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Summary

Fatty acid binding proteins (FABPs) are a multigene family of intracellular lipid chaperones with
distinct expression patterns, which regulate cellular functions through controlling lipid
homeostasis. An increasing body of research, some of which are reviewed in the first chapter,
have shown therapeutic and diagnostic potentials of FABPs, making them as important targets
in cellular and molecular medicine and addressing the importance of studying on these
molecules. Several evidences support the association of FABPs and their ligands especially
polyunsaturated fatty acids (PUFAs) with the normal development of the brain and
pathophysiology of major CNS diseases including neuropsychiatric and neurodegenerative
disorders and cancers. However, still expression pattern and biological significance of FABPs in
the brain are poorly understood. FABP7, the most specific FABP of the brain, is abundantly
expressed in neural stem cells and radial glia of the developing brain and is involved in
neurogenesis. In the second chapter, we examine the expression pattern of FABP7 in the adult
brain and its involvement in the reactive astrogliosis, a component of brain’s regenerative
program and a common hallmark of CNS pathologies, using cortical stab injury model in wild
type (WT) and FABP7-knockout (KO) mice. We immunohistochamically show that FABP7 is
expressed in the astrocytes and oligodendrocytes progenitor cells (OPCs) in the normal cortex;
is upregulated in reactive astrocytes of the injured cortex; and positively regulates the
proliferation of reactive astrocytes. In addition, by using primary culture of astrocytes from WT
and FABP7-KO mice, we show that FABP7 promotes the proliferation and n-3 PUFA uptake in
astrocytes. In the third chapter, we examine the involvement of FABPs in oligodendrogenesis,
another component of brain’s regenerative program. By immunohistochemical evaluation, we
show the in vivo and in vitro reciprocal expression of FABP7 and FABPS in mouse OPCs and
oligodendrocytes respectively. Furthermore, using embryonic stem cell derived culture of
oligodendrocyte lineage from WT and FABP-KO mice, we show that FABP7 regulates the
proliferation of OPCs and their differentiation to oligodendrocytes and FABP5 regulates the
maturation of oligodendrocytes. Our novel findings highlight the biological roles of FABPs in
macroglia and provide new hypotheses regarding the significance of FABPs in brain

regeneration and their diagnostic and therapeutic potentials in CNS diseases.



CHAPTER 1: INTRODUCTION

The increasing significance of FABPs in cellular and molecular
medicine; need for further studies



Lipids are one of major macromolecules which are essential for normal function of living
organisms and involved in the pathophysiology of various diseases. Fatty acids (FA), major
components of lipids, have crucial structural, metabolic and signaling roles. They are
incorporated in to membrane phospholipid and serve as source of energy. In addition, fatty
acids exert signaling roles through enzymatic and transcriptional networks to modulate various
pathways. Therefore, intracellular trafficking of fatty acids has critical regulatory impacts on

normal cell function through balancing different FAs at different times and locations [2].

FABPs: the multigene family of intracellular lipid chaperones with distinct expression patterns

Fatty acid binding proteins (FABPs) are a multigene family of intracellular lipid chaperones that
mediate the uptake, transportation, storage and signal transduction of long-chain fatty acids.
FABPs are a family of small low molecular weight (14-15 KDa) proteins which are highly
conserved across species and show relatively high tissue/cell type specificity and different
ligand affinities. Through reversible binding to hydrophobic long chain fatty acids, FABPs are
thought to control the availability and distribution of FAs as ligands to several signaling

processes and thereby mediating FA functions [1-3].

At least nine members of FABP family have been identified so far in mammals. Different
FABPs have distinct patterns of tissue/cell type expression and are abundant in tissues with
active lipid metabolism. Historically, FABPs have been named after the organ where they had
been originally detected. However, later it was revealed that none of the FABPs are exclusively
specific for any organ and also most organs and tissues express more than one FABP.
Accordingly, an alternative numerical nomenclature was invented. Major members of FABP
family are: liver-FABP (LFABP or FABP1), intestinal-FABP (IFABP or FABP2), heart-FABP (HFABP
or FABP3), adipocyte-FABP (AFABP or FABP4), epidermal (EFABP or FABP5), ileal-FABP (lIFABP
or FABP6), brain-FABP (BFABP or FABP7), myelin-FABP (MFABP or FABP8) and testis-FABP
(TFABP or FABP9) [1-4].



The underlying regulatory mechanism for tissue/cell type specific expression and
function of FABPs is not well known. Abundance of FABPs (up to 1-5% of soluble cytosolic
proteins) in cells with high lipid metabolism (such as adipocytes, hepatocytes, and
cardiomyocytes) as well as upregulation of FABPs in response to increased exposure of many
cell types to fatty acids, support the notion that FABP expression pattern indicates the
requirement and/or capacity of various tissues/cell types for lipid metabolism and FABPs are

key players in controlling lipid homeostasis [1-2, 5].

Similar tertiary structure of FABPs despite their diverse primary structure points to

differential ligand affinities and functions

All FABPs bind a single long chain fatty acid (LCFA) except FABP1 which can bind to two FAs [2,
6-7]. The binding affinity increases with the hydrophobicity of the ligand [8]. Despite the
moderate diversity in amino acid sequence (~15-70% homology), which can be responsible for
difference in ligand affinities, FABPs share similar tertiary structures. A “10-stranded antiparallel
B-barrel structure” is common in all FABPs. The fatty acids bind to the interior cavity of the B-
barrel. The barrel is mostly filled with water molecules lined with polar and hydrophobic amino
acid residues and only a small volume is occupied by the ligands lined form hydrocarbon tail by
hydrophobic amino acid residues. The opening of the barrel includes an “N-terminal helix-turn-

helix domain” [2, 4, 7] (Fig. 1.1).

FABPs have been categorized into 3 groups according to their amino acid sequence and
consequently their binding abilities: group 1 consists of FABP1 and FABP6 which in addition to
FAs can bind to bulky ligands like bile salts and cholesterol . Group 2 consists of FABP3, FABP4,
FABP5S, FABP7, FABP8 and FABP9 which in addition to FAs can bind to retinoids and eicosanoids.

Group 3 consists of FABP2 which only binds to FAs [4]

While other lipid binding proteins are coded by a single gene, diversity of FABPs despite
their similar 3D structure, indicates the cell / tissue specific functions of FABPs and their ligands

[1].
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by FABPs which selectively regulate intracellular FA trafficking [2-3] (Fig. 1.2).

FABPs are thought to regulate gene expression by accessing the nucleus and targeting
their ligands (FAs) to nuclear receptors and transcription factors such as peroxisome
proliferator-activated receptor family (PPARs) and retinoid X receptor family (RXRs) [9-12].

