains to be done.

Finally, the adult retina offers another potential source of transplantable cells.
Although residual proliferative activity have been detected in the ciliary marginal zone of
the mouse and human retina(Tropepe, Coles et al. 2000; Coles, Angenieux et al. 2004),
recent reports suggest that the adult mammalian neural retina may contain another small
population of regenerative cells of glial origin, possibly a subpopulation of Miiller cells,
that are normally quiescent in vivo, but can be induced to de-differentiate into a more

progenitor cell-like phenotype following injury(Kohno, Sakai et al. 2006). It has been
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recently reported that the Sonic hedgehog (Shh) signaling protein can induce Miiller glia
de-differentiation to a more progenitor-like state with expression of Pax6, Sox2, and
nestin both in vitro and in vivo(Wan, Zheng et al. 2007). Furthermore, these Miiller-
derived progenitor-like cells were shown to differentiate into rhodopsin-positive rod
photoreceptor-like in a rat model of pharmacologically induced photoreceptor
apoptosis(Wan, Zheng et al. 2007). While extremely fascinating, these results still need
further morphological and functional assessment and evaluate the potential of these cells
to replace RGCs in optic nerve degeneration, but the identification of endogenous
proliferative cells within the adult retina suggests an exciting new avenue for therapeutic

research.

C.4. Ischemia

Ischemia is due to inadequate oxygen supply and leads to activation of metabolic
cascades that ultimately result in apoptosis of cells in the affected region (Choi 1988). In
the brain, the effects of ischemia- the size of the lesion as well as the affected neuronal
and glial cell types- can vary depending on the ischemic location and duration.
Transplantation of naive and genetically manipulated stem cells are being explored as
both a cell replacement strategy for lost cells and as a neuroprotective strategy.
Transplantation of mESC-derived neural precursors into an ischemic rat model of
endothelian-induced middle cerebral artery occlusion showed graft survival up to 12
weeks, differentiation of neural precursors into immunohistochemically mature neurons

and glia, as well as electrophysiological function (Buhnemann, Scholz et al. 2006).
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Similarly, delivery of fetal hNSCs and hNPCs into focal ischemic lesions yielded
differentiated cells that expressed neuronal and glial markers (MAP-2, NeuN, GFAP),
synaptic connections between graft-derived neurons and host tissue, and improvements in
neurological functions (Ishibashi, Sakaguchi et al. 2004). Functional improvements were
also observed with intravenously administered hNSCs in rat ischemic models that
demonstrated the ability of these cells to migrate to lesion sites in the hippocampus(Chu,
Kim et al. 2003; Chu, Kim et al. 2004). However, despite promising results in the rodent
models, differentiation of grafted stem cells and limited migration to injury sites have
been observed to a much lesser extend in primates models (Roitberg, Khan et al. 2003).

It was shown recently that the period of neurogenesis following stroke needs to
extend to at least 4 month post injury (Thored, Arvidsson et al. 2006). NSC from the
subventricular zone form neuroblasts that migrate to lesion sites but are unable to repair
damaged neural connections due to poor survival rates (Ninomiya, Yamashita et al. 2006).
The observation that infusion of caspase inhibitors can prevent apoptosis of these
neuroblasts caused by local inflammation suggests that stem cells may also be used for
their neurotrophic properties to maximize the native regenerative potential of the CNS
(Thored, Arvidsson et al. 2006). Growth factors and cytokines secreted by stem cells such
as NSCs, BMSCs, and umbilical cord blood cells (UCBC) may aid in the survival of
neurons and endogenous precursors by increasing proliferation and controlling
inflammation(Borlongan, Hadman et al. 2004; Xiao, Nan et al. 2005; Park, Himes et al.
2006). Intravenous delivery of UCBCs into a rat stroke model conferred short-term

therapeutic benefits that were independent of stem cell migration to lesion sites
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(Borlongan, Hadman et al. 2004). These trophic effects were further enhanced by the
over-expression of growth factors secreted by transplanted stem cells. Transplantation of
BMSCs over-expressing BDNF and GDNF (Kurozumi, Nakamura et al. 2005),
hepatocyte growth factor (Zhao, Nonoguchi et al. 2006), and bFGF/FGF-2 (Ikeda,
Nonoguchi et al. 2005) have been showed to improve functional recovery. In addition, it
has been reported that while transplantation of NSCs into brains of postnatal mice
subjected to unilateral hypoxic-ischemic injury showed targeted homing and integration
into ischemic areas with ~5% differentiation into neuron-like cells, over-expressing NT-3
in these NSCs by retrovirus transduction enhanced these regenerative effects by
increasing the fraction of NSC-derived neurons to 20% in infarct regions. These NSC-
derived neurons reportedly encompassed a variety of neuronal subtypes appropriate to the
cortex; including cholinergic, GABAergic, and glutamatergic neurons, with little glial
differentiation and reduced astroglial scarring (Park, Himes et al. 2006). Furthermore,
grafting of hNSCs genetically modified to over-express VEGF into mice cerebral cortex
overlying intracerebral hemorrhage induced increased angiogenesis and behavioral

recovery in animal models (Lee, Kim et al. 2007).

C.S5. Brain Tumors

Stem cells are also being used to improve the treatment of brain neoplasms, such
as glioblastoma multiforme (GBM), by improving understanding of the disease etiology
through studying stem cell biology; as well as by providing a therapeutic tool for targeted

delivery of chemotherapeutic agents. Currently, the median survival rate of GBM patients
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is only 12-14 months following diagnosis despite aggressive treatment with radiation and
chemotherapy and surgical resection (Kandel, Schwartz et al. 2000). The primary
difficulty in treating GBM is the highly invasive nature of malignant cells, leading to
diffuse and widespread distribution of tumor growth throughout the brain. In addition,
limited knowledge regarding the initiating cells and subsequent carcinogenesis of the
tumor limit our ability to accurately characterize the tumor and formulate effective
therapeutic strategies.

Experimental data showing similar migratory, self-renewal, and molecular
characteristics between NSCs and brain neoplasias suggest that the abnormal cells
responsible for initiating tumorgenic growth may be stem-like cells that have lost proper
control over proliferation and differentiation (Donnenberg, Luketich et al. 2006; Yip,
Sabetrasekh et al. 2006). In fact, the presence of stem-like cells with uncontrolled growth
and differentiation have been shown to correlate with malignancy of the tumor and its
prognosis (Glinsky, Berezovska et al. 2005). Therefore, it is conceivable that deciphering
the differences between a normal stem cell and its tumorgenic counterpart may provide
insights into the processes responsible for initiating the formation of brain tumors.

In addition to providing a better understanding of the etiology of the disease, stem
cells are also being employed as therapeutic tools to treat GBM. Aboody et. al. showed
that murine and human NSCs grafted to different locations (intratumoral, contralateral
hemispheres, intraventricular) with respect to the tumor as well as delivered
intravenously showed remarkable abilities for targeting tumor sites, tracking down even

individual cancer cells, and providing trophic support(Aboody, Brown et al. 2000).
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Factors secreted by tumor cells for growth and angiogenesis as well as cytokines released
by damaged cells are believed to be responsible for attracting the NSCs to the neoplastic
lesions. Specifically, chemokine receptor CXCR4 and its ligand SDF-1o have been
shown to contribute to this targeting, along with stem cell factor (SCF), monocyte
chemoattractant protein-1 (MCP1), and vascular endothelial growth factor (VEGF) (Yip,
Sabetrasekh et al. 2006). Furthermore, grafting of NSCs modified to express cytosine
deaminase allowed targeted delivery of chemotherapeutic drug through tumor-site
specific conversion of pro-drug to 5-flurouracil, resulting in dramatically reduced tumor
mass. A variety of stem cell-based brain tumor therapeutics involving genetically
modified and naive NSCs are currently under investigation(Yip, Sabetrasekh et al. 2006;

Lin, Najbauer et al. 2007).

D. Conclusion

A variety of stem cells, embryonic and somatic, are being investigated for their
potential to treat CNS disorders. Many studies are yielding promising results at the
experimental level using animal models. However, clinical trials of stem cell
transplantation for a number of CNS disorders have resulted in only moderate outcomes
and have yet to demonstrate their ability to fully replace degenerating neuronal and glial
cells in the CNS. Translational strategies must be based on a robust understanding of the
fundamental principles of stem cell biology and CNS pathology in order to safely and
effectively develop stem cell-based therapeutics for CNS disorders, and this will

undoubtedly take time. Much still needs to be elucidated regarding the biology of the
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stem cells as well as the pathogenesis of targeted CNS diseases in order to maximize
therapeutic benefits. Still, stem cell-based therapies hold extraordinary promise for a

wide range of neurodegenerative diseases.
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Chapter 11

Comparison of morphology and protein expression of bone
marrow-derived mesenchymal stem cells cultured on standard
surface chemistries prior to neural differentiation

Abstract

A critical element of any stem cell differentiation protocol is the ability to
compare its effects relative to an undifferentiated population of the same cells, In an
attempt to standardize pre-differentaiton conditions of adult bone marrow-derived
mesenchymal stem cells (BMSCs) prior to neural induction experiments, we asked what
is the simplest chemical surface that will support the growth and maintenance of these
cells in a predifferentiated state. Adult rat BMSCs were expanded in vitro on Permanox
Lab-tek tissue culture treated plastic (TCP), poly-D-lysine (PDL) coated glass, PDL-
laminin-1 coated glass, and untreated glass. TCP provided the best surface for
maintaining morphologies generally considered to be undifferentiated, PDL coated glass
and uncoated glass provided the least suitable surfaces. Expansion of BMSCs on PDL-
lamin-1 coated glass resulted in expression of nestin, a marker associated with neuronal
and other progenitor cells, and therefore may confound experimental results if used as a

pre-differentiation surface.

36
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Introduction

Adult bone marrow-derived mesenchymal stem cells (BMSCs) are precursor cells
that may present an ideal source of stem cells for cellular replacement therapies because
of their relative ease of isolation, high in vitro expansion rate, and demonstrated
multipotency. These properties allow for an autologous cell source which in some cases
circumvents host immune response issues. Under specialized induction conditions,
BMSCs have been shown to give rise to cell types derived from all three of germ layers
(Jiang, Jahagirdar et al. 2002; Kotobuki, Hirose et al. 2004; Song and Tuan 2004). In
addition to differentiating into mesenchymal cell types such as osteoblasts, chondrocytes,
and adipocytes, recent evidence also suggests their potential for neural differentiation
both in vitro (Sanchez-Ramos, Song et al. 2000; Woodbury, Schwarz et al. 2000; Deng,
Obrocka et al. 2001; Woodbury, Reynolds et al. 2002; Hermann, Gastl et al. 2004;
Tondreau, Lagneaux et al. 2004) and in vivo (Kopen, Prockop et al. 1999; Zhao, Duan et
al. 2002) . Murine BMSCs implanted into neonatal mouse brains have been shown to
develop into astrocytes (Kopen, Prockop et al. 1999) and cultured BMSCs have been
shown to display neuron-like morphologies and express neuronal protein markers
following induction with a wide variety of signaling factors (Altshuler, Lo Turco et al.
1993; Jaiswal, Haynesworth et al. 1997; Prockop 1997; Azizi, Stokes et al. 1998; Mackay,
Beck et al. 1998; Kopen, Prockop et al. 1999; Pittenger, Mackay et al. 1999; Sanchez-
Ramos, Song et al. 2000; Woodbury, Schwarz et al. 2000; Deng, Obrocka et al. 2001;
Kohyama, Abe et al. 2001; Jiang, Jahagirdar et al. 2002; Alhadlaq and Mao 2004;

Tondreau, Lagneaux et al. 2004; Tropel, Noel et al. 2004). Transplanted BMSCs into the
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In a broad sense, by definition stem cells are a population of cells capable of indefinite
self-renewal that give rise to “daughter” cells committed to specific differentiation
lineages through asymmetric cell division. Their ability to control proliferation,
differentiation, and apoptosis distinguishes them from neoplastic cells. Embryonic stem
cells are primordial cells of the developing blastula capable of generating an entire
organism while somatic stem cells reside within individual organs and usually only give
rise to cell types specific to that tissue. The normal function of stem cells include the
maintenance of homeostasis mediated by providing trophic support, as well as serving as
a reservoir for replacing dysfunctional and senescent cells throughout the lifetime of the
organism (Thomas, Thomson et al. 2006). The fact that stem cells have the potential to
differentiate into various cell types and tissues is the principle reason they are being
explored in treatments for diseases where there may be neural retina of a rat model of
retinal degeneration have been shown to integrate with host tissue and provide
regenerative support to injured photoreceptor neurons (Prockop 1997).

As a precursor to induced neural differentiation and transplantation experiments
with these cells, we asked the fundamental question what is the simplest and most
reproducible surface that would support and sustain the growth and proliferation of
undifferentiated BMSCs prior to differentiation. Different published methods for the
expansion and growth of BMSCs can produce varying results, with some resulting in
early neural protein expression that may confound induced differentiation conditions.
Furthermore, it is difficult to compare and draw conclusions from experimental protocols

which make use of different surfaces. In an attempt to standardize pre-differentiation
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conditions of adult derived mesenchymal stem cells prior to neural induction experiments,
we directly compared four simple chemical surfaces for their ability to support the
growth and maintenance of these cells in a pre-differentiation state. Specifically, we
cultured BMSCs on tissue culture treated plastic (TCP), poly-D-lysine (PDL) coated
glass, PDL-laminin-1 coated glass, and untreated glass. During cell expansions we
tracked changes in BMSC morphology, protein expression, and growth. Specifically, we
measured the expression of CD90, a membrane protein specific for undifferentiated
BMSCs (Kicic, Shen et al. 2003; Tondreau, Lagneaux et al. 2004); glial fibrillary acidic
protein (GFAP), an intermediate filament protein specific for mature macroglial
cells(Altshuler, Lo Turco et al. 1993; Libby, Hunter et al. 1996; Qian and Saltzman 2004);
and nestin, an intermediate filament protein specific for neuronal progenitor cells (Silva,
Feeney et al. 1998; Sockanathan and Jessell 1998). We conclude that for the purpose of
expanding and maintaining multipotent undifferentiated BMSC populations aimed at
neural differentiation experiments, simple tissue culture treated plastic provides the most
consistent and reliable surface, allowing the comparison of differentiation parameters
without confounding experimental variablese Therefore, attempting to expand BMSC’s
on these routinely used cell culture surfaces (specifically, untreated glass, PDL-glass, and
PDL-laminin-1 on glass) prior to controlled experimental differentiation conditions may
result in unintended and subtle early phenotypic and/or morphological conditions that
may confound the analysis and interpretation of experimental results. The only surface
chemistry that, in our hands, reliably and reproducibly resulted in truly undifferentiated

BMSC:s after multiple passages was tissue culture treated plastic.
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Materials and Methods

A. Cell culture

Rat BMSCs were obtained from the Tulane Center for Gene Therapy at Tulane
University. Primary cultures were harvested and expanded based on a modification of
published protocols [30]. For all experiments only passage 8 BMSCs were used. BMSCs
were cultured on Permanox Lab-Tek® chamber slides (Nalgene Nunc International,
Rochester, NY), poly-D-lysine (PDL) coated culture slides (Becton Dickinson, Franklin
Lakes, NJ), PDL-laminin-1 coated culture slides (Becton Dickinson, Franklin Lakes, NJ),

and untreated glass culture slides (Becton Dickinson, Franklin Lakes, NJ). BMSCs were

seeded into wells at 1000 cells/cm2 in culture media consisting of o minimal essential
media (aMEM), 20% fetal bovine serum (FBS; Atlanta Biologicals, Atlanta, GA), 4mM
L-glutamine, and antibiotic-antimycotic (10,000 U/ml penicillin G sodium, 10,000 pg/ml
streptomycin sulfate, 25 pg/ml amphotericin B as Fungizone in 0.85% saline), which
were all obtained from Invitrogen (Carlsbad, CA) unless otherwise specified. Media

changes, in which all the media was removed, were performed every other day.
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B. Immunocytochemistry

Immunocytochemistry (ICC) was performed on day 6 of culture. MSCs were
fixed at room temperature in 4% paraformaldehyde (Electron Microscopy Sciences,
Hatfield, PA) for 15 minutes. After fixing, the cells were washed twice with PBS
(Invitrogen, Carlsbad, CA) and some cultures permeabilized in 0.2% Triton X-100
(Fisher Scientific International, Hampton, NH) for 30 minutes. The remaining cultures
were not permeabilized and instead incubated in PBS for 30 minutes. Cultures were

incubated at room temperature for 2 hours with either one of the following primary

antibodies: CD90+ (1:160; Pharmingen, San Diego, CA), glial fibrillary acidic protein

(GFAP; 1:1000; Sigma, St. Louis, MO), or nestin (1:1000; Pharmingen, San Diego, CA)

with 10% FBS in PBS. Cultures not permeabilized were stained using CD90+, since this
protein is expressed on the cell membrane surface. All other proteins were intracellular
and therefore required permeablization in order to allow the antibodies access to their
epitopes. Routine negative controls for all conditions included the omission of the
primary antibody and incubation with 10% FBS in PBS during the primary incubation
step in order to control for background fluorescence of the secondary antibodies. For
secondary antibody staining cells were incubated with tetramethylrhodamine
isothiocyanate (TRITC) conjugated anti-mouse IgG (1:200; Sigma, St. Louis, MO).
Following ICC, all slides were mounted using Molecular Probes Prolong® Gold antifade

reagent with DAPI (Eugene, Oregon).

C. Phase contrast and fluorescent microscopy
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All images were acquired using an Olympus IX81 inverted fluorescent confocal
microscope (Olympus Optical, Tokyo, Japan) that included epifluoresence, confocal,
phase, brightfield, and Hoffman differential interference contrast (DIC) modalities. Our
microscope was equipped with a Hamamatsu ORCA-ER digital camera (Hamamatsu
Photonics K.K., Hamamatsu City, Japan) and Image-Pro Plus data acquisition and

morphometric software (version 5.1.0.20, Media Cybernetics, Inc., Silver Spring, MD).

D. Morphology counts

Morphology cell counts were conducted using ImageJ (version 1.34j)/Cell
Counter (v2), an application that permits counting of multiple character types in an image.
This software enabled the selected labeling and counting of cells from each morphology
category on each image. To avoid bias, for each of the four chemical surfaces five
randomly selected fields of view (670um by 670um) were used for counting for each of
the 6 days in culture. Cells were categorized under three morphology classifications: 1)
fibroblastic, 2) flat, and 3) other morphologies (see Results for details). After each image
was counted, the results were recorded in Microsoft Excel (2002) and the average
fraction of total cells for each classification per chemical surface per day was computed,
along with the standard deviation and standard error of the mean. For consistency in cell

classification all counts were done by one of the co-authors.

E. Fluorescence counts
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Using an Olympus IX81 inverted fluorescent confocal microscope fluorescence
counts for BMSCs cultured on PDL-laminin-1 were conducted by scanning over the
entire area (0.7cm?) of the culture wells through a field of view of 170um by 170um.
DAPI fluorescence was used to quantify total cell count in the well and cells positive for
both DAPI and TRITC were used to quantify counts for the corresponding antibody
labeling. Counts were recorded in Microsoft Excel and the percent positive antibody

labeling was computed.

Results

A. Tissue culture treated plastic provided the most consistent and robust culture
surface

We expanded and characterized the morphology of BMSCs over the course of six
days on four different culture surfaces with distinct functional chemistries: Permanox
Lab-Tek® tissue culture treated plastic (TCP), poly-D-lysine (PDL) coated glass, PDL-
laminin-1 coated glass, and untreated glass. TCP and PDL promote cell adhesion through
non-specific electrostatic interactions (Silva, Feeney et al. 1998; Qian and Saltzman
2004), while PDL-laminin-1 presented a bioactive surface with laminin being a strong
inducer of neuronal differentiation in neural progenitor cells (Fan, Lin et al. 1996; Silva,
Feeney et al. 1998; Mehler and Kessler 1999; Pittenger, Mackay et al. 1999; Okano
2002). This condition was tested to see if laminin-1 alone could induce some degree of
neural differentiation in untreated BMSCs, or if the cells would remain undifferentiated.

If they remained undifferentiated, growing BMSCs on a neuronal promoting surface
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would provide a supportive environment for neural differentiation in conjunction with
other differentiation manipulations. If not, then we wanted to avoid potential confounding
results between this surface and experimental induction parameters. We classified cell

morphologies as: 1) fibroblastic, exhibiting elongated cell body with directional



45

'$9ss0001d 9111 pue sarpoq
[[99 PIpUNOI Ym S[[0 Je[nqo[3 10 ‘erpodo[[owe] JO UOISUIXD [BIIUAIQJWINIIID PUB SAIPOQ PUNOI IIM S[[90 POpUNOI
‘Apoq [[99 ) Jo 93pad duo Juoje erpodofjowe] JO SUOISUAXD YNM S[[d padeys-pod jo suonendodqns sapnjour
yorgm ‘sargojoydiowr 12yjo (¢ ‘erpodofjouwre] Jo peards dAISUdIXd Apoq [[99 1ounsipul Suiaey JefJ (g ‘erpodopnasd
pue eipodo[[awe] [BUOOAIIP YIM APOq [[90 PieSuod Suniqryxd ‘1se[qoiqyy ([ Se payIsse[d d1om sargojoydion
‘(Jrejop JI0J 1X9) 93S) SA0BJINS AININD JUAIYIP 10J sdr3ojoydiowr HSING SUImoys spoy dAnejudsaidoy -7 “Siq

X0T *AI0 9 X0T ‘AIA 9 X01 AIQ
. . . o
1ad SSE[D) 1ad SSe[0)
x0T *AI 9 X01 *AIA 9 X0T *AIC € X0 *AIQ €
i TAd pue sseps
. ...
01 ‘AL § X01 “AId ¥ X0T *AIA T

amsepd 2anyna
ANSSI) XOUBULIN]




46

"SUOIJBIADD pIepue)s

1u0sa1dar s1eq 1011y 1x9) oy} pue ['Z ‘31 Ul poqLIOSIP SB PALJISSL[O d1oMm sarZojoydiowt JUAISLJIP Y]
"90BJINS IMNO Y} JO uonounj e se sagueyos [eordojoydiow Jo s)UNOD [[99 10J ejep Arewwing 7'z “S1q

a4pia ur skeqg

9 S 4 £ A I
e —
yeld i B
P S
| _ anse|qoaqld

* KBojoydiop J1ay10

oA ut sheqg

anse|qoaqy -

00

0

o

90

80

0l

00

g0

¥0

90

80

0l

L-ulujwe-1ad uo
(%) s1120 40 sequinp |30

SSE|D) pajesanjun up
(%) s1120 Jo Jequiny |ejo

oapn ur sheqg

14 € A k
00
2o =
e
0
0 &
(70 o3
==
s
| L 1m
KBojoydiop 18430 5
-g0 =
-0l
oapa uy skeqg
12 € I I
1 Il L 1 DD
P
....L\%. — \\k&-\.nmu m
08
(°0 3¢
i
Lo %2
: t'o o3
8g
[=
! Lo0 2%
OO0
nse|qoiqld W o
=
Lgg ®=
20 Hful.!.
o
a
Lo @



47

lamellopodia and pseudopodia; 2) flat, having indistinct cell body with extensive spread
of lamellopodia; and 3) other morphologies, which included subpopulations of pod-
shaped cells with extensions of lamellopodia along one edge of the cell body, rounded
cells with round bodies and circumferential extension of lamellopodia, or globular cells
with rounded cell bodies and little processes (Fig. 2.1). A CD90 +/GFAP -/nestin -
fibroblastic morphology (as defined above) was interpreted as BMSCs in a completely
undifferentiated pluripotent state (Kicic, Shen et al. 2003), while the positive expression
of either GFAP and/or nestin, which is associated with committed neural lineages (Sotelo,
Toh et al. 1980; Madigan, Penfold et al. 1994; Lendahl 1997; Eng, Ghirnikar et al. 2000;
Wiese, Rolletschek et al. 2004), or a flat morphology, which associated with osteogenic
lineages (Sotelo, Toh et al. 1980; Madigan, Penfold et al. 1994), were interpreted as
BMSCs that were not in a completely undifferentiated state.

There were some common morphological patterns but also noticeable differences
in the way cells developed on the different surfaces over the culture period we
investigated (Figs. 2.1-2.2). With the exception of cells cultured on PDL-laminin-1, most
cells initially displayed the fibroblastic morphology typically associated with
undifferentiated BMSCs (Okano 2002). As a function of time in culture, there were
evident changes in cell shape (i.e. >10% in the cell counts) that suggested a transition
from the initial state, through morphologies listed in the ‘other’ category, into the flat
morphology that has been previously characterized by others to be indicative of
dedifferentiation, senescence, and loss of multipotency (Javazon, Colter et al. 2001;

Lange, Schroeder et al. 2005). These cells were demonostrated to have differentiation
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capability limited to the osteogenic pathway intrinsically taken by BMSCs and to
sometimes undertake such differentiation spontaneously (Digirolamo, Stokes et al. 1999;
Muraglia, Cancedda et al. 2000).

During 1-4 days in vitro (DIV), the morphology of BMSCs cultured on tissue
culture treated plastic remained relatively stable (Fig. 1, top panels). About 55% of the
cells appeared fibroblastic with directional lamellopodia along one edge of the elongated
cell body and pseudopodia extending in other direction. About 9% of the BMSCs were
flat with a significantly large spread of lamellopodia and the remaining 36% appeared
small with distinct pod-shaped or rounded cell bodies (Fig. 2.2). The percentage of
fibroblastic cells remained constant for the initial 4 days in culture, but by 6 DIV ~24%
of cells on tissue culture plastic adopted the flat morphology (Fig. 1, top panels),
suggesting of commitment to osteogenic differentiation.

BMSCs cultured on PDL coated glass and untreated glass showed similar
morphologies across all time points. On 1 and 2 DIV, there were 40-50% fibroblastic
and 10-15% flat cells (Fig. 2.2). However, the transition to the flat morphology was
observed earlier (as early as 3 days in vitro) on these two surfaces in comparison with
tissue culture plastic. In addition to cells with large circumferential spread of
lamellopodia, a few flat cells appeared to have large loop-shaped cell bodies with
branching pseudopodia. By 6 DIV, only ~33% of the cells on PDL and untreated glass
still displayed the fibroblastic morphology (compared to ~49% on tissue culture treated

plastic) (Fig. 2.1, middle panels).
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The most significant morphological differences were observed for BMSCs
cultured on PDL-laminin-1 coated glass. Throughout the 6 day culture period, MSCs on
PDL-laminin-1 exhibited sub-confluent cultures due to a reduced proliferation rate in
comparison to cells grown on the other surfaces. While 32% cells remained fibroblastic
and only 1% appeared flat, an overwhelming majority of BMSCs (67%) were noticeably
small and globular in shape for DIV 1-4 (Fig. 2.1, bottom panels). Some cell spreading
was observed during later days in culture, but in general each cell occupied significantly

less surface area than BMSCs grown on other culture surfaces.

B. Laminin-1 alone was able to induce neural progenitor cell characteristics
Immunocytochemistry was done to detect the expression of CD90, nestin, and
GFAP in all experimental conditions at 6 DIV. As expected, cells on PDL-laminin
labeled positive for CD90 in upwards of 80%, indicating that most of the BMSCs were to
some degree in an undifferentiated state (Fig. 2.3, left column of panels). GFAP labeled
negative for all four experimental conditions (Fig. 2.3, third column of panels). There
have been conflicting reports in the literature regarding the presence of GFAP in cultured
BMSCs (Prockop 1997; Azizi, Stokes et al. 1998; Libby, Champliaud et al. 2000) and our
results suggested that BMSCs cultured on standard surface chemistries under basic
conditions that only sustain growth do not inherently express GFAP. Nestin stained
negative on TCP, untreated glass, and PDL coated glass (Fig. 2.3, second column of
panels). However, there was strong positive nestin labeling in PDL-laminin-1 cultures.

The presence of this neuronal progenitor specific protein suggests a bioactive signaling
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role for laminin-1 in the induction of BMSCs towards the neuronal lineage. Of the total
number of cells counted (32 < n <100 between different experiments), 84% of MSCs
cultured on PDL-laminin-1 expressed CD90, while about half of them (53%) expressed
nestin. In all cases, negative controls with omitted primary antibodies were done to assess

levels of background fluorescence and verify specific staining (data not shown).
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Fig. 2.3 Immunocytochemical characterization of BMSCs cultured on different
surfaces for anti-CD90, anti-nestin, and anti-GFAP antibodies, specific
markers for undifferentiated multipotent BMSCs, neural progenitor cells, and
mature macroglial cells, respectively. The nuclei were counter-stanied using
Dapi.
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Discussion

In order to identify the simplest culture surface that supports BMSC expansion in
a pre-differentiated state in order to avoid experimentally confounding results in
subsequent differentiation experiments, we cultured adult rat BMSCs on four different
representative standard surface chemistries: Permanox Lab-Tek® tissue culture treated
plastic (TCP), poly-D-lysine (PDL) coated glass, PDL-laminin-1 coated glass, and
untreated glass. Over the course of 6 days we observed morphological differences on the
different culture surfaces. Our results indicate that TCP provided the most reliable and
consistent surface for the growth and long term maintenance of undifferentiated BMSC’s,
consistent with other reports (Colter, Sekiya et al. 2001; Sekiya, Larson et al. 2002;
Neuhuber, Gallo et al. 2004; Qian and Saltzman 2004; Rodriguez, Gonzalez et al. 2004).
This is most likely due to the enhanced wetability and cell attachment properties of this
surface brought about by surface treatment of oxygen plasma. Since oxygen plasma is the
most prevalent technique used to functionalize polystyrene for tissue culture, we believe
that the result we observed on our TCP surface will be representative of most
commercially available polystyrene tissue cultureware.

In comparison to cells grown on TCP, BMSC’s on PDL and untreated glass
generally displayed a lower percentage of the fibroblastic morphology, the characteristic
morphology of undifferentiated BMSCs, and promoted an earlier transition to the flat
morphology typical of cell senescence and restriction to the osteogenic lineage (Jaiswal,
Haynesworth et al. 1997; Digirolamo, Stokes et al. 1999; Muraglia, Cancedda et al. 2000;

Lange, Schroeder et al. 2005). These results are consistent with other investigations (Qian
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and Saltzman 2004), indicating that coating surfaces with PDL alone, a suitable surface
for culturing other cell types, does not significantly enhance or support BMSC
attachment. This reduced cell attachment could putatively be a factor that promotes
commitment to osteogenic lineage in BMSC’s as indicated by an earlier transition and
higher percentage of the flat morphology on these surfaces.

PDL-laminin-1 coated glass can itself constitute a neural differentiation condition
for various cell types as shown by us and others (Bellamkonda, Ranieri et al. 1995;
Powell, Rao et al. 2000; Meches, Czirok et al. 2002; Silva, Czeisler et al. 2004). Our
results here indicate that this surface combination is unsuitable for the purpose of
maintaining pre-differentiation conditions of BMSC during cell expansion and passaging.
Our results suggest that this surface chemistry does not support BMSC growth
particularly well, while at the same time is sufficient to induce nestin expression in
undifferentiated cells. Laminins are large multi-domain trimeric proteins that exist in
various isotypes due to alternative splicing and post-translational modifications
(Luckenbill-Edds 1997; Tunggal, Smyth et al. 2000). The expression of different laminin
isoforms varies spatially and temporally between tissues as well as throughout
development and adulthood, playing key roles in signaling and coordinating specific cell
events. Laminin-1 consists of a 400 kDa al chain, a 200 kDa B1 chain, and y1 chain and
is the most studied of the twelve known laminin isoforms. Laminin-1 directly participates
in the development of the central nervous system while laminin-f2 is known to promote
photoreceptor proliferation and development in the neural retina and sub-retinal space

(Libby, Hunter et al. 1996; Libby, Champliaud et al. 2000; Powell, Rao et al. 2000).
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BMSCs have been shown to express integrin receptors under various conditions during
normal development, the principle receptor for laminins (Muller, Wang et al. 1997,
Ekholm, Hankenson et al. 2002; Klees, Salasznyk et al. 2005). It is conceivable that if
laminin-1 is able to induce early neural specific protein expression in undifferentiated
BMSC:s, other extracellular matrix derived proteins may be able to do the same, making
them unsuitable for simple cell expansion. Ultimately, in a direct comparison of these
four basic surfaces, simple tissue culture treated plastic provided the most consistent and
reliable surface for maintaining and expanding BMSCs in a pre-differentiation condition
and is the most suitable surface for avoiding confounding experimental results that may

result from the choice of surface chemistry during an experiment.

Conclusions

We demonstrate that simple tissue culture treated plastic provides the most
consistent and reliable surface for the purpose of expanding and maintaining multipotent
undifferentiated BMSC populations prior to differentiation experiments. These results
suggest that tissue culture treated plastic can be used to expand BMSC’s without the
danger of unintended differentiation effects that may confound experimental variables in
subsequent differentiation experiments. The other surfaces we tested, untreated glass,
PDL-glass, and PDL-laminin-1 on glass, resulted in reduced cell growth and minimal
proliferation, morphologies associated with early committed phenotypes, and/or the

positive expression of proteins associated with early committed phenotypes.
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CHAPTER III

Glial Calcium Signaling in Health and Disease

Introduction

Glia, similar to other eukaryotic cells, relies in calcium ions to display a large
variety of signaling capabilities inside the cell and among its neighbors. These calcium
events are key to regulate not only the growth and survival of glial cells but also its
ability to respond to cues from the extracellular microenvironment as well as
communicate with the local neuron population. Since glial cells are not electrically
excitable, calcium signaling is particularly important to understanding how glia regulate
synaptic activity and CNS function. Calcium signaling is largely based on the existence
of a strong calcium gradient between the extracellular and intracellular environments.
The tight regulation of this gradient is key to ensuring the efficacy and reliability of the
signal. The way glial cells achieve this control is similar to many other cell types and
denotes a high degree of conservancy among nonexcitable cell types. This section will
discuss the details of this type of signaling, its role in neurophysiology and pathology, the
different underlying mechanisms that contributes this signaling behavior, and finally, the
experimental tools used to visualize, quantify, and study its spatial and temporal

dynamics.

A. Role of glial calcium signaling in neurophysiology

56
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The cytosolic calcium concentration in glial cells, such as astrocytes, is normally
maintained at approximately 50-200 nM as compared with ~] mM in the extracellular
space. Upon stimulation, rapid and transient increases in the cytosolic calcium can reach
levels as high as 1 puM or more. The functional roles of macroglia (i.e. astrocytes and
oligodendricytes in the CNS and Miiller cells in the retina) may extend beyond their
traditional roles as homeostatic support cells to include extensive intercellular signaling
that directly contributes to information processing in the CNS (Dani, Chernjavsky et al.
1992; Porter and McCarthy 1996; Kang, Jiang et al. 1998; Biedermann, Bringmann et al.
2004; Newman 2004; Schipke and Kettenmann 2004; Newman 2005). Specifically,
changes in the intracellular calcium concentration of both Miiller cells and astrocytes
have been implicated as a key mechanism of intra- and intercellular signaling in networks
of these cells (Cornell-Bell, Finkbeiner et al. 1990; Charles, Merrill et al. 1991; Porter
and McCarthy 1996; Araque, Martin et al. 2002; Newman 2005). Asynchronous changes
in intracellular calcium and synchronous propagation of calcium transient mediated
signaling have been documented in networks of hippocampus and spinal cord astrocytes
in response to neurotransmitters (glutamate, y-amino butyric acid (GABA), and
acetylcholine) released by neurons (Cornell-Bell, Finkbeiner et al. 1990; Charles, Merrill
et al. 1991; Cornell-Bell and Finkbeiner 1991; Porter and McCarthy 1996; Pasti, Volterra
et al. 1997; Kang, Jiang et al. 1998; Araque, Martin et al. 2002; Schipke and Kettenmann
2004; Newman 2005; Haas, Schipke et al. 2006), the activation of ionotropic and
metabotropic purinergic receptors (Franke, Krugel et al. 1999), and mechanical

deformations of the plasma membrane (Charles, Merrill et al. 1991). Astrocytes in the
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hippocampal and cortical brain slices are capable of responding to stimulated neuronal
activity with calcium oscillations that are modulated by the frequency of the neuronal
stimulations, although these oscillations were found to involve activation of metabotropic
glutamate receptors (Pasti, Volterra et al. 1997). Furthermore, these astrocyte calcium
oscillations are accompanied by similar oscillations in adjacent neurons depending on the
activation ionotropic glutamate receptors, supporting the notion that astrocytes and
neurons can establish a bi-directional form of communication based on their specific
patterns of calcium oscillations. Finally, spontaneous calcium oscillations have been
observed in thalamic and hippocampal astrocytes in in situ (Nett, Oloff et al. 2002; Parri
and Crunelli 2003). Similar to the neuron-induced oscillations, these spontaneous
oscillations require release from IP3-sensitive intracellular stores and depend on store
refilling via plasma membrane calcium channels.