Interestingly, expression of some FABPs is reported to be regulated by these nuclear receptors



[2, 13]. Physical interaction of Some FABPs with PPARs has suggested them as PPAR co-

activators [2, 11, 14-15].
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Fig. 1.2 Cellular functions of FABPs

Scheme showing putative cellular functions of FABPs through trafficking of FAs to specific
compartments in the cell such as lipid droplets (storage); endoplasmic reticulum (signalling,
transportation and membrane synthesis); mitochondria or peroxisome (oxidation); cytosolic or other
enzymes (regulation of enzymatic activity); nucleus (transcriptional regulation via nuclear hormone
receptors (NHRs) or other transcription factors); or even outside the cell for autocrine or paracrine
signaling. (Figure taken from[2])



Details of FABP functions and their interacting protein partners are still poorly
understood. However, development of FABP-KO transgenic mice has partly facilitated the
studies on FABPs roles in different cells/tissues/organs as well as their systemic effects, leading
to an increasing body of evidence which highlight the importance of FABPs in normal and
pathological conditions and attract much attention to their diagnostic and therapeutic

potentials [1-2].

FABPs have been used as tissue specific injury markers because of solubility in plasma,
high tissue specificity, abundance in the tissue and low molecular weight as well as induced
expression in pathological conditions [16]. Here, a brief review of the literature regarding major
members of FABP family is provided which may highlight the increasing significance of FABPs in

cellular and molecular medicine and the importance of further studies about these molecules.

FABP1: diagnostic and therapeutic potentials in liver, intestine and kidney diseases

FABP1 is abundantly expressed in the liver (up to 5% of total cytosolic proteins in hepatocytes).
It has been also detected in several other organs such as intestine (absorptive columnar
intestinal epithelium, proximal intestine, upper 2/3" of the villus), kidney (renal proximal

tubular epithelial cells of human kidney), pancreas, stomach and lung [2, 4, 17-18].

Fatty acids, dicarboxylic acids and retinoic acid cause increased transcription of FABP1
gene due to the presence of a peroxisome-proliferator response element in its promoter region
[2, 19]. FABP1 can simultaneously bind two ligands with high and low affinities [2, 20]. FABP1
can bind to several bulky hydrophobic ligands other than fatty acids such as acyl-coenzyme A,
eicosanoids, lysophospholipids, carcinogens, anticoagulantsand haem suggesting potential
related functions [2, 19]. Recent studies suggest FABP1 as an indirect antioxidant with
protective effects against hepatocellular oxidative stress, impairment of which could contribute
to alcoholic liver disease [21-23]. Ethanol feeding in mice has been shown to decrease FABP1
protein and mRNA while increasing its poly-ubiquitinated form [24]. It has been reported that

FABP1-KO mice are susceptible to oxidative stress in early-stage alcoholic liver [25].



FABP1 has been also reported to modulate hepatic stellate cell activation and diet-
induced Nonalcoholic Fatty Liver Disease (NAFLD). FABP1 deletion in mice has been reported to
decrease diet-induced hepatic steatosis and fibrogenesis [26]. Proteomic screens have revealed
FABP1 to be overexpressed in obese subjects with simple steatosis, along with paradoxically
decreased expression in the progressive versus mild forms of nonalcoholic steatohepatitis

(NASH) [27].

FABP1 is used as a diagnostic marker for classification of hepatocellular adenoma (HCA),
since a major subclass of HCA which contains HNFla mutation (H-HCA) lacks FABP1 in
immunostaining [28]. Several reports have shown the associations of FABP1 to various
neoplasms in gastrointestinal tract (Gl) and its diaghostic potentials. FABP1 is associated with
intestinal adenoma formation [29]. It is intensly expressed in gastric metaplasia and subsets of
gastric adenocarcinoma [30] and has been suggested as a prognostic indicator of peritoneal
metastases in gastric cancer [31]. FABP1 is also associated with pancreatic adenocarcinoma[32],
downregulated in colorectal cancers [33-34] and negatively correlated with lymph node

matastasis in colorectal cancers [35].

Serum FABP1 has been suggested as a biomarker for liver injury [16, 36-37]. FABP1
expression is increased in renal injury and therefore urinary FABP1 has been considered as an
effective marker for monitoring of chronic kidney diseases and an early predictive marker for
acute kidney injury [18]. FABP1 has been recently shown to be protective against renal

tubulointerstitial damage by reducing oxidative stress in renal injuries. [18, 38-39].

FABP2: diagnostic use for intestinal injury and link to metabolic syndrome

FABP2, is expressed throughout the intestinal epithelium with maximum mRNA expression in

the medial segment of the small intestine [17, 40]

FABP2-KO mice show hyeperinsulineamia with normal glucose levels. Despite
unimpaired fat absorption, male FABP2-KO mice show higher weight gain and higher

triglyceride (TG) levels regardless of the diet and have larger livers on high fat diet, while female



FABP2-KO mice show less weight gain and smaller livers on high fat diet compared with WT

counterparts [41].

Plasma and urinary FABP2 have been suggested by a large body of studies as diagnostic
markers for injury to intestinal epithelium [16] used for early diagnosis, evaluation of prognosis,
activity and severity of the disease or effectiveness of treatment in various conditions such as
celiac disease [42-44], necrotizing enterocolitis [45-49)], gut dysfunction in acute
pancreatitis[50], identification of small bowel ischemia in patients with acute abdomen [51-52],

Intestinal ischemic injury following cardiac operation [53]and multiple trauma [54-55].

A large and increasing body of reports in several different populations has shown that a
variation (SNP) in exon2 (Ala 54 Thr) of FABP2 is associated with insulin resistance and type 2
diabetes as well as obesity and cardiovascular disease {with relative variations across
populations) [56-59]. Increased FA absorption and increased risk for hearing impairment[60]
and chronic kidney disease [61] in type 2 diabetes, higher levels of total cholesterol and LDL-
cholestrol, and lower levels of HDL-cholestrol [62], higher levels of CRP and insulin levels in
diabetes [63], increased risk for NAFLD [64], insulin resistance, leptin and adiponectin levels in
morbid obese patients [65] and better response to high PUFA hypocaloric diet in obese
patients[66] have been linked to Ala 54 Thr variant of FABP2, which has been also suggested as

a potential genetic risk factor for myocardial infarction [57].

A variation in FABP2 Promoter (haplotype A,B) has been also found to be correlated
with insulin resistance, type 2 diabetes, dyslipidemia and body mass index (BMI) [67-69].
Another variation of FABP2 (rs11724758 A>G in hinding site of miR-132) has been shown to be
correlated with decreased risk of metabolic syndrome and increased risk of T2DM in Chinese

Han population, most likely through their effects on the specific miRNA-binding sites [70-71].

FABP3: diagnostic and therapeutic potentials for heart, CNS and kidney diseases

FABP3 is abundantly expressed in heart, skeletal muscles and brain. It has been also detected in

several other organs such as mammary gland, placenta, testis, kidney (renal cortex/ distal



tubules), lung, aorta, adrenal gland, ovary, pancreas, retina (some populations of amacrine/

bipolar/horizontal interneurons) and brown adipose tissue [2, 4, 72-76].