Similar responses have been reported for astrocytes and Miiller cells in explant
retina preparations (Newman and Reichenbach 1996; Newman 2001) following the
application of light stimuli (Newman 2005), neurotransmitters (GABA, adenosine
triphosphate (ATP), and glycine) (Biedermann, Bringmann et al. 2002; Biedermann,
Bringmann et al. 2004; Newman 2005), and mechanical stimulation (Newman and Zahs
1997). Increases in intracellular calcium levels in Miiller cells is believed to modulate
synaptic transmission in the retina by regulating local glutamate, glycine, and potassium
concentrations (Newman 1987; Keirstead and Miller 1997; Gadea, Lopez et al. 2002;
Schopf, Ruge et al. 2004; Bringmann, Pannicke et al. 2006). In addition, it has been

associated with the opening of K’ channels on retinal ganglion cells in response to
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activation of A receptors by adenosine converted from extracellular ATP (Newman and
Zahs 1998; Newman 2003; Newman 2004).

While calcium signaling in forms of intracellular calcium oscillations and
intercellular waves have been extensively studied in in vitro cultures and in in situ tissue
samples, it is still unclear their involvement in neurophysiology. It is speculated that
intracellular oscillations can encode information by specific frequency of the events. This
has been shown in detail in cells of the immune system, in which particular frequencies
of calcium activity promoted both qualitative and quantitative differences in gene
expression compared with a steady level of calcium (Li and Carter 1998). However, an
important aspect of frequency-coded information is the need for cellular decoders to
translate the message into a cellular response. Protein kinase C (PKC) has been thought
to be involved, specifically in astrocytes, by responding to the oscillating levels of DAG
and calcium concentrations (Codazzi, Teruel et al. 2001). As for intracellular calcium
waves, it is still an open question whether they are indeed initiated under physiological
conditions. Since induction of calcium waves usually requires strong stimulation, it is
though that this type of signaling might relate more to pathoophysiological events rather
than normal neurophysiology. In fact, calcium wave in astrocytes do share several
features with the phenomenon of spreading depression that is associated with stroke

migraine, and head trauma and will be discussed in more detail in the following section.

B. Molecular mechanisms of calcium signaling in glia
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Studies on the ability of various extracellular signals to elicit calcium transients in
macroglia has indicated heterogeneity in the expression of different receptors (i.e.
glutamate receptors like NMDA, AMPA, as well as various subtypes of metabotropic and
ionotropic purinergic receptors) among glia derived from different region of the CNS.
However, the primary mechanisms of cytosolic calcium increase in glial cells is release
from intracellular stores, specifically from the endoplasmic reticulum (ER), where
calcium concentrations are kept in the high micromolar range. It is thought that activation
of the G-protein-coupled metabotropic purinergic receptors (P2YR) on the plasma
membrane by extracellular ATP activate phospholipase C (PLC) and stimulate the
generation of the second messenger inositol 1,4,5-triphosphate (IP3) (as well as
diacylglycerol (DAG)) by PLC-mediated cleavage of phosphatidylinositol 4,5-
bisphosphate (PIP2). Binding of IP3 to IP3 receptors on the ER will open these channels
and allow the efflux of calcium into the cytosol. (Munshi, Pang et al. 1991; Cunha,
Milusheva et al. 1994; Frohlich, Boehm et al. 1996; Schubert, Ogata et al. 1997; Newman
and Zahs 1998; Jimenez, Castro et al. 2000; Brambilla, Cottini et al. 2003; Fumagalli,
Brambilla et al. 2003; Newman 2003; Nobile, Monaldi et al. 2003; Newman 2004). In
addition, the intracellular diffusion of the second messenger inositol-1,4,5-trisphosphate
(IP3) throughout the glial syncitium via Cx43 gap junctions have also been implicated in
the intercellular propagation of calcium transients to adjacent neighboring cells (Berridge
and Galione 1988; Berridge 1990; Charles, Merrill et al. 1991; Zahs and Newman 1997,

Ceelen, Lockridge et al. 2001) (Suadicani, Flores et al. 2004).
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Astrocytes possess an array of receptors linked to the mobilization of intracellular
calcium stores (Deitmer, Verkhratsky et al. 1998). There are three isoforms known for the
IP3 receptor family, however, which isoforms are involved in glial intracellular calcium
release is still unclear. Immunohistochemical studies in intact tissue have so far been
inconclusive, showing either the presence of IP3R3 but not type 1 or 2 (Yamamoto-Hino,
Miyawaki et al. 1998) or predominately IP3R2 (Sharp, Nucifora et al. 1999). The latter
group also reported the expression IP3R2 in cultured astrocytes, yet RT-PCR studies on
similar cultures found mRNA for only IP3R1 (Pearce and Murphy 1993). It is generally
believed that IP3 is then subjected to dephosphorylation by S5-phosphatase, thus
terminating its effect. However, its also a substrate for the enzyme IP3-3-kinase, which
yields inositol 1,3,4,5-tetrakisphosphate. Two isoforms of the 3-kinase (A and B) are
know to exist where the B isoform is shown to exist in astrocytes and is regulated by
PKC and Ca-calmodulin-dependent kinase II (Communi, Dewaste et al. 1999). The
function of 1,2,4,5-IP4 is still unclear. Some possibilities include: protection of IP3 from
5-phosphatase hydrolysis, and thus enhancing calcium mobilization; regulation of
calcium influx in response to store depletion; inhibition of the IP3Rs contribution to the
generation of calcium oscillations; a precursor for more highly phosphorylated messenger
IPs.

While the initial calcium response is determined by the expression and location of
purinergic receptors and IP3 receptors in the glial cells, two additional mechanisms have
been identified that lead to subsequent amplification of the initial calcium signal. Initial

release of calcium from ER from IP3 channels can be followed by further release,
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mediated by the ryanodine receptors (RyRs) via calcium-induced calcium release (CICR).
CICR has been previously reported in cultured hippocampal astrocytes, but the extent of
this calcium activity in astrocytes needs to be further investigated (Berridge, Lipp et al.
2000). In addition, ER calcium release can be followed by calcium entry across the
plasma membrane through store-operated calcium channels which are activated when the
ER calcium stores are depleted. This process, termed capacitative calcium entry (CCE),
provides a more sustained calcium increase in to the cytosol as long as the ER calcium
store remains empty. CCE have been demonstrated in cortical and cerebellar astrocytes
upon depletion of ER store with thapsigargin, which inhibit the sarco-endoplasmic
reticulum calcium adenosine triphosphatase (SERCAs) and preventing its function to
refill the ER (Wu, Bungard et al. 2001).

In order to maintain tight control of intracellular calcium concentration, extrusion
channels, buffering protein, and intracellular organelles are activated by the transient
increase in cytosolic calcium to immediately reverse the change and return to homeostatic
state. High affinity calcium binding proteins such as troponin C, parvalbumin, calcineurin,
and calmodulin in the cytosol rapidly work to chelate the excess calcium ions while
calcium ATPase pumps on the ER (SERCAs) and plasma membrane (PMCAs) as well as
Na/Ca exchangers quickly siphons calcium ions into the ER or the extracellular space. In
addition, mitochondira are also activated to uptake the excess calcium using a low-
affinity uniporter. Although we have a good understanding of the key molecular
mechanisms involved in glial cell signaling, essentially nothing is known about the

network properties of these macroglial networks, and it is not understood how they may
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be participating and contributing to the modulation of information processing in the

retina and rest of the CNS.

C. Role of glial calcium signaling in pathophysiology

Calcium signaling in glial cells has been implicated in facilitating and attenuating
various pathological conditions in the CNS. Studies done on cultured and acute slices of
hippocampus and neocortex suggested interactions between Ca’" waves within the
astrocyte population and the phenomenon of spreading depression (SD) among neurons
(Martins-Ferreira, Nedergaard et al. 2000) (Nedergaard, Cooper et al. 1995; Theis, Jauch
et al. 2003) (Basarsky, Duffy et al. 1998) (Kunkler and Kraig 1998), a slowly propagating
wave of neuronal depolarization that has been recognized to play an important role in the
aura of migraine and progression of cortical infarct volume after stroke (Gorji 2001;
Gorji, Scheller et al. 2001) (Hadjikhani, Sanchez Del Rio et al. 2001) (Back, Ginsberg et
al. 1996). SD propagates with a velocity of 15-35 pum/s and has been shown to be
preceded by a wave of astrocyte calcium increases which spreads with the same velocity
but is ahead of the neuronal depolarization by 6-16 seconds (Neadergaard and Hansen,
1993). Furthermore, cortical SD initiated in neocortex slices by local delivery of KCl has
been shown to increase the propagation speed of the associated astrocyte Ca’" wave
(Peters, Schipke et al. 2003).

In addition, there is also evidence of elevated calcium signaling among retinal
Miiller cells during reactive gliosis, a neuroflammation response of the CNS to disease

(i.e. retinal degenerative diseases) characterized by proliferation and infiltration of glial
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cells into the injury sites. In animal models of retinal detachment, Miiller cells in the
detached area as well as close-by attached regions showed enhanced responsiveness to
extracellular adenosine 5'-triphosphate (ATP) (landiev, Uckermann et al. 2006)
(Uhlmann, Bringmann et al. 2003) (Bringmann, Pannicke et al. 2001) (Francke, Weick et
al. 2002) as evidenced by higher number of cells exhibiting increases in intracellular
calcium, due most likely to the upregulation of P2Y receptors during Miiller cell reactive
gliosis (Bringmann, Francke et al. 1999; Bringmann, Pannicke et al. 2001; Francke,
Weick et al. 2002; Francke, Uhlmann et al. 2003; Uckermann, Uhlmann et al. 2003). In
addition, it has been proposed that a potential mechanism for the enhanced calcium
responsiveness in gliotic Miiller cell is the active resensitization of P2Y receptors by
PDGF, EGF, and NGF (Weick, Wiedemann et al. 2005), growth factors that have been
crucially implicated in gliotic responses and proliferation during retinal detachment and
PVR (Esser, Weller et al. 1992; Wiedemann 1992) (Charteris 1995; Faude, Francke et al.
2001). Furthermore, elevations in intracellular calcium via P2Y receptors, in conjunction
with transactivation of platelet-derived growth factor (PDGF) and epidermal growth
factor (EGF) receptor tyrosine kinases, have been shown to promote DNA synthesis
(Moll, Weick et al. 2002) and extracellular signal-regulated kinase (ERK1/2) activity
(Milenkovic, Weick et al. 2003) through calcium-dependent big conductance K channels
(BK channels) (Kodal, Weick et al. 2000; Moll, Weick et al. 2002; Weick, Wiedemann et
al. 2005). In addition, activation and upregulation of ionotropic P2X receptors on Miiller
cells have been shown to contribute to intracellular calcium transients via influx of

extracellular calcium in proliferative vitreoretinopathy (PVR), thus enhancing the
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mitrogenic activity of BK channels (Sugioka, Zhou et al. 1999; Sugioka, Zhou et al. 1999;

Bringmann, Pannicke et al. 2001).

D. Imaging calcium fluctuations using fluorescent calcium indicators

Intracellular calcium oscillations and intercellular propagation of calcium
transients in networks of glial cells are visualized using fluorescent calcium indicator
dyes. The commonly available fluorescent indicators for Ca®" fall into two classes:
single-wavelength intensity-modulating dyes and dual-wavelength ratiometric dyes. For
single-wavelength indicators, changes in calcium concentrations bring about changes in
the intensity of their fluorescence excitation and emission spectra where as the spectral
maxima remain essentially unchanged. The excitation wavelength of Fluo-4, a single-
wavelength indicator, is at 488nm, and produces >100-fold increase in intensity of
emission (516nm) upon binding to calcium (K4 = 345nM)(Gee, Brown et al. 2000) (Fig.
3.1). The free Ca*" concentration is given by:

[Ca®"] = K (F-Funin)/(FinaxF)
where Fnin and F .« are fluorescence intensities of indicator when it is Ca’’ free and Ca*’
bound, respectively. F is the measured fluorescence intensity elicited by a corresponding

value of [Ca”"].
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Fig.3.1 Characteristic absorbance and emission spectrum of Fluo-4 AM.

The Fluo class of calcium indicators possess a BAPTA-like calcium chelator
component covalently linked to a fluorogenic, fluorescein-like component that undergo
large fluorescence enhancement upon the binding of calcium. However, the common
fluorescent Ca*" indicators are polycarboxylate anions that cannot cross lipid bilayer
membranes and therefore are not cell permeate. In the negatively charged form, the
indicators can only be delivered into the cells by microinjection or by permeabilization
procedures. To facilitate intracellular loading of the indicator dye, an acetoxymethyl (AM)
ester group is linked to the carboxyl group via an ester bound to mask the negative
charges, thus creating an uncharged and hydrophobic moiety that can freely diffuse

across the cell membrane (Fig. 3.2).
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Fig. 3.2 The chemical structure of Fluo-4 calcium indicator dye and its
modified cell-permeate form using acetoxymethyl ester.

Once the indicator is in the cytoplasm, the AM group is removed by esterases via
enzymatic hydrolysis and the Ca®’-sensitive polycarboxylate form of the indicator

becomes trapped inside the cell (Fig. 3.3).

Fig. 3.3 Schematic of fluo-4 AM mechanism upon intracellular de-esterification.
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E. Graph theory basics and applications to biological networks

This section will give a brief introduction to network theory and its basic
mathematical principles. Interactions between basic elements of a complex network can
be described using a set of theoretical rules that is independent of the physical nature of
the network. Therefore, network topologies of neural network may be characterized and
explored in a similar way as for metabolic networks. There are various types of network
structures that has been developed (i.e. random, small-world, scale-free) each displaying
different behaviors and properties and determined by the underlying mathematical rules
that describe them. The scale-free network will be discussed here as it has shown to be
most relevant to biological applications. As in all networks, the fundamental element of
the network is termed a “node,” and different nodes can be assigned a number, £, to
uniquely identify it. The existence of a connection between two nodes can be described
using a probability function, P(k). For example, P(k) = 1/k for a random network since
each node would have the same chance of being connected to another node in the
network(Evans 2004). The scale-free network is characterized by a probability function

that is proportional to the inverse of the total number of nodes in the network:
P(k) ~ k7

where gamma is a constant (Strogatz 2001). As such, two main features emerge from
these networks: 1) structured growth (scale free networks tend to grow in an organized
way), and 2) preferential attachment (new nodes will preferentially link to existing nodes
with high number of existing attachments). A direct consequence of this arrangement is

that a few nodes in the network will tend to have an un-proportionately high number of
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links, while most nodes will have smaller, more constant number of links. One can
intuitively appreciate the difference between a scale-free versus a random network, where
the probability of any two nodes being connected with each other is the same for all
nodes. Mathematically, preferential attachment is achieved by defining the probability
that a new node connects to an existing node 7 as:

T(k,) =k, /% k,

The probability of a new node connecting to node i is equal to the ratio of the
connectivity of i, denoted by k;, and the total number of connections ; that exist in the
network(Albert and Barabasi 2002). It is important to appreciate that the underlying
mathematics that describes the scale free network topology (or any other topology) is
independent of the physical details of the networks, making it is applicable to complex

glial networks in the CNS.

F. Algebraic Description of Dynamic Signaling Model

We have previously introduced experimental methods and computational
algorithms to map the functional activation states and connectivity topologies of glial
networks with single cells resolution in order to describe the spatiotemporal evolution of
functional calcium signaling in these networks (Buibas et. al.). Briefly, we begin by
considering a series of growing volumes that define a signaling envelope emanating from
a newly activated node (Fig. 3.4), referred to as a vertex in the language of graph and
network theory, with a tolerance Ay such that if the envelope crosses another vertex that

vertex becomes activated, assuming it is not refractory. For symmetry we assume signals
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spread from vertices as growing circles in two dimensional networks and spheres in three
dimensions with Ay as the thickness of the expanding circle in two dimensions or shell in
three dimensions. This model is valid for any network where vertices are connected by
edges where physical dimensions represent the shortest Euclidian distance between them,
a condition that covers essentially all complex networks with a few exceptions. The
growth rate (i.e. rate of change) of signaling volumes represents the signaling speed of
the network, which can be a constant value, or a scalar or vector valued function. A
functional connection between two vertices, also called an edge, is established if a vertex
goes from being inactive to active at the same moment a signaling volume reaches it from

a previously activated vertex (Fig. 3.5).

Fig. 3.4 Schematic of the Dynamic Signaling Model. The signaling volume
extending from an activated node with parameters for signaling velocity, tolerance,
and maximum radius of signaling.
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Fig. 3.5 Deterministic mapping of a simple network based on its dynamics. Node
action time and expanding signaling circles are color coded with respect to time.

Mathematically the objective is to define a unique condition whereby an edge e;;
connects two vertices p; and p;, where p; is the position of vertex i in space (e.g. p;= (X;, Vi,
z;)). An expanding volume, where the surface represents the region of active signaling,

begins at the moment of vertex i activation "f;, and is defined as

cos@ - cos@
Vi(t)=p,+S(r)| sin@-cosg |; 050<2m,—m<p<rm

sing
where 7 = ¢ - "#. The signaling volume V;(z) is bounded for values of ¢ so that it is
positive and limited to a maximum radius 7, for all vertices. 7, is the maximum length
an edge can take between any two vertices, a known or measurable network specific
parameter (e.g. the maximum diffusion distance of a signaling molecule between cells, or
the effective distance between routers in the internet). S(z) is the effective radius of the

expanding volume that takes into account the tolerance Ay and is defined as
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S(t)=s eR; r(t)—%<s< r(t)+%

r(t) is the positive time dependent expanding radius of the volume (i.e. 7(2) < r,4x) given

by

=] rod

dr(t) _
7 f(@)

where f(?) is the speed of the expanding radius and therefore the expanding signaling

volume. If a delay time D is assumed, defined as the time delay between the arrival of a

signal at a vertex and its subsequent propagation to other vertices, 7(?) takes on the form
(r—-D)+T

r=[" " fad

7-D)

As strictly written, () implies a signaling speed f(?) that is the same function for
all vertices p;. However, depending on the details of the network under consideration the
signaling speed could be a vertex dependent function fi(z), resulting in a set of
inhomogeneous vertex dependent signaling volumes V(z) given by r;(t). Or the signaling
speed could be a scalar constant such that dr(z)/dt = F. Given these definitions then, an

edge e;; 1s mapped if

pja(natj =" ti) < VZ(Z')

If a vertex p; which activates at time "7 is in the set of points describing the expanding

shell V(z), then the edge e;; is mapped.
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Two simplifying assumptions are made. First, the vertex locations (the set of all p;
= P) are fixed in space. In other words, we assume that the spatial arrangement of vertices
do not change over the period during which the functional structure of the network is
being mapped, which in general is true for all networks. Secondly, we assume simple
linear non-computational dynamics for the vertices themselves, in the sense that if a
vertex receives a signal, it waits a specified time (i.e. the delay period D) before faithfully
passing that signal on to connected vertices. There are no nonlinearities via input signal
summations or activation functions in individual vertices that determine whether to pass
on a signal. If a vertex is signaled it signals in turn. This puts the focus on the dynamics
of the edges and allows their deterministic identification independent of any dynamics
associated with the vertices. Although beyond the scope of this work, there are many rich
and interesting questions that need to be explored combining more sophisticated vertex
models with the dynamic signaling model we propose here. This approach would
potentially contribute to a wide range of fields where network dynamics are important.
Furthermore, our dynamic signaling model compliments statistical approaches such as
Bayesian nets and optimization theories that can be used for estimating network topology.
Finally, another parameter that the model can take into account depending on the
specifics of the network being modeled is a vertex refractory period following an
activation event during which a vertex cannot be re-activated. The refractory period can

have significant effects on the kinetics of an evolving network by controlling "“¢; .



Chapter IV

Characterization of calcium-mediated intracellular and
intercellular signaling in the rMC-1 glial cell line

Abstract

Retinal Miiller glial cells, in addition to providing homeostatic support to the
retinal neurons, have been shown to engage in modulation of neuronal activity and
regulate vasomotor responses in the retina. Furthermore, calcium transient mediated
signaling in Miiller cells has been implicated to play a significant role in the intracellular
and intercellular interactions necessary to carry out these functions. Although the basic
molecular mechanisms of calcium signaling in Miiller cells have been described, the
dynamics of calcium responses in Miiller cells have not been fully explored. Here, we
provide a quantitative characterization of calcium signaling in an in vitro model using the
rMC-1 cell line, a well established cell line developed from rat Miiller cells. We show
that rtMC-1 cells displayed robust intracellular calcium transients and the capacity to
support calcium transient mediated intercellular calcium waves with signaling dynamics
similar to that of Miller cells in in situ retinal preparations. Furthermore,
pharmacological perturbation of intracellular calcium transients with Thapsigargin as
well as intercellular calcium waves using purinergic receptor antagonist and gap junction
blocker (PPADS and FFA, respectively) suggest that the molecular mechanism underlie
calcium signaling in tMC-1 cells is consistent with that previously described for Miiller

cells. In conclusion, this model provides a robust in vitro system for investigating
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specific mechanistic hypotheses of intra and intercellular calcium signaling in Miiller cell

networks in a highly controllable environment.

Introduction

Miiller cells are the primary macroglia of the neural sensory retina and have
diverse functions in both health and disease. The classical role of these cells is providing
homeostatic support to retinal neurons (Bringmann, Pannicke et al. 2006), although a
number of other functions including modulating neuronal activity via bi-directional
communication with neurons in the inner nuclear layer (Newman 2003; Biedermann,
Bringmann et al. 2004; Newman 2004; Newman 2005; Bringmann, Pannicke et al. 2006),
regulating vasomotor responses in the retina (Stevens, Esguerra et al. 2003; Metea and
Newman 2006; Gustafson, Stevens et al. 2007), and contributing to degenerative retinal
pathologies through reactive gliosis have been proposed (Iandiev, Uckermann et al. 2006;
Bringmann, Iandiev et al. 2007). Underlying the bi-directional signaling of Miiller glia
with neurons and vascular regulation are calcium changes that mediate intra- and
intercellular signaling processes (Metea and Newman 2006). Miiller cells in in situ retinal
and eye cup preparations have been shown to generate transient increases in intracellular
calcium both spontaneously (Rogers, Stinnakre et al. 2005; Agulhon, Platel et al. 2007)
and in response to light stimulation (Newman 2005), with frequencies and durations
comparable to those observed from astrocytes in brain slices (Nett, Oloff et al. 2002;
Parri and Crunelli 2003) and in vivo (Hirase, Qian et al. 2004). Activation of

metabotropic purinergic P2Y receptors by extracellular adenosine 5’-triphosphate (ATP)
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leading to formation of inosital triphosphate (IP3) by phospholipase C (PLC), and IPs-
dependent calcium release from intracellular stores have been implicated as key steps in
the generation of calcium transients in vitro (Keirstead and Miller 1995; Lopez-Colome
and Lee 1996) and in situ (Lopez-Colome and Lee 1996; Li, Holtzclaw et al. 2001;
Newman 2001; Uckermann, Grosche et al. 2002; Newman 2005) (Fig. 4.1), although
there is also evidence for activation of ionotropic purinergic receptors (i.e. P2X7) that
augment the calcium increase via influx from the extracellular milieu (Pannicke, Fischer
et al. 2000; Bringmann, Pannicke et al. 2001). Stimulation of in situ preparations with
488 nm light flashes has been shown to increase neuronal activity that correlates with an
increased frequency of calcium transients in Miiller cells (Newman 2005). Light-evoked
calcium responses have been shown to be blocked by suramin, a purinergic antagonist,
and apyrase, which hydrolyzes ATP, providing support for an ATP dependent
mechanism. Interestingly, tetrodotoxin (TTX) is also able to block light induced calcium
responses in Miiller cells, suggesting that amacrine and ganglion cells (retinal neurons
that generate action potentials) may be necessary for light evoked signaling to Miiller
cells (Newman 2005). Conversely, signaling from Miiller cells to neurons may also be
mediated by calcium changes in the glial cells. It is suggested that calcium increases in
Miiller cells mediate the release of ATP that, upon being hydrolyzed to adenosine by
ecto-nucleotidases, induces hyperpolarization in retinal ganglions cells by activating A,
adenosine receptors that open potassium channels (Newman 2003). However, the details

of this calcium-dependent ATP release require further investigation.
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Calcium signaling in Miiller cells has also been implicated to play an important
role in pathology. Specifically, upregulated intracellular calcium responses have been
associated with gliosis of Miiller cells in retinal detachment and proliferative
vitreoretinopathy (PVR) (Uckermann, Uhlmann et al. 2003; Iandiev, Uckermann et al.
2006; Bringmann, landiev et al. 2007). Miiller cell endfeet in acutely isolated porcine
retinal wholemounts display increased calcium response to ATP stimulation 1 to 3 days
following experimental rhegmatogenous detachment along with increased expression of
P2Y, and P2Y, receptors. Furthermore, the increase in calcium sensitivity extended to
Miiller cells beyond the region of detachment; potentially caused by alterations in the
functional state of P2 receptors or resensitization of receptors by soluble growth factors
released during pathology (Weick, Wiedemann et al. 2005; Iandiev, Uckermann et al.
2006). Intracellular calcium increases via activation of metabotropic and ionotropic P2
receptors by extracellular ATP (as observed in retinal pathology) have also been shown
to stimulate DNA synthesis and cell proliferation in primary Miiller cells (Pannicke,
Fischer et al. 2000; Moll, Weick et al. 2002; Milenkovic, Weick et al. 2003) and are
implicated as a potential mechanism for increased glial mitogenic activity in PVR
(Bringmann, Pannicke et al. 2001; Iandiev, Uckermann et al. 2006). Finally, adenosine,
the degradation product of ATP, has also been found at elevated concentrations under
pathological conditions such as retinal hypoxia (Ribelayga and Mangel 2005), and has
been shown to potentiate increased Miiller calcium transients in response to light

stimulation (Newman 2005).
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An intriguing but controversial observation made in in situ and in vitro
experiments is the capability of Miiller cells to support intercellular calcium waves
mediated by intracellular calcium transients (Newman and Zahs 1997; Newman 2001;
Newman 2005; Agulhon, Platel et al. 2007). Stimulation of Miiller cells and retinal
astrocytes in acutely isolated retina and eye cups using ATP ejection, mechanical, or
electrical stimulation evoke calcium transients that propagate outward to adjacent glial
cells as intercellular calcium waves (Newman and Zahs 1997; Newman 2001).
Intercellular signaling between Miiller cells occurs via the release of ATP from the
initially stimulated cells and activation of purinergic receptors on adjacent cells, since
waves have been shown to be blocked by the purinergic receptor antagonist, suramin
(Newman 2001). In addition, gap junctions channels formed via homotypic and
heterotypic coupling of hemichannels involving connexin 43 have also been implicated in
the calcium transient-mediated intercellular signaling, presumably via allowing exchange
of small secondary messengers (i.e. Ca and IP3) (Nedergaard, Cooper et al. 1995; Zahs,
Kofuji et al. 2003; Suadicani, Flores et al. 2004; Kihara, Mantovani de Castro et al. 2006;
Iacobas, Suadicani et al. 2007). Although experimentally evoked calcium waves have
been shown to participate in the modulation of neuronal activity and vasomotor responses
(Metea and Newman 2006), these observations are controversial because intercellular
calcium waves in Miiller cells have not been observed under physiological conditions in
vivo, raising the issue of whether the in vitro and in situ observations may be an
experimental artifact (Newman 2005). Calcium transients observed in individual Miiller

cells of acutely isolated eye cups in response to 488 nm light stimulation were not seen to
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propagate through networks (Newman 2005), although neither the physiological range of
luminous stimuli nor physiologically realistic stimulation patterns have been fully
explored, thus necessitating more detailed follow up studies. However, the same paper
did report intercellular calcium signaling between Miiller cells under conditions that
mimic neuropathology (Newman 2005). In the presence of elevated adenosine, light
stimulation sometimes produced a delayed calcium response in Miiller cells that
propagated into neighboring cells (Newman 2005), suggesting a potential contribution of
intercellular calcium waves to disease states in the neural retina.

Although the basic molecular mechanisms of calcium signaling in Miiller cells
have been described, the dynamics of calcium responses in Miiller cells have not been
fully explored. This is critical for investigating any physiological or pathophysiological
roles calcium signaling may be playing. Here we provide a quantitative characterization
of calcium signaling in an in vitro model using the rMC-1 cell line, an well established
line developed from rat Miiller cells (Sarthy, Brodjian et al. 1998) that has been used in
numerous studies to investigate the cell biology of Miiller cells and their contributions to
pathology (Sarthy, Brodjian et al. 1998; Kannan, Bao et al. 1999; Lu, Bao et al. 1999; Du,
Smith et al. 2002; Du, Miller et al. 2003; Du, Sarthy et al. 2004; Shelton, Kern et al.
2007). The dynamics of individual intracellular calcium transients and intercellular
calcium waves were analyzed in individual and networks of rtMC-1-cells. Very similar to
data from primary Miiller cells in vitro and in situ, tMC-1 cells displayed robust
intracellular calcium transients and the capacity to support calcium transient mediated

intercellular calcium waves. Furthermore, pharmacological experiments suggest that the
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molecular mechanism underlie calcium signaling in rMC-1 cells are dependent on
activation of purinergic receptors by extracellular ATP and, to a lesser extent, IP;
mediated gap junction signaling, as has been described for Miiller cells. Lastly, the
dynamics of this calcium signaling in rMC-1 cells are quantitatively very similar to that
of in situ Miiller cells of intact retinal preparations with preserved local cytoarchitecture.
Although in vitro systems are simplified representations of physiological conditions, the
calcium signaling mechanisms in rMC-1 cells seem to have been conserved with respect
to the known physiological mechanisms in Miiller cells. And although rMC-1 cells differ
significantly from their relatives in the retina in some respects (e.g. morphology,
functional polarization, etc.), the results we provide in the present work as well as the
data from others (Sarthy, Brodjian et al. 1998; Kannan, Bao et al. 1999; Lu, Bao et al.
1999; Du, Smith et al. 2002; Du, Miller et al. 2003; Du, Sarthy et al. 2004; Shelton, Kern
et al. 2007) suggest that, on a molecular and cellular level, rMC-1 cells are a good model
of Miiller cells, and can provide an opportunity to study these fundamental processes
under controlled experimental conditions where complexity of the physiology or

pathophysiology may confound direct measurements.
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Fig. 4.1 Schematic of the molecular mechanism of calcium signaling in glial cells
involving activation of metabotropic purinergic (P2Y) receptors and immobilization of
calcium from intracellular stores.

Material and Methods

A. Reagents and Cell Cultures

rMC-1 Miiller cells (originally obtained courtesy of Dr. Vijay Sarthy,
Northwestern University, Chicago, Illinois) were passaged four to five times to expand
them from frozen stocks. All experiments were performed one day after recovered cells
were seeded on P35 glass-bottom Petri dishes (MatTek Corp., Ashland MA) at ~200,000
cells/cm? incubated in culture media (high glucose Dulbecco's Modified Eagle's Medium
(DMEM) supplemented with 10% FBS, 2 mM L-glutamine, and 1% (v/v) Pen/Strep) at

37°C and 5% COa,. Cell cultures reached workable confluency (> 80%) overnight. Media
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changes, in which all media was replaced, were performed every two days. Unless

otherwise stated, all reagents were obtained from Sigma (St. Louis MO).

B. Calcium Imaging

rMC-1 cultures of ~80% confluency were washed twice with Kreb-HEPES buffer
(KHB) solution (10 mM HEPES, 4.2 mM NaHCOs, 10 mM glucose, 1.18 mM MgSOQy,
1.18 mM KH,PO4, 4.69 mM KCL, 118 mM NaCl, 1.29 mM CaCl,, pH 7.4) and
incubated with 5 uM Fluo-4AM in KHB for 1 hr at room temperature. Excess dye was
removed by washing twice with KHB and an additional incubation of 30 min at room
temperature was done to equilibrate intracellular dye concentration and ensure complete
intracellular esterification. Intracellular calcium transients were induced by treatment
with Adenosine 5’-triphosphate (ATP; 50 puM) and imaged following the initial
simultaneous intracellular calcium increase. Treatment of rMC-1 cultures with
Thapsigargin (1 pM) were done at room temperature for 20 min prior to addition of ATP.
Intercellular calcium waves were initiated by a single mechanical stimulation delivered
to a localized region of 1-3 cells using a 0.5um i.d. micropipette tip (WPI Inc., Sarasota
FL) mounted on a M325 Micrometer Slide Micromanipulator (WPI Inc., Sarasota FL)
(Fig. 4.2A). Comparable data were obtained using pharmacological ATP stimulation,
although it was harder to ensure that only a localized region was initially stimulated;
therefore, only data and results for mechanical stimulation are presented. Treatment of
rMC-1 culture with pyridoxal phosphate-6-azophenyl-2°,4’-disulfonic acid (PPADS; 100
uM), flufenamic acid (FFA; 100 uM), MRS2179 (100 uM), and apyrase (50 U/ml) is

done by incubation with the respective compounds during the de-esterification phase (Fig.
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3.2B). We analyzed seven FFA treated cultures; three PPADS treated cultures; three
MRS2179 treated cultures; three apyrase treated cultures; and compared them to the five
untreated rMC-1 cultures.

Visualization of calcium indicator dye fluorescence was done using a 488 nm
(FITC) filter on an Olympus IX81 inverted fluorescence confocal microscope (Olympus
Optical, Tokyo, Japan) that included epifluoresence, confocal, phase, brightfield, and
Hoffman differential interference contrast (DIC) modalities. Real-time movie recordings
of intracellular calcium transients were acquired at 5 Hz for 500s while intercellular
calcium transient propagation were acquired at 16.3 Hz until dissipation of wave using a
Hamamatsu ORCA-ER digital camera (Hamamatsu Photonics K.K., Hamamatsu City,
Japan) and Image-Pro Plus data acquisition and morphometric software (version 5.1.0.20,

Media Cybernetics, Inc., Silver Spring, MD).
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Using ImagelJ, an NIH funded open source morphometric application, the circle-
select tool was modified to allow manual selection of individual cells on the xy-plane of
each movie using circles of 4 pixels (~5 pm) in diameter. Each cell was considered as an
individual region of interest (ROIs). In building the ROI list for each movie we traced
cells in the frame in which they appeared brightest as a result of an activation event. By
going through all the frames in a movie, we were able to catalog every cell in the field of
view that participated in the propagation of signaling waves in the network for a given
movie. An ImagelJ plugin was used to calculate the average intensity for each ROI in each
frame as well as the x-y coordinates of its area centroids. All of this data was organized
in matrix format for post-processing analyses. Since the fluorescence intensity of Fluo-4
AM is proportional to calcium concentration, changes in cytosolic calcium concentrations

can be inferred from the fluorescence profile of individual cells.

For analysis of individual intracellular calcium transients, the data is processed to
identify periods of sustained increase in fluorescence intensity. Due to the highly
dynamic and cyclic nature of the intracellular calcium transients, an averaging filter of 15
frames was applied to reduce noise and a first-derivative filter was then used to identify
significant and sustained increases in calcium (i.e. 15 or more consecutive frames with
positive derivative values). We established those portions of the signal as the rise phase
of the intracellular calcium transients. For analysis of intercellular calcium waves, an
averaging filter of 5 frames was applied to the data to reduce noise in the fluorescence
signals. The change in fluorescence intensity normalized to the level of baseline

fluorescence (AF/F) was taken to indicate the magnitude of calcium changes within
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Miiller cells. AF/F greater than two standard deviations from baseline and a decrease of
fluorescence intensity to 10% of its peak value were used as criteria for fluorescence
profiles of completed calcium transients (i.e. that had experienced both full activation and
deactivation). Real-time recordings of calcium signaling in response to mechanical
stimulations were assessed at both the network and individual cell level. All calculations

and graphs were done using Matlab (Mathworks, Natick, MA).