FABP3 has an important role in the uptake and transportation of fatty acids towards the
mitochondria. This causes a severe inhibition of FA uptake in the heart and skeletal muscle of
FABP3-KO mice resulting in a subsequent increase in plasma free fatty acids [77] and a switch
from fatty-acid oxidation towards glucose oxidation in cardiac and skeletal muscle metabolism
[78-79]. FABP3 may also interact with PPAR to induce the expression of mitochondrial and
peroxisomal-oxidation pathways [80]. FABP3-KO mice are rapidly exhausted by exercise and

show cardiac hypertrophy in older animals [77].

FABP3 expression is up-regulated during cardiomyocyte and skeletal muscle
differentiation [1, 81-82] and may inhibit cardiomyocyte proliferation [1, 81]. Dysregulation of
FABP3 expression has been linked to embryonic cardiac malformations. FABP3is highly
upregulated in the myocardium of patients with ventricular septal defect. Either overexpression
or silencing of FABP3 has been reported to decrease proliferation and increase apoptosis in
embryonic carcinoma cell lines [83-84]. Consistently, Knock down of FABP3 in zebrafish results
in impaired cardiac development through dysregulation of RA signaling, apoptosis induced
mitochondrial dysfunction and stimulation of Wnt signaling [85-86]. Increased FABP3 mRNA has

been found in the myocardium from left ventricle of failing heart [87].

Several studies have supported FABP3 as a marker of mayocardial cell damage with high
diagnostic and prognostic value for myocardial infarction [16, 88-90]. It has been also suggested
as a marker for risk stratification and estimation of prognosis in pulmonary embolism [91-94],
severe sepsis and septic shock [95-97], endstage heart failure with left ventricular assist
device[98], hypertrophic and dilated cardiomyopathy [99], obstructive sleep apnea syndrome
[100]. Serum FABP3 has been also suggested as a biomarker in the evaluation of clinical severity
and in the selection of patients for HBO therapy in acute CO poisoning [101]. Recent studies
report an Inverse relationship between serum FABP3 and myocardial expression of miR-1, a
microRNA with critical regulatory roles in myocardiac remodeling and progression to heart

failure, suggesting FABP3 as biomarker for indirect evaluation of miR1 activity in the heart [102].
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In brain, FABP3 is abundantly expressed in neurons and absent in other neural cells [3].
Brains of FABP3-KO mice show reduced arachidonic acid incorporation and imbalance in n-3/n-
6 polyunsaturated fatty acid (PUFA) ratio, which may contribute to neuropsychiatric disorders
[103]. FABP3 interacts with and regulates the functions of dopamine D2 receptor (long isoform),
a target for antipsychotic drugs, in the dorsal striatum of the brain [104-105]. Decreased FABP3
expression has been reported in brains of patients with Down syndrome and Alzheimer disease

[106].

FABP3 levels in serum or CSF has been suggested as a marker for several CNS diseases.
Serum FABP3 has been suggested as a prognostic marker for survival and disability after
traumatic brain injury, stroke and subarachnoid hemorrhage [16, 107-110]. FABP3 in CSF has
been proposed as a marker of brain injury after subarachnoid hemorrhage which can identify
the occurrence of vasospasm and predict the long-term outcome [111]. Increased CSF levels of
FABP3 are found in several forms of neurodegenerative diseases such as Alzheimer's disease
(AD), Parkinson's disease with dementia, Lewy body dementia, vascular dementia, and
Creutzfeldt-Jakob disease [112-114]. Recent studies show that CSF levels of FABP3 can predict
conversion of mild congnitive impairment to AD suggesting FABP3 as a marker for early phases
of AD [115]. Altered FABP3 expression has been also reported in CSF of Niemann-Pick disease,
type C1 patients [116]. Increased FABP3 expression has been found in uveal melanoma which

is associated with tumor invasion [117].

FABP3 is also considered as a marker for distal tubular damage in kidney. Urinary FABP3
is increased in experimental diabetic nephropathy [118] and human diabetic kidney disease
[119] . Expression of FABP3 is increased in glomerular and tubular areas of patients with
obesity-related glomerulopathy [120]. FABP3 is also suggested as a tool to evaluate the severity
of initial kidney graft injury and predict graft dysfunction [121]. It is also proposed as a

candidate predictive marker for mortality of hemodialysis patients [122].

Despite abundant expression of FABP3 in lactating mammary glands [123], no change in
the development and function of the mammary gland was reported upon overexpression or

ablation of FABP3 [124-125]. However, FABP3 expression in breast cancer cell lines inhibits
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proliferation, migration, invasion and tumorigenicity. Consistently, expression of FABP3 results

in a drastic improvement in prognaosis of breast cancer [126-127]

FABP3 is essential for efficient fatty acid oxidation in brown adipose tissue and cold
tolerance [128]. Expression of FABP3 in brown adipose tissue is 10 fold increased by exposure
to cold [129]. FABP3-KO brown adipocytes fail to oxidize fatty acids, while overexpression of

FABP3 promotes oxidation in brown adipocytes [128].

FABP4: the important therapeutic target for diabetes and atherosclerosis

FABP4 (Also called as ap2) have been so far the most attractive and the best studied FABP.
FABP4 is abundant in adipose tissue, which is considered not only the major energy storage but
also an endocrine organ, producing bioactive molecules involved in systemic energy
metabolism and inflammatory processes [1-2]. FABP4 is also expressed in macrophages (10000
fold less than adipocytes in mRNA level), activated or differentiated monocytes [130-131] and
dendritic cells [132].

Upon differentiation of adipocytes, FABP4 expression is drastically upregulated [133-
134]. Transcriptional regulation of FABP4 by fatty acids, insulin and PPAR-y agonists has been
also reported [2]. FABP4-KO mice are protected against hyperinsulinaemia and insulin
resistance following dietary and genetic obesity [2, 135-136]. FABP4-KO adipocytes show
impaired lipolysis and overexpression of FABPS which is minimally expressed in WT adipocytes

[2,137-139].

FABP4 is essential for inflammatory response and cholesterol ester accumulation in
macrophages. ApoE-deficient mice (which show propensity to atheroschlerosis) are protected
against atherosclerosis in the context of FABP4 deficiency, mainly due to altered functions of
macrophages [130, 140]. FABP4 contributes to foam-cell formation in macrophages.
Cholesterol efflux is increased in FABP4-KO macrophages by increased activity of PPAR-y and its
downstream targets including LXR-a which result in increased expression of the cholesterol

transporter ABCA1 (ATP binding cassette Al) [141]. FABP4-KO macrophages also exhibit
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suppressed inflammatory responses including production and function of pro-inflammatory
enzymes such as iNOS (inducible nitric oxide synthase) and COX2 (cyclooxygenase 2) and
production of cytokines such as TNF-a , IL6, IL1B, MCP1 (monocyte chemoattractant protein 1)
(130, 141-142]. Immune response regulation by FABP4 has been suggested to be exerted
through modulation of the IKK- NF-kB pathway (inhibitor of kappa kinase (IKK)-nuclear factor-
kB (NF-kB) pathway) [141].