D. Immunocytochemistry

Immunocytochemistry (ICC) was performed on rMC-1 cultures prepared
identically to those used for calcium imaging. Cells were fixed in 4% paraformaldehyde
(Electron Microscopy Sciences, Hatfield, PA) for 15 min and washed twice with
physiologically buffered saline (PBS; Invitrogen, Carlsbad, CA). Cultures labeled for
glial fibrillary acidic protein (GFAP) were permeabilized in 1% FBS and 0.1% Triton X-
100 (Fisher Scientific International, Hampton, NH) for 30 min before incubating with
anti-GFAP primary antibody (1:50; Sigma, St. Louis, MO ) while cultures labeled for
P2Y, receptor, P2X; receptor, and Connexin 43 were incubated with the respective
primary antibodies at 1:25 (Invitrogen, San Francisco, CA), 1:10 (Sigma, Saint Louis,
MI), and 1:50 (Chemicon, Temecula, CA) dilutions, respectively, with 10% FBS in PBS
for 2 hrs. Routine negative controls for all conditions included the omission of the
primary antibody and incubation with 10% FBS in PBS during the primary incubation
step. For secondary antibody labeling, cells labeled for GFAP were incubated with
tetramethylrhodamine isothiocyanate (TRITC) conjugated anti-mouse IgG (1:50; Sigma,

St. Louis, MO) while cells labeled for P2Y R, P2X7R, and Cx43 were incubated with
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fluorescein isothiocyanate (FITC) conjugated anti-rabbit IgG (1:50; Sigma St. Louis,
MO). Following the ICC, all slides were mounted using Molecular Probes Prolong® Gold

antifade reagent with DAPI (Eugene, OR).

RESULTS

A. rMC-1 cells express specific markers for glial cells and metabotropic purinergic
receptors

Qualitatively, the rMC-1 cells show expression patterns for key proteins both in
our hands and as previously described . Immunocytochemical characterization of glial
fibrillary acidic protein (GFAP) showed low levels of baseline expression (Fig. 4.3A, C,
E), consistent with in vivo Miiller cells which only express high levels of GFAP when
they become reactive following injury (36, 37). Antibody labeling of P2Y|R, a
metabotropic purinergic receptor that is G-protein coupled to induce release of calcium
from intracellular stores through the formation of IP; by PLC, displayed a strong
expression profile (Fig. 4.3B, D, F). In addition, we also obtained positive labeling for the
presence of P2X; receptors, demonstrating the presence of both ionotropic and
metabotropic forms of purinergic receptors on the rMC-1 cells as is consistent with
known mechanisms for the role of ATP in calcium signaling by Miiller cells (Pannicke,
Fischer et al. 2000; Bringmann, Pannicke et al. 2001). Finally, we provide evidence for
the presence of gap junctions for this cell line by positive labeling for CX43, a subtype of
connexin protein commonly expressed on primary Miiller cells to form gap junction

channels (Zahs, Kofuji et al. 2003; Kihara, Mantovani de Castro et al. 2006).
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B. rMC-1 cells exhibited both spontaneous and ATP induced intracellular calcium
transients

Using real-time calcium-sensitive fluorescence imaging, we recorded spontaneous
intracellular calcium transients in tMC-1 cells at a low frequency. Five 500-second real-
time recordings were analyzed and showed that approximately 2% of the cells in culture
produced intracellular calcium transients in the imaging buffer in the absence of
stimulation; an average of 23.3 + 3.0 calcium transients were observed in each movie at a
rate of 1.67 £ 0.71 transients/signaling cell/500 seconds, with calcium elevations
averaging 5.9 + 0.5 seconds in duration. Application of 50 uM ATP significantly
increased the number of intracellular calcium transients in tMC-1 cells to 482.8 + 241.5
per movie (p < 0.0, Fig. 4.4A). Furthermore, our results show that ATP-induced
increase in calcium signaling is due to significant increase in the number of cells
exhibiting intracellular calcium transients (from 2% to 31%; p < 0.01, Fig. 4.4B) rather
than an increase in the frequency of calcium transients per signaling cell; which are 1.67
+ 0.71 and 1.74 £ 0.25 transients/signaling cell/500 seconds under control and 50 uM
ATP, respectively, with no significant differences detected via the Student-t test.
Interestingly, along with the increase in the number of intracellular calcium transients in
ATP treated cultures, we also observed a significant decrease in the average duration of

the calcium elevations to 3.4 + 0.6 seconds (Fig. 4.4C) following application of ATP.



89

‘wn g7 = Jeq 9[eds “X(0f 1. uayel a1om safewl [y Aianoearounwuwl (H [oued) ¢4x) pue (D [oued) ¥yixzd
‘(4 1oued) Y'Azd ‘(A 1oued) gv D (H-A) A10Andadsar ‘H-7 soued ur soSewn 90uadsaion(y Jo sydei3oronu jsenuod

-oseyd (-V) "€¥XD Pue “Y-XTd “U'ATd ‘dVID 10§ S[[99 B[N [-DIAL PaImINo Jo AnsiwayooiLoounw] €°p “SL




90

Quantification of the amplitude change (AF/F) of spontaneous and ATP
stimulated Ca transients shows an amplitude change of 31.8 + 5.7% for control cultures.
Corresponding to the shorter duration of calcium elevations with the application of ATP,
we observed a decrease in the average amplitude of calcium transients in comparison to
controls (14.3 £ 2.9%, p<0.01). Taken together, these results indicate that elevated
extracellular ATP induced a higher number and faster calcium transients with smaller
amplitudes versus that of the control condition.

To probe the molecular mechanisms responsible for spontaneous and ATP
induced intracellular calcium transients in rMC-1 cells, we analyzed the effects of
applying thapsigargin, a drug that depletes intracellular calcium stores (Thastrup, Cullen
et al. 1990). Thapsigargin applied at a concentration of 1 uM effectively blocked the
increase in the number of intracellular calcium transients previously observed with the
application of 50 uM extracellular ATP and rendered it comparable to that of control
cultures (Fig. 4.4A). As before, our results indicate that this decreased incidence of
calcium transients in the presence of elevated ATP (to 25.2 + 10.0 transients per movie)
was due to significantly lower number of signaling rMC-1 cells in thapsigargin treated
cultures rather than changes in the frequency of transients per siganling per cell (which
are 1.51 £0.39, 1.74 + 0.25, and 1.51+ 0.57 transients/signaling cell/500 seconds under 1
uM thapsigargin, 50 uM ATP, and 50 uM ATP plus 1 uM thapsigargin, respectively,
with no significant differences detected via ANOVA). Furthermore, in the presence of
thapsigargin, the amplitude and duration of calcium elevation in ATP stimulated calcium

transients are comparable to that of the control cultures (23.7 = 8.0% and 5.15 + 1.1
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seconds). Interestingly, 1 uM thapsigargin alone did not significantly affect the frequency
of spontaneous calcium transients or the number of cells that displayed them (Fig. 4.4A-
C). As the primary pharmacological effect of thapsigargin is the discharging of
intracellular stores via inhibition of calcium ATPase pump on the ER (Thastrup, Cullen et
al. 1990), we suggest that the spontaneous calcium transients observed in the presence of
thapsigargin may involve extracellular source of calcium. This is further collaborated
with our observation that no spontaneous calcium transients were seen under zero
extracellular calcium condition where the imaging buffer is modified to exclude CaCl,
and include 1.5mM BAPTA. Spontaneous calcium transients ceased within seconds of
switching to the calcium-free buffer, but were observed again in these cultures upon
returning to the original imaging buffer with calcium.

Finally, to explore the possible ionotropic as well as the metabotropic components
of the purinergic receptors response, we also investigated the ATP induced calcium
transients in the presence of zero extracellular calcium as well as by using specific
inhibitors. In our hands, rMC-1 demonstrated no intracellular calcium oscillations to ATP
stimulation in the presence of zero-extracellular calcium, thus also implicating a role for
extracellular calcium, potentially via ionotropic purinergic receptor signaling. Returning
to calcium-containing imaging buffer restores the ATP response. To further substantiate
the role of metabotropic purinergic receptor signaling, specifically of the P2Y receptor,
in the ATP potentiated intracellular calcium transients, we applied MRS2179 to
specifically block the receptor. We report that 100uM MRS2179 reduced the percentage

of signaling cells from 31% to 11% in the presence of ATP as well as decrease the
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number of intracellular calcium transients detected by approximately 50% (to 246.2 +
182.8) with no significant changes to the duration and amplitude of oscillations. Finally,
we report that application of SmM PPADS, a broad spectrum P2Y receptor antagonist, is
able to completely, but reversibly, inhibit the ATP stimulated calcium transients. The
removal of PPADS from these cultures restores the response of these cells to extracellular
ATP, thus further substantiating the role of metabotropic purinergic receptors signaling in

these intracellular calcium oscillations.
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Fig. 4.4 Intracellular calcium transients in untreated rMC-1 versus cells treated
with 50 uM ATP, 1 puM Thapsigargin, and 50 pM ATP with 1 pM
Thapsigargin. Two-tailed student t-tests were used to test for statistical
significance. (A) The total number of calcium transients recorded during 500
second movies. (B) Percentage of cells that exhibited intracellular calcium
transients during 500 second movies. (C) The average duration of calcium
transients. (D) The average amplitude change of calcium transients calculated
as AF/F. * p < 0.01, **p <0.00l,n=7.
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C. Intercellular calcium waves are mediated by ATP and IP; and display specific
signaling dynamics

Localized stimulation of the rMC-1 cells induced a propagating wave of calcium
transients that spread radially outward from the initial point of activation (Fig. 4.5A-B).
For each recording, all cells participating in calcium waves were individually analyzed to
quantitatively study the spatial and temporal properties of calcium transient propagation.
In order to characterize the dynamics of intracellular calcium transient responses that
underlie the calcium wave, the following parameters were measured: 1) activation time,
the rise time from 10% to 90% of the peak amplitude, 2) deactivation time, the decay
time from 90% to 10% of the peak amplitude, and 3) AF/F, the percent change of
maximum Fluo-4 fluorescence intensity with respect to the baseline resting state (Fig.
4.6). Combining five data sets (100 = 20 cells were analyzed per recording), the averaged
values for activation and deactivation times were 3.87 £+ 0.62 seconds and 18.91 + 2.60
seconds, respectively. The average change in the amplitude of the fluorescence signal of
the calcium indicator (AF/F) was 67.4 £ 16.5 %. It is interesting to note that intracellular
calcium transients in the context of a calcium wave were significantly longer in duration

than spontaneous or ATP induced transients in individual cells.
S N -

| Fig. 4.5A Mechanical
stimulation of rMC-1 Miiller
Liae cells with 0.5 um needle tip.
™1 Phase-contrast light at 100X

? showing a typical field of
view and the needle tip.
Scalebar = 100 um
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Fig. 4.6 Schematic of characterization parameters defined for the analyses of
calcium transients.

We then investigated the population dynamics of calcium wave events in intact
networks by plotting the calcium transient parameters described above as a function of
radial distance from the stimulation source for all individual cells that contributed to a
wave (Fig. 4.5B). We were interested in assessing statistical trends associated with
changes in individual calcium transients as a function of radial distance. The box plots
show the spatiotemporal data binned in 50 pm radial sections (Fig. 4.7). The centers of
the boxes denote the median value while the upper and lower edges are the 75" and 25"
percentiles, respectively. The whiskers show the range of the data and extreme outliers (+;

defined by >1.5 of inter-quartile distance).
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Fig 4.7 Box plots of descriptive calcium transient parameters versus radial distance from
the site of stimulation. (A) Activation time (B) Deactivation time (C) Amplitude (AF/F).
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The plots showed that cells located closer to the stimulation site preferentially
displayed shorter activation times (Fig. 4.7A; ~2 seconds at radius, r <50 pm, and > 6
seconds at r > 150 pm), longer deactivation times (Fig. 4.7B; ~37 seconds at r < 50 pum,
and < 25 seconds at r > 150 um), and larger calcium transient amplitudes (Fig. 4.7C;
AF/F = 80% at r < 50 pm, and AF/F < 30% at r > 150 pm). We note that these
observations may be due to higher extracellular ATP concentrations near the center of a
calcium wave (Newman 2001) possibly due to the clustering of the initially activated
cells following mechanical stimulation. Furthermore, cells located closer to the
stimulation site exhibited a larger range of amplitude changes (i.e. 20-200% at r < 50 um,
and 10-75% at r > 150 pm) and deactivation times (i.e. 10-100 sec at r < 50 um, and 15-
35 sec at r > 150 um), while a large range of activation times were observed in cells
irrespective of their location (e.g. 0.5-14 seconds at r < 50 pm, and 4.7-17 sec at r > 150
pum).

Finally, we calculated the velocity of signal propagation between rMC-1 cells, by
plotting the radial distance of each activated cell from the stimulation site against its time
to activation (defined at 10% of its measured peak amplitude) from the time of simulation.
The distance of signal propagation as a function of time followed a logarithmic trend that
could be fitted well with a power function (Fig. 4.8, R*= 0.86 + 0.06). To obtain a sense
of the signaling speed of the wave, the calculated average propagation velocities at 0.2,
0.4, 0.6, 0.8, and 1.0 seconds following stimulations were 23.8 + 3.7, 18.8 £2.2, 16.8 £
1.5, 15.5 £ 1.0, 14.6 £ 0.8 um/s, respectively. The average signaling speed decreased

t010.5 £+ 3.3 after 5 seconds, and 7.8 +1.0 um/s after 10 seconds. This data suggests that
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decrease in the signaling speed and transient amplitude along the radial direction may be
associated with mechanisms responsible for the cessation of signal propagation, perhaps

by reducing the regenerative component of the calcium wave.
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Fig. 4.8. Plots of the relative spatial locations of activated rMC-1 cells as
function of activation time. Each data set (n = 5) fitted with a power
function, 0.77 <R*< 0.91.

In order to examine the molecular mechanisms underlying intercellular calcium
waves, we pharmacologically perturbed calcium-mediate signaling by applying the
purinergic receptor antagonist, PPADS (Liu and Wakakura 1998), and the gap junction
blocker, FFA (Rana and Dringen 2007). Cultures treated with FFA and PPADS resulted

in a 70% and 86% decrease in the number of responsive cells, respectively, as compared
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to control cultures (Fig. 4.9A). PPADS also affected the duration of individual responses.
There was a significant increase in the average duration of intracellular calcium
transients in cultures treated with PPADS (86.7.1 + 46.6s, mean * s.e.) as compared to
FFA (29.1 + 3.3s, mean = s.e) or non-treated controls (31.1 £ 3.1s, mean + s.e; Fig. 4.9B).
These results suggest that the underlying molecular mechanisms responsible for
intercellular calcium waves in rMC-1 cells are similar to those described for Miiller cells
and astrocytes (Newman 2001). Finally, we examined the role of ATP as the
extracellular signaling factor in this phenomenon using apyrase and obtained that
application of the ATPase at 50U/ml reliably inhibited propagation of calcium transients
from initially stimulated cells to additional neighboring cells. Application of apyrase at
10U/ml also substantially reduced calcium transient propagation to neighboring cells,
although calcium transient is sometimes observed to travel to an adjacent cell in
immediate cell-cell contact with the initially simulated cell. These results provide further
evidence for the involvement of ATP in the molecular mechanism underlying

intercellular calcium waves in these rMC-1 cells.



100

120 4
100

@i

a0 4

e

Control FFA treated FPADS treated

20

Mumber of cells per caleium wave
o
=

Fig. 3.9A Average number of cells per calcium wave in control
versus FFA and PPADS treated rMC-1 cultures * p < 0.01,n = 17;
**p<00l,n=12

=k

&

B B o
o ©o o
L [

=
L
1

6l -

40 -

20 -

Average duration of calcium transients (sec)
o]
o
1

o
1

Control FFA treatad PPADS troated

Fig. 4.9B Average duration of calcium transients for control versus FFA
and PPADS treated tMC-1. ** p<0.01,n = 12.



101

Discussion

We introduce and characterize the dynamics of an in vitro model for studying
intracellular and intercellular calcium signaling using the rMC-1 cell line derived from
primary rat Miiller cells (Sarthy, Brodjian et al. 1998). Although in vitro systems are
simplified representations of physiological conditions, culture systems provide an
opportunity to manipulate and investigate molecular and cellular processes in isolation. If
the fundamental molecular mechanisms under investigation in the in vitro system are
conserved with respect to known physiological processes, then the former provides an
opportunity to study elements of these processes at a fundamental level under controlled
experimental conditions. The molecular mechanisms that underlie calcium signaling in
rMC-1 cells and the dynamics of intracellular calcium transients and intercellular calcium
waves are similar to those reported for primary Miiller cells and in situ retinal
preparations, and thereby provide a molecular model of calcium signaling in Miiller cells.

Immunocytochemically, rtMC-1 cells exhibited low baseline levels of GFAP, a
specific marker for astrocytic and related macroglial cells (Trimmer, Reier et al. 1982;
Eisenfeld, Bunt-Milam et al. 1984), similar to non-reactive Miiller cells. In addition, they
presented positive expression of P2Y|R, a G-protein-coupled metabotropic purinergic
receptor involved in calcium mobilization from intracellular stores (Li, Holtzclaw et al.
2001; Uckermann, Grosche et al. 2002; Metea and Newman 2006) as well as P2X;
ionotropic purinergic receptor and connexin 43 which have been respectively show to
augment the cytosolic calcium increase via influx of extracellular calcium in response to

ATP (Pannicke, Fischer et al. 2000; Bringmann, Pannicke et al. 2001) and coordinate
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intercellular coupling of calcium transients via formation of gap junction
channels(Suadicani, Flores et al. 2004; lacobas, Suadicani et al. 2007). Functionally,
rMC-1 cells exhibited intracellular calcium transients that significantly increased in the
presence of ATP, suggesting that these cells express functionally intact purinergic
receptors. The effect of ATP was blocked by the application of thapsigargin, which has
been previously shown to deplete intracellular calcium stores by specifically inhibiting
endoplansmic reticulum calcium-ATPases (Thastrup, Cullen et al. 1990). Our results
suggest that ATP-evoked calcium transients in rMC-1 cells are initiated by the release of
calcium from intracellular stores similar to the mechanism reported for primary Miiller
cells (Moll, Weick et al. 2002). To further elucidate signaling via metabotropic purinergic
receptors, we applied 2’-Deoxy-N°-methyladenosine-3’,5’-bisphosphate (MRS2179), a
specific antagonist of the P2Y,; receptor (Camaioni, Boyer et al. 1998; von Kugelgen
2006), and show that at it significantly reduced the percentage of signaling cells as well
as decreased the number of intracellular calcium transients in the presence of ATP by
approximately 50%. The inability of MRS2179 to completely abolish the ATP-induced
increase in intracellular calcium transients as observed with thapsigargin suggest the
possibility of additional ATP sensitive metabotropic purinergic receptors subtypes that
have been identified on primary Miiller glia (i.e. P2Y,, P2Y4, P2Y¢) (Reifel Saltzberg,
Garvey et al. 2003; Fries, Goczalik et al. 2005). We report that application of pyridoxal
phosphate-6-azophenyl-2°,4’-disulfonic acid (PPADS), a non-specific P2Y receptor
antagonist that blocks intracellular calcium immobilization via inhibition of IP; channels

(Vigne, Pacaud et al. 1996) and have been used against P2Y, P2Y4, P2Ys, P2Y3
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(Charlton, Brown et al. 1996; Charlton, Brown et al. 1996; Robaye, Boeynaems et al.
1997; Suarez-Huerta, Pouillon et al. 2001; Marteau, Le Poul et al. 2003; von Kugelgen
2006) as well as the P2Y receptor (Schachter, Li et al. 1996; Brown, Charlton et al. 1997;
Marcet, Chappe et al. 2004), is able to completely, but reversibly, inhibit the ATP
stimulated calcium transients. In addition, our results indicate potential involvement of
ionotropic purinergic receptors as removal of extracellular calcium impede the ability to
these cells to exhibit calcium transients in the presence of ATP, however, additional
pharmacological characterization is needed to further elucidate.

The presence of spontaneous calcium transients have been reported in Miiller
cells in retinal explants under dark adapted conditions using bioluminescence imaging of
Miiller cells transfected to express a GFP-aequorin calcium reporter (Agulhon, Platel et al.
2007). Spontaneous calcium transient rates in these Miiller cells (an average 1.31 + (.29,
up to 4.72 events/active cell/1000s) (Agulhon, Platel et al. 2007) were comparable to
those measured in tMC-1 cells in the absence of applied ATP (average 1.67 £ 0.71
events/active cell/500s). Mechanistically, these intracellular calcium oscillations in the
rMC-1 were not affected by discharging of intracellular calcium stores using
Thapsigargin but were abolished with the removal of extracellular calcium, indicating
that the latter might be the primary source of calcium for these signaling events. The
average duration of both spontaneous and ATP-induced intracellular calcium transients in
the rMC-1 cells, 5.9 + 0.5 s and 3.4 £ 0.6 s respectively, were within the range of calcium
transient durations reported for Miiller cells in retinal preparations, which were measured

to be between 2.5 to 6 s (Newman 2005). Furthermore, it has been suggested that light
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induces Miiller cell calcium transients in the retina via the release of ATP by amacrine
and/or retinal ganglion cells (Newman 2005). The exceptional similarity between the
duration of calcium transients in the ATP-stimulated rtMC-1 cells (3.4 £ 0.6 s) and that
previously reported for Miiller cells in light-stimulated retinal preparations (3.84 + 0.82 s)
further supports that the rtMC-1 cell line retains the principle mechanisms associated with
physiological intracellular calcium mobilization and signaling pathways in Miiller cells.
Since in situ experiments have also showed the ability of Miiller cells to support
intercellular calcium waves (Newman and Zahs 1997) and similar events have been
observed under conditions that mimic pathology (Newman 2005), we also characterized
the dynamics of calcium waves in rMC-1 cultures and tested whether their propagation
necessitated an ATP and/or IPs;-dependent signaling mechanism. The ability of tMC-1
cell networks to support intercellular calcium waves was demonstrated by the radial
propagation of signal following a single mechanical stimulation. Published studies by
several groups have implicated extracellular ATP as the primary facilitator of calcium
waves in Miiller cell networks of healthy and diseased retina (Uckermann, Grosche et al.
2002; Uckermann, Uhlmann et al. 2003; Bringmann, Pannicke et al. 2006; Metea and
Newman 2006). There is evidence for a similar mechanism in rMC-1 networks based on
measurements of calcium waves following the application of the purinergic receptor
antagonist PPADS (Liu and Wakakura 1998) which resulted in a significant (86%)
reduction in the size of the calcium wave as measured based on the number of
participating cells. Apyrase, an ATP diphosphohydrolase, inhibited the propagation of

calcium transients to secondary cells adjacent to the stimulation site, thus further
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verifying the role of extracellular ATP in the intercellular calcium waves observed in the
rMC-1 networks. However, there were also some differences between rMC-1 cells and
Miiller cells. Specifically the inhibition of gap junctions using flufenamic acid (FFA), a
pharmacological agent that has been shown to reduce Cx32, Cx43, Cx46, and Cx40
currents by 85 to 95% (Srinivas and Spray 2003; Rana and Dringen 2007), caused a
decrease in intercellular calcium signaling (by 70%) in tMC-1 cells, which has only been
previously reported as the primary mechanism for intercellular calcium waves between
retinal astrocytes(Newman 2001). There was also a significant increase in the averaged
duration of the intracellular calcium transients in cultures treated with PPADS.

Our calculated value of relative calcium transient amplitudes (AF/F), activation,
and deactivation times (67.4 = 16.5 %, 3.87 £ 0.62 s, and 18.91 + 2.60 s, respectively) for
intercellular calcium waves in rMC-1 cell networks were comparable to published results
for Miiller calcium transients in mechanically stimulated calcium waves in situ (Newman
and Zahs 1997) (Newman 2001). The calculated speed of the initial signal propagation in
rMC-1 networks was 23.8 + 3.7um/second along the radial direction which was similar to
the reported value of 23.1 £+ 6.7um/second for mechanically stimulated calcium waves in
situ. Combining the results of our kinetics analysis and pharmacological studies, we
conclude that intercellular calcium transient propagation in rMC-1 network is

characteristically similar to that reported for Miiller cells in situ retinal preparations.

Conclusion
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Miiller cells are the primary macroglia of the neural sensory retina with diverse
functions in both health and disease that relie on sensitive and intricate interactions with
the extracellular environment as well as communication with surrounding neuron
populations. Several line of evidence have implicated changes in intracellular calcium
levels in these cells, in the form of calcium transients, to mediate the intra- and
intercellular signaling process involved in the bi-directional communication between
Miiller glia and its microenvironment. In this study, we provided a quantitative
characterization of the calcium signaling dynamics of Miiller cells in an in vitro model
using the rMC-1 cell line and showed that they displayed robust intracellular calcium
transients as well as the capacity to support intercellular calcium waves with properties
similar to that of Miiller cells in in situ retinal preparations. In addition, assessment with
pharmacological agents indicated that the molecular mechanisms of calcium signaling in
rMC-1 cells is consistent with that previously described for primary Miiller cells. Taken
together, our study show that the rMC-1 provides a robust in vitro model for investigating
specific mechanistic hypotheses of intra and intercellular calcium signaling in Miiller cell

networks in a highly controllable environment.



Chapter V

Quantitative analysis of pharmacological perturbations to
intercellular Ca®" transient propagation using mapped
functional topology in glial networks

Abstract

Complex cellular networks underlie the functional foundation of the mammalian
central nervous system (CNS). In this study, we tested the application previously
introduced mapping algorithm based on the dynamic signaling model to biological data
of mechanically stimulated intercellular propagation of calcium transients and explored
its sensitivity to detecting changes in complex network topologies induced by
pharmacological compounds that selectively disrupt the principle known intercellular
signaling mechanisms. This is important if the algorithms are to be used to detect and
differentiate between physiologically normal versus pathological cell signaling. Calcium
indicator dye (Fluo4-AM) is used with fluorescence microcopy to provide real-time
image sequences documenting intercellular propagation of calcium transients and
antagonist of metabotropic purinergic receptors (PPADS) and gap junction blocker (FFA)
were used to perturb the signaling network under controlled conditions. Our analysis
allows us to quantitatively assess differences between normal and pharmacologically
perturbed intercellular calcium signaling as well as tease apart in the roles played by the
two molecular mechanisms proposed for calcium transient propagation. Our results
suggest that, for rMC-1 cells, the activation of metabotropic purinergic receptors by

extracellular soluble signals (i.e. ATP) may function as the primary mechanism in longer
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distance signaling and may play a more prominent role in determining the connectivity
and topology of the signaling network, while diffusion of second messenger (i.e. IP3)
through gap junctions may serve as a secondary mechanism for local amplification of the
signal. The analysis we present in this study also provides evidence for the ability of the
dynamic signaling model to quantitatively investigate the spatiotemporal dynamic

properties of cellular networks.

Introduction

Complex cellular networks underlie the functional foundation of the mammalian
central nervous system (CNS). Paracrine and autocrine signaling are examples of cell-cell
communication in large complex networks of neuons and glia are responsible for
emergent system level phenomena such as the processing and representation of complex
visual information (Schummers, Marino et al. 2004) and associative learning (Fanselow
and Poulos 2005). Changes in the functional structure of these networks underlie the
development of multidimensional CNS disorders such as epilepsy (Jefferys 2003) and
addiction (Kelley 2004). Understanding the physiological dynamics of these networks in
health and disease not only adds to our knowledge of neural and glial information
processing on the single-cell level, but also contributes to developing more effective
treatments for multidimensional CNS disorders where the topology and connectivity of

these networks are significantly altered.
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We have previously shown that localized activation of cultured rat retinal Miiller
cells (rtMC-1) and primary rat spinal cord astrocytes using mechanical stimulation
established spontaneously forming glial signaling networks in vitro that demonstrate
intercellular propagation of calcium transients (a.k.a. calcium waves) via non-trivial
dynamics and connectivity. To better investigate these functional signaling networks and
potential alterations in connectivity under pathophysioloy, we previously developed
computational algorithms to map the activation states and connectivity topologies of glial
networks with single cells resolution in order to describe the spatiotemporal evolution of
functional calcium signaling in these networks. Here, we use this tool to quantitatively
assess specific perturbations to intercellular calcium wave dynamics by characterizing
alterations in the signaling network topology introduced by antagonists of purinergic
receptors and gap junctions. These experiments simulate remodeling of the network
structure associated with changes in the signaling mechanism under carefully controlled
conditions. Analysis of alterations in the network topology under perturbed signaling
conditions (i.e. application of P2YR antagonists and gap junction blockers) is the first
step towards relating the observed network properties with underlying biological
processes. It will facilitate 1) further fine-tuning of the mapping algorithms to detect
changes in network properties that reflect changes in biology, and 2) insights into the role
and relationship between the two key signaling mechanisms involved in the propagation
of calcium transients and provide a molecular basis for understanding alterations in

calcium signaling observed under diseased conditions.
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Materials and Methods

A. Cell culture

rMC-1 Miiller cells (originally obtained courtesy of Dr. Vijay Sarthy,
Northwestern University, Chicago, Illinois) were passaged four to five times to expand
them from frozen stocks. All experiments were performed one day after recovered cells
were seeded on PDL-coated P35 glass-bottom Petri dishes (MatTek Corp., Ashland MA)
at ~200,000 cells/cm” incubated in culture media (high glucose DMEM supplemented
with 10% FBS, 2 mM L-glutamine, and 1% (v/v) Pen/Strep) at 37°C and 5% CO,. Cell
cultures reached workable confluency (> 80%) overnight. Media changes, in which all

media was replaced, were performed every two days.

B. Calcium Imaging with Fluorescence Microscopy

Cell cultures of ~80% confluency were washed twice with Kreb-HEPES buffer
(KHB) solution (10 mM HEPES, 4.2 mM NaHCO3;, 10 mM glucose, 1.18 mM MgSQy,
1.18 mM KH,PO,4, 4.69 mM KCL, 118 mM NaCl, 1.29 mM CaCl,, pH 7.4) and
incubated for 30 min at room temperature in a solution of 5 uM Fluo-4AM, 0.01% (w/v)
Pluronic F-127, and 0.002% (v/v) Cremophor EL, the latter two being detergents that
minimize clumping of Fluo-4AM and facilitate even dye loading. Excess dye was
removed with two washes in KHB w/ 100 pM Sulfinpyrazone, an anion transporter
blocker used to minimize dye extrusion. An additional incubation of 30min was done in
solution of pharmacological agent prepared in KHB w/ 100 uM Sulfinpyrazone to allow

drug effect, equilibration of intracellular dye concentration, and complete intracellular



111

esterification. The P2Y receptor antagonists used was Pyridoxal phosphate-6-azophenyl-
2’ 4’-disulfonic acid (PPADS, 100 puM), and the gap junction blocker used was
Flufenamic Acid (FFA, 50 uM). Intercellular calcium waves were initiated by
mechanical stimulation of a single cell using a 0.5pum i.d. micropipette tip. Visualization
of calcium indicator dye fluorescence was done using a 488 nm (FITC) filter on an
Olympus IX81 inverted fluorescence confocal microscope. Real-time recordings of
calcium transient propagation were acquired at 10-15 Hz using a Hamamatsu ORCA-ER

digital camera and Image-Pro Plus data acquisition and morphometric software

C. Implementation of the dynamic signaling model to map network structure

This algorithm is developed and implemented by Marius Buibas of the Silva lab.
Briefly, a graph G = (V,E) is defined where V is the set of n vertices and E is the set of
edges connecting the node of V" with elements e = (a,b) denoting a directed edge from a
to b. E is stored as a n x n array where e;; is 1 if and only if there is an edge in G, and 0
otherwise. A vertex activation matrix F' is defined where F,; with v = 1,...,n and ¢ =
1,...,m describes the state of the vertex v at time ¢ as determined by observing the
network. 7' is defined as the timing matrix with elements #; that correspond to all possible
edges in the network and contains the times that a signal would take to go form one
vertex to another based on the signaling model. For each frame & in F, the set of newly
active vertices is denoted as "“Vj and contains the set of vertices that have just activated at
frame k in a recorded movie. "V and "V, are defined as the sets of newly activated

vertices at frames s and e, where s = 1,...,m, e = min (s+9, m), and & = 1,... viewframe
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where viewframe is the timing matrix equivalent of 7,,,, the maximum signaling radius of
a vertex. Frame s is the starting or reference frame where the signal of a given vertex
originates, while e is the ending frame that starts at s + 1 and goes out viewframe number
of frames. Viewframes defines the maximum length of an edge, and each set of "V, from
s to viewframes keeps track of newly activated vertices in frame e. d is the time difference
between s and e. s is iterated from 1 to one less than the total number of frames in the
image sequence and for each value of s, e is iterated from s+1 to s+viewframe or end of
the movie. The observed timing matrix °7, with elements °#; that is defined as & for all
combinations of "V and "“V, or 0 otherwise with i being the vertex index contained in
"V and j the vertex index contained in "“V,. By comparing the set of all vertices in the
network activated as given by T with the calculated timing matrix T that describes when
vertices must be activated and iterating over the entire observable temporally dynamics

network, the functional links connecting the vertices can be computed.

Results

A. PPADS and FFA significantly reduced intercellular calcium waves in rMC-1
Miiller glia

We mapped the structure of intracellular calcium-mediated intercellular calcium
waves in spontaneously forming networks of rMC-1 Miiller glia. Using epiflourecence
microscopy we recorded the calcium wave in response to a single localized mechanical
stimulation and derived the temporal and spatial evolution of the signaling events in the

resultant network. Calcium waves in macroglial networks are not uniformly propagating
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waves, but rather are inhomogeneous events that show the potential for complex
signaling. Consequently, the signaling edges derived using the dynamic signaling model
formed complex and intricate patterns between cells. rMC-1 cultures individually treated
with PPADS or FFA showed reduced calcium signaling. Qualitatively, fewer cells
participated in the signaling event, the calcium transients exhibited shorter durations, and
potentially different spatial patterns. Specifically, cultures treated with PPADS, an
antagonist of P,Y receptors, showed activation of cells localized to the site of stimulation
and propagation of calcium wave is restricted to adjacent cells with cell-cell contact, thus

resulting in decreased range of calcium signal (Fig. 5.1A).

Fig. 5.1A Select frames from a mapped rMC-1 calcium signaling network after
treatment with PPADS (100 uM). The last panel shows the fully evolved
network. Scale Bar = 100 um.
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On the other hand, cultures treated with FFA, a gap junction blocker, showed
activation of cells located far away from the site of stimulation with minimal propagation
of calcium transients to adjacent cells. Consequently, while fewer cells are involved in
the signaling after treatment of FFA, there is not a noticeable reduction in the distance of

the signal propagation from the site of stimulation (Fig. 5.1B).

Fig. 5.1B Select frames from a mapped rMC-1 calcium signaling network after
treatment with FFA (50 uM). The last panel shows the fully evolved network.
Scale Bar = 100 pm.