The expression of FABP4 in human bronchial epithelial cells and its upregulation in
response to T helper 2 (TH2) cytokines; IL4 and IL13 have been also reported [131]. This finding
together with protective phenotype of FABP4-KO mice against allergic airway inflammation has
suggested the association of FABP4 to pathophysiology of asthma [131]. Recent studies have
shown that FABP4is induced by vascular endothelial growth factor (VEGF) in endothelial
cells and promotes VEGF-induced airway angiogenesis, an underlying mechanism of asthma
[143]. In addition, recent studies show that FABP4 (and FABP5) are expressed in endothelial
cells and regulate FA transport to FA consuming tissues such as skeletal and cardiac muscles

[144].

FABP4 expression in lipoblastoma and liposarcoma has been suggested for differential
diagnosis of benign and malignant neoplasm of adipose tissue and distinguishing liposarcoma
from malignant tumors of connective or epithelial tissue. [145]. In addition, loss of FABP4
expression has been linked to progression of human urothelial carcinomas, suggesting FABP4 as

a prognostic biomarker of these tumors [146].

Discovery of the above mentioned regulatory roles on adipocyte and macrophages has
turned FABP4 to an important therapeutic target for metabolic syndrome and thus the most
outstanding member of FABP family. Accordingly, an inhibitor of FABP4 (BMS309403) have
been invented and proved to have therapeutic effects against diabetes and atherosclesrosis [2,
147]. Plasma FABP4 concentration has been shown to be associated with obesity, diabetes type
2, cardiovascular diseases, atherosclerosis, metabolic syndrome and NASH with diagnostic and
prognostic potentials [148]. Very recent studies suggest FABP4 as an adipokine actively

secreted from adipocytes in response to fasting and lipolysis signals which stimulates

13



production of glucose by hepatocytes. This suggests neutralization of FABP4 as a novel
therapeutic strategy for diabetes [149]. The concept of active release of FABP4 if applicable to
other FABPs, questions the longstanding paradigm of intracellular lipid chaperoning of FABPs
and extremely extends the scope of their signaling networks and enhances their therapeutic

potentials throughout the body.
FABPS5: immuonoregulatory roles and links to metabolic syndrome, psoriasis and cancer

FABPS is highly expressed in epidermal cells . FABP5 is also expressed in macrophages,
adipocytes and endothelial cells. It has been isolated from several other organs such as brain,

mammary gland, lung, liver, kidney, and testis (sertoli cells) [4, 142, 150].

FABP5 shows close structural and functional similarities with FABP4. FABP4 deficiency in
adipocytes (but not in macrophages) results in a compensatory overexpression of FABP5 [130].
FABP5-KO mice do not show gross abnormalities or compensatory FABP overexpressions,
except enhanced FABP3 level in the developing liver [151]. FABP5-KO mice exhibit a minor
~ reduction in transepidermal water loss [152] as well as mildly increased systemic insulin
sensitivity in the context of genetic or diet induced obesity [151]. Consistently, adipose tissue

specific overexpression of FABPS causes decreased systemic insulin sensitivity [151].

Overlapping expression and function of FABP4 and FABP5 in adipocytes and
macrophages has important association with insulin sensitivity, obesity, cardiovascular disease,
type2 diabetes and metabolic syndrome. FABP4-FABP5 double KO mice in the context of
genetic or diet induced obesity show drastic protection against insulin resistance, diabetes type
2, fatty liver and atherosclerosis (much more protective compared to single FABP-KO mice [2,
153-155]. Overall, FABP4 and FABPS are candidate mediators and biomarkers for metabolic

syndrome and cardiovascular disease in type 2 diabetes mellitus [156].

FABPS has a suggested regulatory role in Retinoic Acid (RA) signaling since it competes
with cellular RA binding protein I (CRABP-II) in shuttling RA. While CRABP-II carries RA to
Retinoic Acid Receptors (RARs), alternatively FABPS shuttles RA to PPARB/S which results in a

distinct response [157]. This regulatory role of FABP5 has been described in several cell types in
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normal and pathological conditions. For example, in preadipocytes RA- CRABPII-RAR pathway
results in expression of genes which inhibit adipogenesis, while In mature adipocytes, due to
upregulation of FABP5, RA can be alternatively shuttled to PPARB/& by FABPS to induce the
expression of genes related to energy expenditure and insulin responses [157]. Similar
regulatory role for FABP5 has been suggested in skin development and homeostasis. Increased
ratio of CRABP-1I / FABP5 is thought to mediate allergen induced contact dermatitis through

upregulation of PPARS pathway and alteration of RAR pathway [158].

In the skin, FABPS5 is expressed by differentiating cells in sebaceous gland, interfollicular
epidermis and hair follicles. Accordingly, FABPS is shown to be upregulated by RA treatment or
Notch activation and downregulated by Wnt/beta-catenin signaling [159]. FABPS is upregulated
upon differentiation of keratinocyte stem cells towards postmitotic keratinocytes and induces
keratinocyte differentiation [160]. In addition, FABP5-KO keratinocytes show reduced fatty acid
uptake leading to decreased expression of differentiation markers through downregulation of
NF-kB activity suggesting that FABP5 controls keratinocyte differentiation through FA mediated
regulation of NF-kB activity [161]. FABP5 is overexpressed in psoriatic epidermis [162-163].
FABP5 (measured by skin stripping) has been also suggested as a predictive marker of clinical
response to treatment in psoriatic skin lesions[164]. Increased expression of FABP5 has been
linked with dysregulated differentiation of psoriatic keratinocytes. In vitro silencing of FABPS
resulted in decreased differentiation and downregulation of specific markers in psoriatic
keratinocytes [160]. FABPS is also strongly expressed in differentiated sebocytes. FABP5-KO
mice exhibit smaller sebaceous glands with increased volume and altered lipid composition of
sebum [165]. FABP5 has been found to be upregulated in skin lesions of atopic dermatitis and
associated with severity of the disease. Therefore, FABPS is considered as a candidate

biomarker for evaluation of inflammation and skin barrier conditions in atopic dermatitis [166].

Proteomics and system biological studies have suggested FABPS as a central regulator
of metabolism in activated monocytes, which may control inflammation and lipid raft
composition [167]. FABP5S is reported to have a proatherogenic effect by suppressing the

activity of PPARy. Bone marrow transplantation into low-density lipoprotein receptor-null
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(LDLR-/-) mice has revealed that FABP5-KO monocytes show reduced recruitment in to
atherosclerotic lesions, and suppression of inflammatory genes such as COX2 and IL6 [168].
Consistently, macrophages and dendritic cells from FABP5-KO mice show defects in production
of inflammatory cytokines and promotion of proinflammatory T cell responses during antigen
presentation [169]. FABP5 has been suggested as a positive regulator of Th17 differentiation
and IL17 production, which are known to have modulatory roles in autoimmune responses,
such as chronic asthma, rheumatoid arthritis, inflammatory bowel diseases, and multiple
sclerosis [170]. It has been also shown that FABP5 (and FABP4) expression modulates cytokine

production in the mouse thymic epithelial cells [171].