B. Reduced mapped nodes and edges reflect pharmacologically induced attenuation

of intercellular calcium signaling
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After using the mapping algorithm to determine the connectivity of the signaling
networks, five metrics were adapted from graph theory to quantitatively describe the
topology of the functional networks (Table 1). In addition to the number of mapped
nodes and edges, we calculated average degree, path length, and diameter of the networks.
In accordance with the qualitative observations, the decrease in the number of activated
cells and their intercellular signaling are reflected in the significant decrease in the
number of mapped nodes and edges in glial networks treated with FFA or PPADS as

compared to controls (Fig. 5.2).
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Fig. 5.2 Number of edges and nodes derived from using the dynamics signaling
model to map the structure of the signaling network. The mapping showed a
significant difference in the number of edges and nodes due to the attenuation in
calcium signaling by FFA and PPADS. (** p <0.01)

C. Differences in average degree, path length, and diameter reflect

pharmacologically altered network topology
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The marked reduction in intercellular connectivity between treated and untreated
cultures is also demonstrated by the significant decrease in the average degree, or the
average number of edges mapped to each node in a network (Fig. 5.3). In addition,
qualitative observation of the differences in the signaling range between cultures treated
with the two different drugs is quantitatively characterized by the significant difference in
the average length, the average number of edges connecting between two nodes, and
diameter, the highest number of edges connecting between two nodes, of the networks.
Specifically, the graph theory metrics quantified the observation that while blocking gap
junctions with FFA significantly reduces the local connectivity between cells in the
signaling network (as evidenced by significant decrease in the average degree), the range
of the signal propagation is not significantly altered as evidenced by no significant
difference between FFA and control in the diameter of the mapped network. On the other
hand, blocking the P,Y receptors with PPADS significantly disrupted the connectivity of
signaling networks, resulting in severely reduced number of signaling cells as well as
distance of signal propagation. Our analysis allows us to tease apart and assess
differences in the roles played by the two molecular mechanisms proposed for calcium
transient propagation. Interestingly, no significant difference is detected in the simulated
signaling speed (data not shown). This is understandable considering the signaling speed
is a feature of the dynamic signaling model describing the diffusion of the signal
(extracellular ATP and intracellular IP;) from each activated cell and therefore, should
not be affected by application of pharmacological agents that affects the activation of

cells.
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Fig. 5.3 Average degree, path length, and diameter calculated from functional
signaling network structure derived using the dynamics signaling model. The
graph theory metrics quantified reduced network connectivity by FFA and
PPADS in comparison to control (significantly lower average degree) as well
as distinguished the loss of local connection by FFA versus long range
signaling by PPADS (significantly lower path length and diameter in PPADS
treated cultures) * p <0.05, ** p <0.01.

117



118

Table 1. Summary of calculated complex network parameters from mapped networks

n Number of Number of Average Average Diameter
(number of | Edges Nodes Degree Length
movies
analyzed)
Control
cultures 8 98.1£33.0 55.9+14.9 1.47+0.42 2.11+0.37 5.43£1.72
FFA
treated 8 2248.0%* 19.4+£4. 9%+ 0.8040.52%*" 1.940.52"" | 4.0£1.78""
cultures
PPADS
treated 3 5.0£2. 7% 6.0£1 4%+ 0.340.1%*" 1.1£0.24%" | 1.2540.5%*"
cultures

* -~ two-tail two-sample unequal variance T-Test p < 0.05 comparison with controls

** _- two-tail two-sample unequal variance T-Test p < 0.01 comparison with controls

" -~ two-tail two-sample unequal variance T-Test p < 0.05 comparison FFA & PPADS
" - two-tail two-sample unequal variance T-Test p < 0.05 comparison FFA & PPADS

Discussion

High throughput computationally intensive measurements of intercellular
signaling and the extraction of statistically significant quantitative information about their
underlying network structure and topology is not possible given current techniques. To
begin to address this, we have previously developed a set of algorithms based on a novel
dynamic signaling model that deterministically map the functional signaling topology of
qualitatively observable intercellular networks with single cell resolution. By
quantitatively analyzing the mapped topology of functional cell networks as illustrated in
this study, their contribution to normal physiology and remodeling under
pathophyisological conditions can begin to be understood at a systems level. In this study,
we tested the application of the algorithm to biological data using mechanically

stimulated intercellular propagation of calcium transients and explored its sensitivity to
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detecting changes in network topologies induced by pharmacological compounds that
selectively disrupt the principle known intercellular signaling mechanisms. This is
important if the algorithms are to be used to detect and differentiate between
physiologically normal versus pathological cell signaling. Treatment of rMC-1 Miiller
glia with pyridoxal-phosphate-6-azophenyl-2’,4’-disulfonate (PPADS) or flufenamic acid
(FFA) resulted in a qualitatively observable attenuation of the calcium signal propagation
through the networks. PPADS is a broad spectrum antagonist of metabotropic purinergic
receptors while FFA is a gap junction blocker (Vigne, Pacaud et al. 1996; Srinivas and
Spray 2003). For the various conditions tested, the algorithm detected quantifiable
differences between pharmacologicall treated versus controls based on extracted
networks metrics derived by the dynamic signaling model. For rtMC-1 Miiller glia, the
algorithm detected statistically different changes number of mapped nodes and edges as
well as in average degree for both PPADS and FFA treated cultures versus controls.
There was also a significant difference in the average length and diameter of the network
between FFA and PPADS treated cultures, reflecting the different alterations in network
topology between blocking local signaling via gap junctions and longer range signaling
via purinergic receptors. Our results suggest that, for rMC-1 cells, the activation of
metabotropic purinergic receptors by extracellular soluble signals (i.e. ATP) may
function as the primary mechanism in longer distance signaling and may play a more
prominent role in determining the connectivity and topology of the signaling network,
while diffusion of second messenger (i.e. IP3;) through gap junctions may serve as a

secondary mechanism for local amplification of the signal.
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A number of recent studies have reflected the trend in neuroscience to move
beyond static and isolated descriptions of dynamical processes to one of understanding
complex cellular interactions at a systems level (Schummers, Sharma et al. 2005; Gobel,
Kampa et al. 2007). Recent advances in imaging of functional intercellular network
signaling and computational methods for extracting information about individual cells in
large networks are making significant strides towards overcoming the significant
challenges and experimental limitations associated with studying and understanding
complex cellular networks (Schummers, Sharma et al. 2005; Yaksi and Friedrich 2006).
The analysis we present in this study compliments these approaches and provides
evidence for the ability of the dynamic signaling model to quantitatively investigate the

spatiotemporal dynamic properties of cellular networks.

Conclusion

We applied mapping algorithm based on the dynamic signaling model to
biological data of mechanically stimulated intercellular propagation of calcium transients
and explored its sensitivity to detecting changes in complex network topologies induced
by antagonist of metabotropic purinergic receptors (PPADS) and gap junction blocker
(FFA) under controlled conditions. Our analysis allows us to quantitatively assess
differences between normal and pharmacologically perturbed intercellular calcium
signaling as well as tease apart in the roles played by the two molecular mechanisms

proposed for calcium transient propagation. Our results suggest that activation of
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metabotropic purinergic receptors may function as the primary mechanism for longer
distance signaling and may play a more prominent role in determining the connectivity
and topology of the signaling network in rMC-1 Muller glia, while diffusion of second
messenger (i.e. IP3) through gap junctions may serve as a secondary mechanism for local
amplification of the signal. The analysis we present in this study also provides evidence
for the ability of the dynamic signaling model to quantitatively investigate the

spatiotemporal dynamic properties of cellular networks.



Chapter VI

Associative effects of calcium signaling and Amyloid-beta
peptide on reactive astrogliosis of Alzhermer’s Disease

Abstract

Alzheimer’s Disease (AD) is the most common form of age-related dementia
affecting more than 26 million people worldwide. Its neuropathological hallmarks
include loss of neurons, deposition of neuritic plaques, and reactive astrogliosis in
affected brain regions. Amyloid-f-peptide (AB) and neuronal calcium dysregulation have
been investigated as possible causes for AD, little is known on the effects of AP on
astrocyte calcium signaling in AD. Intracellular calcium oscillations and intercellular
calcium wave are critical modes of signaling in neural networks and have been suggested
to contribute to the early and underlying pathophysiology of broad classes of
neurodegenerative disorders. Here, we explored the effects of AP at pathophysiological
concentrations on primary cortical astrocytes. We show that AP enhances intracellular
oscillations characterized by statistically significant increases in the number of signaling
cells and frequency of calcium oscillations. More importantly, we find that A induces
robust and reproducible spontaneous intracellular calcium waves in astrocytic networks.
The waves travel in unique patterns of activation, displaying radial versus unidirectional
propagation. We also examined associated effects of Alzheimer’s AP and disrupted
calcium homeostasis on reactive astrogliosis, an essential feature of AD. The protein

expression levels of two astrogliosis markers, S1I00B and GFAP, were scrutinized in a

122



123

time-dependent manner. We report that [Ca®*]; modulates AP’s effect on increasing
S100B and GFAP expression in astrocytes, and S100B loses its inhibitory effects on
GFAP polymerization at high [S100]. These findings illustrate the promixal interactions
between AP, calcium homeostasis, and reactive astrocytosis in AD. Although these
observations require further investigation, they suggest that AP induced dysregulation of
calcium homeostasis plays a critical role in reactive astrogliosis observed association
with pathological features of AD; and the different modes of astrocytic calcium signaling
may coordinate intracellular as well as long-range intercellular signaling that contribute

to the pathogenesis of the disease.

Introduction

Alzheimer’s Disease (AD) is the most devastating age-related neurodegenerative
disease affecting more than 26 million people worldwide in 2006 with the number of
cases estimated to double every 20 years (Ferri, Prince et al. 2005). Neuropathological
hallmarks of AD include loss of neurons, deposition of neuritic plaques, neurofibrillary
tangles, and reactive astrogliosis in the affected brain regions, particularly the
hippocampus and neocortex (Jorgensen, Brooksbank et al. 1990; Yankner 1996).
Accumulation of amyloid-pB-peptide (AP) fragments and sustained disruption of
intracellular calcium homeostasis are prevailing hypotheses for pathogenesis associated
with AD (Khachaturian 1994; Hardy and Selkoe 2002; LaFerla 2002), influencing both
neurons and astrocytes (Jorgensen, Brooksbank et al. 1990; Mark, Hensley et al. 1995;

Fiacco and McCarthy 2006). Relevant studies in astrocytes have also revealed significant
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insights to the integral role of calcium in the bidirectional communication between
neurons and astrocytes (Nedergaard 1994; Pasti, Volterra et al. 1997) as well as the
consequences in disrupting these regulatory interactions on neuron modulation in AD
(Pasti, Volterra et al. 1997; Pekny and Nilsson 2005).

Intracellular calcium oscillations and intercellular calcium wave are modes of
calcium signaling in astrocytes with important roles in modulating neuronal activity and
survival (Charles, Merrill et al. 1991; Verkhratsky and Kettenmann 1996; Bezzi,
Domercq et al. 2001; Fiacco and McCarthy 2006). Astrocytic calcium oscillations are a
highly plastic, bidirectional form of communication in neuron-astrocyte interaction
(Nedergaard 1994; Pasti, Volterra et al. 1997), and dysregulation of intracellular calcium
affects glial and neuronal functions (Haughey and Mattson 2003; Perea and Araque 2005)
and plays a pathological role in neurodegeneration associated with AD (Smith, Green et
al. 2005). Reactive astrogliosis in AD, characterized by upregulation of glial fibrillary
acidic protein (GFAP) and S100B expressions (Crols, Saerens et al. 1986; Ma, Ye et al.
1988; Griffin, Stanley et al. 1989; Sheng, Mrak et al. 1994; Casas, Sergeant et al. 2004),
is highly associated with Tau-2 positive AP plaques in the molecular layer of cerebral
cortex as well as the abnormal growth of imperfect neurites, both being key elements in
formation of neuritic plaque and neurofibrillary tangles (Dickson, Farlo et al. 1988;
Mandybur and Chuirazzi 1990; Wisniewski and Wegiel 1991; Sheng, Mrak et al. 1994;
Casas, Sergeant et al. 2004). Previous studies have stressed the significance of
intracellular calcium and the effects of AP on neurons in AD (LaFerla 2002), but little is

known regarding potentially coupled effects of the two on astrocytes and reactive gliosis.
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The aim of the current study was to explore the effects of increased levels of AP on
astrocytic calcium transients, and the associated effects of AP and disrupted calcium

homeostasis on reactive astrogliosis in AD.

Materials and Methods
A. Cortical Astrocyte Cell Culture

Cortical cultures were prepared from postnatal day 1 Sprague-Dawley rats
(Harlan Sprague Dawley, Inc., Indianapolis, IN) using methods modified from those
described previously (Haughey and Mattson, 2003). Briefly, 1-day-old Sprague-Dawley
rat pups were euthansized by anesthesia overdose. Their brains were removed, with the
cerebral cortices dissected in sterile Krebs Hepes Buffer (KHB) (10mM HEPES, 4.2mM
NaHCOs;, 10mM dextrose, 1.18 mM MgS04-2H,0, 1.18mM KH;PO4, 4.69mM KClI,
118mM NaCl, 1.29mM CaCl,; pH 7.3). Cells were mechanically dissociated in KHB
through a 70um cell strainer (BD Biosciences, San Jose, CA) to remove viable neurons,
and plated in uncoated culture dish containing Modified Eagle Medium (Cellgro/Fisher,
Herndon, VA) with 10% heat-inactivated horse serum (Omega Scientific, Tarzana, CA),
1% Penicillin-Streptomycin (Gibco/Invitrogen, Carlsbad, CA), and 1% Glut-Max
(Gibco/Invitrogen, Carlsbad, CA). Type 1 astrocytes were purified by the mechanical
removal of less adherent cells. Culture medium was changed twice per week, and cultures
were used within 2 passages. Astrocytes were removed from dishes by trypsinization and
plated onto poly-D Lysine (PDL) coated 35mm glass bottom dishes (MakTek, Ashland,
MA). Cells were allowed to grow at 37°C and 5% CO; to confluency (>80%) prior to

performing calcium imaging studies and immunocytochemistry.
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B. Glial Calcium Imaging

Cortical astrocyte cultures of ~90% confluency were washed twice with KHB and
incubated with 8uM Fluo-4AM (Molecular Probes/Invitrogen, Carlsbad, CA) in KHB for
40 minutes at room temperature. Excess dye was removed by washing twice with KHB
and an additional incubation of 20 minutes at room temperature was performed to
equilibrate intracellular dye concentration and ensure complete intracellular esterification.
In the intracellular calcium modulating experiments, pretreatment for 30 minutes of
thapsigargin (Sigma, T9033) or BAPTA-AM (Sigma, A1076) with a concentration of
10uM was executed. A Ca®" free KHB with 1.5mM BAPTA (Sigma, A4926) was used to
eliminate extracellular calcium in one of the experimental conditions. 5uM of Amyloid-
B-peptide fragment 1-40 (Sigma, A1075), an amyloid fragment known to be neurotoxic in
vivo and in vitro, was used in the experiment (Emre et al., 1992; Kowall et al., 1992). The
time point of AP dosing was regarded as time O minute, at which the first calcium
oscillation movie was taken. Real-time movie recording of calcium transient was
acquired at 5 Hz using a Hamamatsu ORCA-ER digital camera (Hamamatsu Photonics
K.K., Hamamatsu City, Japan). Each movie was 4.5 minutes long and was taken at every
15 minute intervals for 30 minutes. Visualization of Ca>" indicator dye fluorescence was
done using a 488 nm (FITC) filter on an Olympus IX81 inverted fluorescence confocal
microscope (Olympus Optical, Tokyo, Japan). Images were acquired with a customized
LabVIEW program developed in the Silva Lab and processed in Image J and Matlab

(Mathworks, Natick, MA).
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C. Quantification of Ca** Transients

Using ImagelJ, an NIH funded open source morphometric application, the circle-
select tool was modified to allow manual selection of individual cells on the xy-plane of
each movie using circles of 7 pixels in diameter. Each cell was considered as an
individual region of interest (ROIs). We traced all the cells from the frames in which
they appeared brightest as a result of an oscillation event. The entire population of cells
was traced so that the percentage of cells participating in calcium oscillation per
condition per unit time could be investigated. Calcium imaging with fixed coordinate
allows [Ca”']; tracing on the same group of cells within the designated experimental time.
An Imagel plugin was used to calculate the average intensity for each ROI in each frame
as well as the x-y coordinates of its area centroids. All of this data was organized in
matrix format for post-processing analyses. Since the fluorescence intensity of Fluo-4
AM is proportional to calcium concentration, changes in cytosolic calcium concentrations
can be inferred from the fluorescence profile of individual cells. A running-average filter
of 3 frames and a low pass filter were applied using a custom written Matlab routine to
the data to reduce noise in the fluorescence signals. For analysis of individual
intracellular calcium transients, the data is processed to identify periods of sustained
increase in fluorescence intensity. Due to the highly dynamic and cyclic nature of the
intracellular calcium transients, an averaging filter of 10 frames was applied to reduce
noise and a first-derivative filter was then used to identify significant and sustained
increases in calcium (i.e. 10 or more consecutive frames with positive derivative values).

We established those portions of the signal as the rise phase of the intracellular calcium
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transients. The percentage of activated cells and oscillation frequency per activated cell
per unit time were computed. All calculations and graphs were done using Matlab

(Mathworks, Natick, MA) and SigmaPlot (Systat, San Jose, CA).

D. GFAP and S100B Immunocytochemistry

Cultures grown on PDL-coated dishes were fixed with 4% (w/v)
paraformaldehyde in phosphate-buffered saline (PBS) for 15 minutes. After washing two
times with PBS (5 mins each), cells were incubated in PBS containing 0.2% (v/v) Triton
X-100. The cells were then washed twice again with PBS (5 mins each) before being
incubated for 2 hrs with mouse monoclonal anti-S100B antibody (Sigma, S2657) or
mouse anti-GFAP cocktail (BD Biosciences, 556330), diluted 1:100 and 1:400
respectively in PBS containing 10% FBS. After a double wash with PBS (5 mins each),
goat anti-mouse IgG (whole molecule)-FITC (Sigma, F0257) was applied and incubated
for 1 hr. The secondary antibodies were diluted 1:100 in PBS with 5% FBS prior to
addition. Cells were finally washed two times with PBS and mounted with a cover slip in
a drop of ProLong Gold antifade reagent counterstained with DAPI (Molecular
Probes/Invitrogen, Carlsbad, CA). The cells were analyzed using an Olympus IX81
inverted fluorescence confocal microscope (Olympus Optical, Tokyo, Japan) using filter
settings for FITC, TRITC, and DAPI. Images were taken with a customized LabVIEW
program developed in the Silva Lab. 3 sets of experiment were conducted per condition
per time point, and 20 images were taken per set. Images were then analyzed by Image J

employing the built-in Threshold Function. Images of negative control without primary
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antibody treatment were used to subtract the fluorescence background. The fluorescence
intensity of each ICC picture was then measured in Image J, with the area of fluorescence
normalized to the area occupied by the cell in the field of view to eliminate the effect of

various cell numbers between samples.