Immunoregulatory functions of FABPS have been also shown in the respiratory system.
Down regulation of FABP5 has been shown in airway epithelial cells of smokers with COPD. In
vitro studies have revealed protective immunomodulatory functions of FABP5 against microbial
infections in COPD patients [172]. In addition, a protective role of FABP5 has been reported
against HIN1 influenza A by controlling oxidative damage and inflammation. Influenza A
infection causes a decrease in FABP5 expression in lung tissue. Following Infection with
influenza A virus, FABP5-KO mice show increased macrophage and neutrophil infiltration ,

increased adaptive immune response (T cell and B cell accumulation and production of HIN1-

specific antibodies), increased oxidative damage and sustained inflammation [173].

Downregulation of FABP5 in the Retinal pigment epithelium (RPE)/choroid complex has
been linked to aging and early age-related macular degeneration through altered lipid
metabolism. It has been reported that FABP5 is downregulated in the RPE/choroidal complex in
an experimental model of aging and early age-related macular degeneration (tian 2005).
Besides, Knock down of FABP5S in human RPE cell line resulted in decreased levels of cholesterol
and cholesterol esters, reduced apoB secretion and increased free fatty acids and triglycerides
[174]. FABP5 (and FABP3) are expressed in pancreatic islets and upregulated in response to FA

and glucose exposure [75].

FABP5 is detected in nervous system including astrocytes and glia of the prenatal and

perinatal brain [73] and ganglion cells of retina [72]. FABP5 has been reported to promote
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differentiation of neuronal progenitors to mature neurons through RA mediated regulation of
PPARPB/& target genes (namely PDK1) [175]. FABP5 (and FABP7) are induced in postischemic
subgranular zone in monkeys suggesting their roles in neurogenesis [176]. Consistently,
hippocampi of FABP5-KO mice show increased population of neuronal progenitor cells versus
decreased population of mature neurons [175]. Furthermore, induction of FABP5 following
peripheral nerve injury has been reported which suggests a role in neural regeneration [177-

178].

FABP5 has been linked to several types of cancer, being studied as a diagnostic or
therapeutic target. FABP5 is overexpressed in head and neck squamous cell carcinoma [179].
Upregulation of FABPS has been shown to enhance proliferation and invasiveness in oral
squamous cell carcinoma [180]. It has been reported that FABPS is highly upregulated in
human breast cancers and promotes EGFR induced tumorigenesis through activation of PPARS
[181]. Genetic FABPS5 ablation suppresses mammary tumor development in MMTV-ErbB2/HER2
oncomouse (a mouse model of spontaneous breast tumors) suggesting FABP5 as a novel
therapeutic target for cancers [182]. Similarly, FABPS expression has been linked with high
grade and poor prognosis of breast cancer tissues negative for estrogen receptor and
progesterone receptor. Inhibition of tumor growth by in vitro silencing of FABPS, suggests
FABP5 as a prognostic and therapeutic target for triple negative breast cancers [183]. FABP5
upregulation has been shown to enhance proliferation and invasion in human intrahepatic
cholangiocarcinoma [184]. Proteomic studies have suggested FABP5 as a biomarker for
colorectal cancer [185]. FABPS has been identified to be upregulated in bladder cancer [186]. It
is also associated with enhanced proliferation in prostate cancer cell lines through PPARB/&
pathway [187]. Effective suppression of prostate cancer by experimental in vivo silencing has
suggested FABPS as a candidate therapeutic target for prostate cancer [188]. Proteomic studies
have also suggested FABP5 overexpression as a diagnostic marker for lymph node metastasis in
prostate cancer [189]. FABP5 is overexpressed in endometrial cancer and is associated with

poor differentiation [190].
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FABP6: regulatory roles in enterohepatic circulation of bile acids

FABP6 is mainly expressed in ileal enterocytes. It has been also detected in other cell types such

as cholangiocytes and ovarian cells [191-195].

FABP6 can bind bile acids with high affinity. FABP6-KO mice show increased fecal bile
acid excretion, increased activity of bile acid biosynthetic enzymes, and decreased mucosal to
serosal bile acid transport. This suggests the essential roles of FABP6 for absorption and
transport of bile acids in ileal enterocytes, and maintenance of bile acid homeostasis in the

enterohepatic circulation [196].

FABP6 has been suggested as a predictive marker for colon cancer. Microarray gene
expression analysis has revealed that FABP6 is overexpressed in sessile serrated
adenomas/polyps, which are precursors of colon cancer, and can differentiate them from
microvesicular hyperplastic polyp [197]. The Thr79Met polymorphism of the FABPE is reported

to protect obese individuals against type 2 diabetes [198].

FABP7: diagnostic and therapeutic potentials for major CNS diseases

FABP7 is abundantly expressed in embryonic brain (radial glia and NSCs) which gradually
decreases and is weakly expressed in the adult brain (astroglia, bregman glia in cerebellum,
muller cells and cone photoreceptor cells in retina...)[3, 72-73]. Although FABP7 is mainly
expressed in CNS, it has been also detected in other places such as kupffer cells in the liver,
fibroblastic reticular cells in the lymph nodes, melanoblasts and melanocytes in the skin and

mammary gland [199-203].

FABP7 expression in neural stem cells and radial glia of the developing brain has
important regulatory roles on neuronal migration and neurogenesis [3, 204). Postnatal FABP7-
KO mice show reduced neurogenesis in dentate gyrus of hippocampus [205]. Ex-vivo FABP7
knockdown has been reported to impair proliferation of neuroepithelial cells and induce
neuronal differentiation [206]. Neutralization of FABP7 in a co-culture of immature cerebellar

neurons and radial glia is reported to impair extension of glial fascicles and migration of
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neurons along them [207]. Interestingly, high expression levels of FABP7 in neural stem cells
has been recently used for efficient isolation of neural stem cells by developing a novel FABP7

binding dye CDr3 [208-209].

FABP7-KO mice have shown altered emotional behavior as well as impaired prepulse
inhibition (PPI), an endophenotype of schizophrenia. FABP7 has been also found as a
quantitative trait locus (QTL) for PPI. Upregulation of FABP7 mRNA has been reported in
prefrontal cortex of schizophrenic brains and FABP7variations (SNPs) are linked to

schizophrenia [205].

Increased serum levels of FABP7 has been suggested as a marker for CNS injuries [16].
Increased FABP7 have been found in the serum of dementia related diseases (Alzheimer's
disease, Parkinson's disease) [210]. Consistently, FABP7 upregulation has been reported in
brains of dnADAM10 mice, a mouse model for Alzheimer disease [211]. Cluster analysis on
microarray data has shown association of FABP7 with Alzheimer disease [212]. proteomics
studies have found altered expression of FABP7 protein (as well as FABP5 and FABP3) in
cerebella of NPC1 mice, a mutant mouse model for Niemann-Pick disease [116].FABP7
upregulation has been found in fetal and adult brain in down syndrome (while FABP3 is

downregulated) [106, 213].

Upregulation of FABP7 has been linked with invasiveness and poor prognosis of
malignant glioma [214-215] which has suggested FABP7 as a therapeutic and diagnostic marker.
FABP7 is also associated with tumor grade and invasiveness of meningioma [216] and

differentiation status in Neuroblastic tumors [217].

In addition to CNS diseases, FABP7 has been associated with some diseases in other
organs. FABP7 is associated with proliferation and invasion and tumor progression in malignant
melanoma and a candidate diagnostic and therapeutic target [218-219]. FABP7 has been
reported as a positive regulater of cell proliferation and migration in renal cell carcinoma [220].
In addition, FABP7 is upregulated in triple negative breast cancer and associated with poor
prognosis, increased cell proliferation and higher tumor grade. In vitro silencing of FABP7

suppressed the growth of tumor cells, suggesting FABP7 as a therapeutic target for triple
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negative breast cancer [221]. FABP7 has been also found in cervical squamous carcinoma [222].
Altered expression of FABP7 upon pyrazinamide hepatotoxicity has been shown in rat liver[223]
and affected colons in Hirschsprung's disease [224]. miR-21 upregulation by lycopene has been
reported to protect mice from high fat diet- induced hepatic steatosis through downregulation

of FABP7 [225].

FABP8: structural role in peripheral myelin and link to autoimmune peripheral
polyneuropathies

FABPS8 (also called as peripheral myelin protein 2) constitutes up to 15% of total myelin proteins
in peripheral nervous system [226-227]. Being localized at the major dense line of myelin
sheaths, FABP8 is considered a structural protein which may regulate myelin assembly and

turnover and stabilize the myelin membranes[227].

FABP8 is linked to autoimmune polyneuropathies. FABP8 fragments induce infammatory
demyelination in experimental allergic neuritis [227-228]. Consistently, antibodies against
FABP8 have been detected in Guillain- Barre® syndrome [227, 229-230]. FABPS is also involved
in the immune responses in chronic inflammatory demyelinating polyradiculoneuropathy [227,

231-232].

FABP9: roles in maturation and apoptosis of male germ cells

FABP9 (also called as PERF15) is the male germ cell specific FABP. Expression of FABP9 is
increased from spermatocytes to spermatids with the peak in spermatid-derived residual
bodies (RB), suggesting functional roles in the last stages of germ cell differentiation [150].
FABP9 has a suggested role in regulation of apoptosis in germ cells [233]. FABP9 is upregulated
in the apoptotic germ cells. Consistently, FABP9 overexpressing mice, though fertile, show
increased apoptosis in elongated spermatids, and reduced population of sperms carrying the

transgene [234]. In addition, FABP9 shows increased phosphorylation during capacitation of
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sperm, suggesting it’s potential role in sperm maturation [235]. FABP9-KO male mice are fertile

but show sperm head abnormalities [236].

Scientific rational and outline of the thesis

The increasing body of evidence about significance of FABPs, some of which are reviewed in the
above, especially development of novel therapeutic strategy for treatment of diabetes and
atherosclerosis originated from series of studies on biological roles of FABP4 and FABPS,
highlight the necessity of exploring the biological significance of all members of FABP family in
their cells/tissues of expression especially when evidences regarding the association with some
diseases exist. Such studies should start from the very basic question about detailed expression

pattern and biological regulatory roles in normal and pathological conditions.

Brain is the most important and most complex organ of the body which is partially
isolated from the other organs by blood brain barrier. Although neuroscience has shaped a
remarkable body of life science research in the last decades, cellular and molecular basis of CNS
during normal development and pathological conditions is still poorly understood and

preventive or therapeutic strategies against CNS diseases are very limited.

FAs, especially LCFAs have and in particular PUFAs are major structural components of
the brain. 20% of brain dry weight is consisted of PUFAs such as docosahexanoic acid (DHA) and
arachidonic acid (AA). Several studies have provided evidence regarding preventive effects of
PUFAs balance against neuropsychiatric and neurodegenerative disorders. Lipid homeostasis is
critical in the brain which highlights the potential roles of FABPs in the brain. However, still little

is known about functional significance of FABPs in the brain.

FABP3, FABPS and FABP7 are known to be expressed in the brain. FABP7 seems to be
the most specific FABP for the brain, because brain is the main organ which expresses FABP7.
Several studies in recent years have provided evidence regarding expression and regulatory

roles of FABPs and their ligands during embryonic and postnatal brain development as well as
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associations with CNS diseases. FABP7 is abundant in developing brain and their expression

drastically decreases after birth toward weak levels in the adult[73].

Despite known associations between brain expressed FABPs, especially FABP7, with
several CNS diseases such as neuropsychiatric and neurodegenerative diseases, CNS neoplasms
and CNS injury and altered CSF levels of FABPs during various CNS pathologies, still identity of
FABP expressing cells in the adult brain and biological significance of FABPs under normal and

pathological conditions are poorly understood.

FABP7, the most specific FABP of the brain, is famous for its abundance in neural stem
cells and radial glia of the developing brain and its roles in embryonic neurogenesis. As it will be
described in the second chapter, in order to explore the association of FABP7 with adult CNS
diseases, we evaluated the involvement of FABP7 in reactive astrogliosis, a common hallmark of
most CNS pathologies which is considered a major component of the regenerative program in
the adult brain including dedifferentiation and proliferation of astroglia and upregulation of
genes abundant during brain development [237-239]. Using FABP7-KO mouse and a cortical
stab injury model, we identified the FABP7 expressing cells in the normal and injured cortex and
found the involvement of FABP7 in reactive gliosis and proliferation of reactive astrocytes.
Besides, using in vitro cell biological investigations, we found the regulatory roles of FABP7 on
proliferation and FA uptake in the astrocytes. In addition, our novel finding regarding the
expression of FABP7 in oligodendrocyte progenitor cells, prompted us to further study the
expression and functional significance of FABPs in the oligodendrocyte lineage, which will be
described in the third chapter. In vivo and in vitro assessments showed the reciprocal
expression of FABP7 and FABP5 in oligodendrocyte progenitors and mature oligodendrocytes
respectively, suggesting their roles in oligodendrogenesis, another component of the
regenerative program in the CNS. As a proof of concept, using embryonic neural stem cell
derived culture of oligodendrocyte lineage cells, we showed that FABP7 regulates proliferation
of oligodendrocyte progenitors and their early differentiation to oligedendrocytes while FABP5

regulates oligodendrocyte maturation.
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In addition to neurogenesis which occurs during development or in adult neurogenic
niches, reactive gliosis and oligodendrogenesis are important components of regenerative
program in the brain which are topics of great importance in the field of regenerative medicine
and attractive targets for molecular dissection by neuroscientists. While, involvement of FABPs
in neurogenesis has been already described, we for the first time show the involvement of

FABPs in reactive gliosis and oligodendrogenesis.