RESULTS
A. AP increases intracellular calcium oscillation and signaling cortical astrocytes
Intracellular calcium oscillation frequency measured for the cortical astrocytes
were all within the previously reported physiological range of 10 to 110 mHz (Cornell-
Bell, Finkbeiner et al. 1990). Addition of AP immediately increased the calcium
oscillation frequency in astrocytes by ~58% (from 33.15 + 1.5 mHz to 52.30 = 2.95 mHz),
and application of intracellular calcium chelator, BAPTA-AM, to sequester excess
intracellular calcium fluctuation abolished the disruption in calcium homeostasis due to
AB. Furthermore, the AP induced calcium oscillations was shown to be affected by both
intra- and extracellular sources of calcium (Fig. 6.1A). Depleting intracellular calcium
stores using thapsigargin, an inhibitor of calcium-ATPase pump on the endoplasmic
reticulum (ER) (Lytton, Westlin et al. 1991), effectively reduced the oscillation frequency
enhanced by AB. Removal of extracellular calcium ([Ca*']e) was also effective in
attenuating the effects of AP on calcium oscillation frequency. In addition to the increase
in oscillation frequency, the number of recruited cells displaying intracellular calcium
oscillations followed similar trends under AP treatment (Fig. 6.1B). Perturbation of
intracellular and extracellular calcium sources also significantly reduced the percentage

of activated cells from 91.56 + 3.52% under AP condition, to 38.76 + 14.8% and 32.24 +
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55.84% in the presence of AP with thapsigargin and zero extracellular calcium,
respectively. Interestingly, in the absence of [Ca’']., the percentage of activated cells
dropped sharply from 98.70 + 1.62% immediately following A application to 1.52 +
0.9% after 15 min (p<0.0001, n=4), suggesting a role for [Ca’']. in maintaining the AP

induced intracellular calcium oscillations in astrocytes.

16 -
@ O
E u- —
.E
= 12 1
O
=%
% 10 %
i =)
o
L
I
- B
o
o
S 4 T
3 v —_— J}
s N \-
= |

1] T T T T T T I 1

a ] 10 15 20 25 an 35
fime (min)
—&— Control

—— Amyloid-beta-peptide

—w— Amyloid-bela-paplide + Thap

—&— Amylokd-bela-peptide + BAPTA-AM

=& Amyloid-beta-peptide + no extracellular calcium

Fig. 6.1A Intracellular calcium oscillation frequency of astrocytes in response
to AP and manipulation of intracellular and extracellular calcium content. A
enhances oscillation frequency in astrocytes and operates via intracellular and
extracellular calcium sources.
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Fig. 6.1B. Percentage of activated signaling astrocytes in response to Af} and
manipulation of intracellular and extracellular calcium content. AP increased the
percent of signaling astrocytes, but is attenuated by depletion of intracellular and
extracellular calcium sources.

B. AP induced spontaneous intercellular calcium waves in astrocytes

In addition to affecting astrocytic intracellular calcium oscillations, AP induced
spontaneous intercellular calcium waves in astrocytes networks. The calcium waves
showed unique patterns of activation in cultures treated with AP, displaying radial versus

unidirectional propagations (Fig. 6.2A, B). The traveling distances of radial and



132

unidirectional waves were 141.1 £ 30.9 um and 160.9 + 22.5 um, respectively, with
corresponding velocities of 6.03 = 1.60 um/sec and 4.66 £ 0.48 pm/sec. AB-induced
intercellular calcium waves occurred as early as 30 minutes after dosing with Ap,
indicating that the waves formed spontaneously rather than being induced by
unintentional mechanical stimulation during the dosing process. The two forms of
intercellular calcium waves we observed took highly specific and tortuous paths instead
of translating via the shortest distance between cells. Some cells in the path of the wave
front were skipped and not recruited to the coupled astrocytic signaling network,
resulting in spatially heterogeneous activation patterns. These findings support the
existence of plastic functional circuits between astrocytes, as calcium elevations may
spread to some but not all adjacent astrocytes (Sul, Orosz et al. 2004). Both types of the
wave forms are observed in individual experiments, although there was no switching
from one type to another. The preference on the type of propagation was not correlated

with the age and density of cultures.



Fig. 6.2A. Spontaneous intercellular calcium waves observed in Ap-treated
astrocytes cultures, propagating in radial direction. Select frames of recorded
intercellular calcium wave in 5 second intervals. The traveling distances of radial is
141.1 £ 30.9 um with calculated velocity of 6.03 = 1.60 pm/sec. White arrow
indicates the initiation site of the calcium wave; red arrow indicates traveling
direction. Scale bar, 100pm.
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Fig. 6.2B Spontaneous intercellular calcium waves in AB-treated astrocyte cultures
propagating in unidirectional pattern. Select frames of recorded intercellular
calcium wave in 5 second intervals. The traveling distance is 160.9 + 22.5 pm with
calculated velocity 4.66 + 0.48 um/sec. White arrow indicates the initiation site;
red arrow indicates traveling direction. Scale bar, 100pm.

134



135

C. [Ca™]; modulates AP’s effect on increasing S100B and GFAP expression in
astrocytes

AP significantly increased GFAP and S100B expression as early as 12 hrs after
treating with AP. The increase in protein level was observed within the first 12 hrs
following AP treatment and remained fairly stable throughout the rest of the 48 hrs
experimental period. However, when the effect of AP on intracellular calcium
homeostasis was suppressed as described in previous sections by thapsigargin and
BAPTA-AM, the protein expression levels were significantly altered depending on the
mode of [Ca®']; modulation (Fig. 6.3A-B). Finally, application of thapsigargin or
BAPTA-AM alone without AP induced no change in GFAP and S100B expression,
indicating A is the primary component of reactive astrogliosis with its effects modulated

by [Ca™"].
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Fig. 6.3A Quantification of S100B level in cortical astrotcytes treated with AP,
Ap+thapsigargin, and AB+BAPTA-AM compared to control conditions (no
Abeta, thapsigargin, BAPTA-AM) at 2, 12, 24, and 48 hr time points.
Interestingly, application of thapsigargin to increase intracellular calcium
induced higher levels of S100B at the 24 and 48hr time points, while
intracellular calcium chelator (BAPTA-AM) moderately decreased S100B levels
in comparison to A treated cultures.

Our results showed that elevation in intracellular calcium correlated with the
upregulation of SI00B protein in AP treated cortical astrocytes. While dosing with AB
significantly increased the expression of S100B in comparison to controls (Fig. 6.3A,

p<0.0001, n=46), the application of AP with thapsigargin, which sustained the Af
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induced intracellular calcium elevation by inhibiting uptake of excess calcium into the
ER (Thastrup, Cullen et al. 1990; Lytton, Westlin et al. 1991), resulted in still elevated
levels of S100B at 24 and 48 hrs compared to AP alone (Fig. 6.3A, p<0.0001, n=46).
Conversely, application of the intracellular calcium chelator, BAPTA-AM, together with
AP reduced the increased S100B expression associated with AP treatment (Fig. 6.3A,
p<0.001 at 24 hrs, p<0.05 at 48 hrs, n=46). The moderate effects of BAPTA-AM on
S100B level in AP treated cultures was moderate at 12 hrs maybe be indicative of
additional cellular events triggered initially by AP leading to upregulated S100B
expression that were not abolished by intracellular BAPTA. Similar to SI00B, decreased
[Ca®']; in AB+BAPTA-AM condition resulted in significantly lower levels of GFAP

compared to AP treated astrocytes (Fig. 6.3B).
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Fig. 6.3B Quantification of GFAP levels in cortical astorcytes treated with AP,
Ap-+thapsigargin, and AB+BAPTA-AM compared to control conditions (no Abeta,
thapsigargin, BAPTA-AM) at 2, 12, 24, and 48 hr time points. Application of
BAPTA-AM to reduce intracellular calcium blocked the Ap-induced increase in
GFAP. Interestingly, increased levels of GFAP were observed in and
ApP-+thapsigargin treated cultures at the 48 hr time point.

Interestingly, we observed a significant increase in GFAP level at 48 hrs in
Ap-+thapsigargin treated cultures that were not seen at earlier time points. Based on

previous studies that reported trophic effects and inhibition of GFAP monomer
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phosphorylation by S100B at nanomolar cellular concentrations versus cytoxic and pro-
inflammatory effects at the micromolar range (Selinfreund, Barger et al. 1991; Ziegler,
Innocente et al. 1998; Wang, Rosengren et al. 1999; Li, Barger et al. 2000), the low
GFAP expression observed at the earlier time points in AB+thapsigargin treated cultures
may be due to the inhibitory effects of S100B on GFAP polymerization. Furthermore,
when we applied a supplementary dose of thapsigargin to the AB+Thapsigargin treated
cultures at 24 hrs, higher levels of both SI00B and GFAP were observed (p<0.001 in
S100B and GFAP, Ap-+thapsigargin compared to AP-+thapsigargin supplement, n=22)
(Fig. 6.3C). These findings are in keeping with previous reports that S100B exert
inhibitory effects on GFAP only in low concentrations and may enhance its assembly into
intermediate filaments at higher concentrations, although further investigation would be

needed to decipher this regulatory mechanism.
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The present study was designed to determine the effects of AR on astrocytic

intracellular calcium oscillations, a key signaling mode for nonexcitatory glial cells, and

the subsequent modulation of reactive astrogliosis associated with AD pathology by the

calcium signaling. We found that AP increases oscillation frequency and number of

signaling cortical astrocytes. More importantly, we report for the first time that AP

induces spontaneous intercellular calcium waves in cortical astrocytic networks that

propagate in unidirectional and radial directions with high degree of specificity. In



141

addition, we examined the coupled effects of AP and intracellular calcium homeostasis
on reactive astrocytosis, one of the distinct features in AD. We found that [Ca®'];
modulates the effects of AP on increasing levels S100B and GFAP in reactive astrocytes.
Furthermore, S100B may interact with GFAP polymerization in a concentration-
dependent manner. Our study revealed spontaneous intercellular calcium waves as a
potential mode of extraneuronal long range signaling in reactive astrocytic networks
under pathological conditions, and established the proximal interactions between AP,
calcium homeostasis, and reactive astrogliosis in AD.

Intracellular calcium oscillations are observed in astrocytes from different regions
of the CNS (Pasti, Volterra et al. 1997; Aguado, Espinosa-Parrilla et al. 2002; Nett, Oloff
et al. 2002) and is believed to take part in the development neural network and
modulation of synaptic activity by releasing glutamate on adjacent neuronal processes,
thereby manipulating the excitability of the neighboring cells and synaptic transmission
(Kang, Jiang et al. 1998; Nett, Oloff et al. 2002; Zhang, Pangrsic et al. 2004). We show
that accumulation of the amyloid-beta peptide disrupts calcium homeostasis in astrocytic
networks resulting in significantly increased calcium oscillation frequency as well as the
number of signaling astrocytes. Sensitivity of the AP induced calcium signaling to zero-
extracellular calcium condition and thapsigargin, which depletes endogenous intracellular
calcium stores by inhibition of SERCA pumps(Thastrup, Cullen et al. 1990; Lytton,
Westlin et al. 1991), indicate involvement of both intracellular and extracellular calcium

sources as is consistent with previous reports on spontaneous and AP induced calcium
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transients in neural networks (Stix and Reiser 1998; Aguado, Espinosa-Parrilla et al.
2002).

Previous studies have also reported that AP increased the traveling velocity and
propagation distance of mechanically stimulated calcium waves, suggesting it enhances
intercellular communication in astrocytic network mediated by extracellular signaling
factors and gap junction coupling between cells (Haughey and Mattson 2003). Here we
reported the first observation of spontaneously-formed intercellular calcium waves
induced by AP that travel in unidirectional and radial directions with high degree of
specificity. The propagation distances, 160.9 + 22.5 and 141.1 + 30.9 um, and velocities,
4.66 = 0.48 pm/sec and 6.03 £ 1.60 um/sec, of these waves in unidirectional and radial
directions, respectively, are in keeping with previous reports that described these
astrocytic calcium waves as several hundred micrometers in distance and less than 50
um/sec in velocity (Cornell-Bell, Finkbeiner et al. 1990; Haydon 2001). Furthermore, the
specificity of the wave front support the presence of plastic functional circuits between
astrocytes previously proposed in the hippocampus (Sul, Orosz et al. 2004)

Evidence in literature suggest that the changes we observed in calcium signaling
from intracellular oscillations in controls to a hybrid of calcium waves and oscillations in
AB-treated cultures may also be mediated by release of “gliotransmitters,” such as
glutamate and ATP, from the astrocytes (Cornell-Bell, Finkbeiner et al. 1990; Angulo,
Kozlov et al. 2004; Hamilton, Vayro et al. 2008; Kumaria, Tolias et al. 2008). Glutamate
has been known as a key molecule in bidirectional signaling between neurons and

astrocytes where the release of glutamate by astrocyte is triggered by increased [Ca®';
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(Cornell-Bell, Finkbeiner et al. 1990; Angulo, Kozlov et al. 2004). Glutamate at lower
concentrations (below 1uM) causes asynchronous and localized intracellular oscillation
in astrocytes while at higher concentrations (10-100 uM) induces intercellular calcium
waves that can propagate through upwards of 60 astrocytes (Cornell-Bell, Finkbeiner et
al. 1990). AP has been shown to increase the sensitivity of astrocytes to glutamate and
calcium ionophore neurotoxicity (Mattson and Rydel 1992; Stix and Reiser 1998). Taken
together, the transformation of calcium signaling modes can potentially be attributed to
release of glutamate from astrocytes due to AP induced [Ca?']; elevation together with
enhanced sensitivity to glutamate caused by A. In addition, AP induced reactive
astrocytes have been reported to produce nitric oxide (NO) and proinflammatory
cytokines, i.e. TNF-a, IL-1B, and IL-6 which may also affect calcium homeostasis and
enhance the release of gliotransmitters (Gitter, Cox et al. 1995; Rossi and Bianchini 1996;
Akama, Albanese et al. 1998; Johnstone, Gearing et al. 1999; Meda, Baron et al. 2001;
Ida, Hara et al. 2008).

Finally, elevated levels of GFAP and S100B have been found in astrocytes
associated with neuritic plaques of AD (Simpson, Ince et al. 2008) and A has also been
reported to upregulate these proteins in cultured astrocytes after 72 hours (Meske,
Hamker et al. 1998). However, our studies show that A increases GFAP and S100B as
early as 12 hrs after exposure to the pathogenic peptide, indicating a much faster response
of glia activation and is suggestive of their involvement in the initial stages of AD
pathogeneisis. Currently there is limited knowledge on the metabolic function of GFAP,

but S100B, in contrast, plays versatile intracellular and extracellular roles (Donato 1999;
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Donato 2003). S100B interacts with a large variety of target proteins by inhibiting their
phosphorylation, including GFAP (Bianchi, Giambanco et al. 1993; Bianchi, Garbuglia et
al. 1996). In addition to the concentration of S100B, S100-binding proteins, such as
annexin VI and TRTK-12, can block S100-GFAP interactions thereby further modulating
regulation of S100B on GFAP intermediate filaments (Bianchi, Garbuglia et al. 1996;
Garbuglia, Verzini et al. 1998). Taken together, interactions between S100B and GFAP
assembly are intricately controlled by a combination of factors, the complexity of which
is reflected from our experimental results. From our experiments, reactive astrogliosis is
more than a phenomenon that accompanies AD; it affects different modes of calcium
signaling, resulting in a coordinated long range signaling system involved in neural injury
of AD. Exploring the interactions between AP, calcium homeostasis, and reactive
astrocytosis reveals the astrocyte-specific pathologies in AD thereby favoring the

development of potential new therapeutic avenues.



Future Work

In the present studies, we compared the viability and differentiation potential of
BMSCs on standard surface chemistries to determine the optimum growth conditions of
these cells for neuronal differentiation as well as induction of neural progenitor marker in
BMSCs. However, additional studies will be needed to fully assess the differentiation
potential of these stem cells to become functional retinal neurons for treatment of retinal
degenerative diseases. While one previously study have reported the differentiation of
BMSCs into photoreceptor-like cells expressing rhodopsin (Kicic, Shen et al. 2003) using
soluble factors in vitro, we and other groups have yet to replicate these results. In
addition, it is likely that the complex array of spatial and temporal cues associated with
the development of photoreceptors can be recapitulated in the in vifro system using
limited soluble factors. To this end, ongoing efforts for the project include transplantation
of naive and induced GFP+ BMSCs into healthy and diseased animal models such as the
homozygous rd10/rd10 (ak.a. Pde6b™'’) retinal degenerate mice that is caused by a
missense mutation in exon 13 of the beta subunit of the rod phosphodiesterase gene, a

mutation also found in patients of retinitis pigmentosa.

In addition, we introduced here the rMC-1 Miiller glia cell line as a model for
studying calcium signaling and present evidence for complex signaling dynamics in
intercellular calcium transient propagation within glial networks that may be altered
under pathological conditions. Furthermore, we show that disruption of glial calcium
homeostasis via altered calcium signaling dynamics directly correlates with known

hallmarks of reactive astrogliosis and may play an important role in pathogenesis of
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neurodegenerative disease. Additional studies are underway to further explore potential
heterogeneity in glial networks at the individual cellular level that may be responsible for
the complex signaling dynamics observed. A current opinion is that there may be
additional subclasses of astrocytes that are specific to different regulatory functions (i.e.
release of glutamate to regulate synaptic function and release of D-serine to regulate
vasomotor responses). If that is the case, calcium signaling may also be a manifestation
of their differences. Finally, additional investigation is needed to further elucidate the
intracellular mechanisms for the regulatory role of calcium in astrogliosis. As an example,
over expression of calcium-dependent phosphatase, calcineurin, have been shown to
trigger astrocyte activation in aging and Alzheimer’s disease (Norris, Kadish et al. 2005).
Future work will investigate additional members in these intracellular pathways and how
pathological changes in intracellular calcium dynamics lead to genomic and phenotypic

profiles of reactive gliosis.
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