Our studies, described in the current thesis following publication of two articles, have
resulted in several novel important findings which highlight the biological significance of FABPs
in the biology of macroglia and their potential involvement in the pathophysiology of CNS
diseases, provide new insights toward significance of lipid metabolism in regenerative programs
of the brain, suggest several novel hypotheses which introduce FABPs as candidate diagnostic

and therapeutic targets for major CNS diseases and open several fields of study.
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CHAPTER 2

FABP7 expression in normal and stab injured cortex and it’s role in

astrocyte proliferation
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H, Yoshikawa T, Suzuki M, Owada Y (2011) FABP7 expression in normal and stab-injured brain

cortex and its role in astrocyte proliferation. Histochem Cell Biol 136:501-513



SUMMARY

Reactive gliosis, in which astrocytes as well as other types of glial cells undergo massive
proliferation, is a common hallmark of all brain pathologies and a part of brain regenerative
program. Brain-type fatty acid binding protein (FABP7) is abundantly expressed in neural stem
cells and astrocytes of developing brain, suggesting its role in differentiation and/or
proliferation of glial cells through regulation of lipid metabolism and/or signaling. However, the
role of FABP7 in proliferation of glial cells during reactive gliosis is unknown. In this study, we
examined the expression of FABP7 in mouse cortical stab injury model and also the phenotype
of FABP7-KO mice in glial cell proliferation. Western blotting showed that FABP7 expression
was increased significantly in the injured cortex compared with the contralateral side. By
immunohistochemistry, FABP7 was localized to GFAP" astrocytes (21% of FABP7" cells) and
NG2' oligodendrocyte progenitor cells (62%) in the normal cortex. In the injured cortex there
was no change in the population of FABP7'/NG2" cells, while there was a significant increase in
FABP7*/GFAP* cells. In the stab injured cortex of FABP7-KO mice there was decrease in the total
number of reactive astrocytes and in the number of BrdU" astrocytes compared with wild-type
mice. Primary cultured astrocytes from FABP7-KO mice also showed a significant decrease in
proliferation and omega-3 fatty acid incorporation compared with wild-type astrocytes. Overall,
these data suggest that FABP7 is involved in reactive astrogliosis and regulates the proliferation

of astrocytes by controlling cellular fatty acid homeostasis.
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INTRODUCTION

Polyunsaturated fatty acids (PUFAs} have important metabolic, structural and signal
transducing roles. PUFAs are abundant in the developing brain and are essential for normal
development of the brain. Several studies have suggested a negative correlation between
dietary consumption of PUFAs and risk of several neurodegenerative and neuropsychiatric
diseases such as multiple sclerosis [1-3], Parkinson disease [4], Alzheimer disease [5-6],
schizophrenia [7-8], depression, other psychotic and mood disorders and developmental
disorders like ADHD and autism [9-10]. Therapeutic effects of PUFAs have also been suggested
even in these diseases, and PUFA supplements are currently recommended to these patients as
alternative or complementary medicine [11-13]. Nevertheless, there is limited evidence to
support preventive and therapeutic effects of PUFAs [14-15].

Fatty acid binding proteins (FABPs) are intracellular low molecular weight (14-15 kDa)
polypeptides, and are key molecules in the uptake, transportation and storage of long chain
fatty acids and in mediating their signal transduction and gene regulation activities. Twelve
members ( 9 in mammals )} of the FABP family have been recognized so far, which are
differentially expressed in different organs, tissues and cell types. FABP7 (Brain-type FABP), a
strong binder of omega-3 PUFAs, is abundantly expressed in neural stem cells and astrocytes of
the developing brain, suggesting a role in glial cell differentiation and proliferation of glial cells
[16-17]. However, the functional significance of FABP7 expression in cortical astrocytes under
normal and pathological conditions remains unknown.

Reactive gliosis, whereby astrocytes and other types of glial cells undergo massive proliferation,
is a common hallmark of numerous brain pathologies. However, the underlying mechanisms of
gliosis are largely unknown. Reactive gliosis consists of a range of molecular and morphological
changes, especially in astrocytes, including cellular hypertrophy, alteration in molecular
expression, proliferation and scar formation. Several studies have shown that upon injury, post
mitotic mature astrocytes undergo dedifferentiation, upregulate molecules enriched in neural
stem /progenitor cells and become capable of self renewal and multipotency both in vitro and
in vivo[18-20]. Although several studies have shown that due to presence or absence of some

factors, reactive astrocytes fail to regenerate neurons in mammal brains, reactive astrogliosis is
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considered as a major component of regenerative program in the brain conserved across
species [21] and molecular dissection of reactive astrocytes has been an attractive target in
regenerative medicine. FABP7 is a well known marker of neural stem /progenitor cells in the
developing brain and a regulator of their proliferation [22]. However, involvement of FABP7 in

reactive astrogliosis is not known.

Recently, it was reported that docosahexaenoic acid (DHA), a ligand of FABP7, prevents
degradation of neurons and astrocytes following brain ischemia and spinal cord injury by
protection of neurons and astrocytes from cell degeneration [23], suggesting a role for FABP7 in
regulating CNS injury. In addition, there is an association of FABP7 with glioma [24-27]. This
suggests a role of FABP7 in reactive astrogliosis and astrocyte proliferation, considering the
similarities in molecular and cellular phenotypes between reactive astrocytes and glioma,
especially induced proliferation and upregulation of neural stem/progenitor markers.
Furthermore, while FABP7 is abundantly expressed in neural stem/progenitor cells during early
developmental stages [22], it might be also important in adult cortical progenitors, which share
some characteristics with neural stem cells.

In the present study, we examined the detailed localization of FABP7 in the normal and
stab injured brain cortex of adult mice and determined its role in astrocyte proliferation in vivo
and in vitro using FABP7 knockout (KO) mice [28]. We found that FABP7 regulated the
proliferative response of astrocytes to injury. Furthermore, we observed novel expression of

FABP7 in oligodendrocyte progenitor cells (OPCs).

MATERIALS AND METHODS
Animals

Three month-old male C57BL/6 mice (14 wild-type and 14 FABP7-KO) [28] were used for brain
cortex stab injury experiments. All experimental protocols were reviewed by the Ethics

Committee for Animal Experimentation of Yamaguchi University School of Medicine, and were
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performed according to the Guidelines for Animal Experimentation of the Yamaguchi University

School of Medicine and Under Law and Notification requirements of the Japanese Government.

Stab injury model

Animals were anesthetized (Isoflurane; Abbott, IL, USA) using a small animal anesthetizer

Fig. 2.1 Experimental design of stab injury.
a) Low m ication immunofluorescent micrograph s intact and stab-injured co

injury in the cerebral cortex. Scale

streptomycin, and further dissociated by trypsin treatment (0.25%) at 37 °C for 20 minutes.
Debris was removed by filtering through a 100 pum mesh, and the cell suspension was
centrifuged at 1000 rpm and 20 °C for 5 min. The supernatant was removed and the pellet was
resuspended in DMEM supplemented with 10% FBS, penicillin, streptomycin and amphotericin

B, and then seeded at a density of 2 x 10°cells per T25 flask. Cells were incubated in a 5 % CO,
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incubator at 37 °C until cells became confluent. The culture flasks were shaken on an orbital
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shaker (BR-40LF; TAITEC, Koshigaya, Japan) at 200 rpm and 37 °C for more than 14 h to detach
loosely attached microglia and OPCs from the astrocytic bed. Immediately after shaking, the
cells were washed three times with PBS and culture medium was refreshed. After 2-day
incubation in 5% CO; at 37 °C, flasks were washed with PBS for three times and treated with
trypsin /EDTA/PBS for 5 min at 37 °C. Trypsination was stopped by adding equal amount of
culture medium and cell suspension was centrifuged at 1000 rpm for 5 minutes at room
temperature. Supernatant was removed and pellet was resuspended in fresh medium. Cells
were seeded at a density of 1.5X10° cells/ml in 35mm or 10 cm dishes. The purity of astrocytes

was confirmed to be > 95 % by immunostaining.

For establishment of FABP7 stably over-expressing cells, the coding region of mouse
FABP7 gene was amplified by PCR and sub-cloned into the pcDNA3 mammalian expression
vector. The constructed expression vector (pcDNA3 for mock, pcDNA3/FABP7) was transfected
into NG108 cells (rodent neuroblastoma/glioma hybrid cells; a kind gift from Dr. K Fukunaga,
Tohoku University) using Lipofectamine 2000 (Invitrogen Co., Carlsbad, CA, USA) following the
manufacturer’s instructions, and the cells were selected for two weeks in culture media
supplemented with 0.5 mg/mL G418 (Sigma-Aldrich, St. Louis, MO, USA). The resistant clones
were harvested, and the over-expression of the gene and protein was confirmed by RT-PCR and

western blot analysis, respectively.
Immunohistochemistry

Animals were transcardially perfused with 4 % paraformaldehyde (PFA) in 0.1 M sodium
phosphate buffer (pH = 7.4). Brains were removed, post fixed in 4 % PFA (at least for 4 h) and
cryoprotected with graded sucrose (10 %, 20 %, and 30 %; each for approximately 10 h) at 4 °C,
and then stored at -80 °C. Brain samples were cut into serial coronal 12 - 14 pm thick sections
with 50-60 um intervals using a cryostat (Leica CM1850; Leica, Nussloch, Germany), and then
mounted onto glass slides. Sections were rehydrated in PBS containing 0.01% Tween20 (TPBS)
for 10 minutes, permeabilized with 0.3 % triton X-100 in PBS for 30 min, washed three times in
TPBS over 15 min and then blocked in 5 % skim milk in TPBS as blocking solution for 1 h at room

temperature. When using the antibody of mouse origin, we used M.O.M Kit (Vector
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Laboratories, Burlingame, CA, USA) for masking the endogenous Fc receptors. Sections were
incubated in combinations of the following primary antibodies for 16 h at 4 °C: rabbit anti-
FABP7 (0.5 ng/ml) [30], rabbit anti-NG2, guinea pig anti-NG2 and rabbit anti-PDGFR-a (1:1000,
1:50 and 1:1000 respectively, kindly provided by W. Stallcup, Burnham Institute,
www.burnham.org), rat anti-GFAP (1:200, Invitrogen), mouse anti-NeuN (1:100, Millipore,
Billerica, MA, USA), mouse anti-MAP2 (1:500, Sigma-Aldrich), rat anti-CD11b (1:50, Chemicon,
Temecula, CA, USA), mouse anti-BrdU (1:100, BD pharmingens, San Diego, CA, USA) (See Table
2.1}

Table2.1 List of primaryantibodies used in this study

Antibody Species Dilution  Referenceorvendor Targetcells

anti-FABP7  rabbit 0.5pg/ml  Owada,etal. 2006

anti-GFAP rat 1:200 Invitrogen astrocytes

anti-NG2 guineapig 1:50 W. Stallcup, Burnham institute® oligodendrocyte progenitor cells( OPCs)
anti-NG2 rabbit 1:1000 W. Stallcup, Burnham institute*  oligodendrocyte progenitor cells(OPCs)
anti-PDGFRat  rabbit 1:1000 W, Stallcup, Burnham institute * oligodendrocyte progenitorcells(OPCs)
anti-NeuN mouse 1:100 Millipore Neurans

anti-MAP2  mouse 1:500 Sigma Aldrich Neurons

anti-CD11b  rat 1:100 Chemicon Microglia

anti-BrdU mouse 1:100 BD Pharmingens Proliferating cells (S phase)

*http://www.burnham.org

After primary antibody incubation, sections were washed three times in TPBS for 30 min, and
incubated with combinations of the following secondary antibodies for 30 min at room
temperature: anti-rabbit 1gG-Alexa488, anti-rabbit IgG-Alexa 633, anti-mouse IgG-Alexa568,
anti-rat IgG-Alexa 568, and anti-guinea pig 1gG-Alexa 555 (1:1000 for all; Invitrogen Co.). 4', 6-
diamidino-2-phenylindole (DAPI) (0.5 pg/ml, Invitrogen Co.) was added as a nuclear marker.
When required, Zenon rabbit 1gG labeling reagents (Molecular probes, Invitrogen Co.) labeled
with Alexa Fluor 594 and Alexa Fluor 488 were used for double-staining of rabbit primary
antibodies. Slides were cover-slipped using Fluoromount (DBS, CA, USA). For negative controls
of the antibodies used in this study, we omitted the primary antibody reaction in the
immunohistochemical procedure, and confirmed the absence of the reaction under such
condition. Furthermore, for FABP7 antibody, the authenticity was confirmed by the complete

absence of the reaction in FABP7-KO mouse tissues/cells.
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BrdU uptake assay

For proliferation assay after stab injury, single intraperitoneal injection (100 mg/kg) of Brdu
(Sigma-Aldrich) was performed at 3 days after lesion (DPL3), and animals were sacrificed after 2
h (n=4 for wild-type, n=4 for FABP7-KO mice) or 4 days after injection (DPL7: n=4 for wild-type,
n=4 for FABP7-KO mice) [31]. For cultured astrocytes, BrdU (10 pM) was added to culture
medium at 3 days after seeding when the astrocytes reached a subconfluent state, and was
incubated for 5 h. BrdU" cells were visualized immunocytochemically using an anti-BrdU
antibody as described previously with slight modifications [31-32]. Briefly, cells were incubated
with 2 M HCI at room temperature for 30 min followed by washing twice with 0.1 M sodium
borate (pH = 8.5) over 10 min. After blocking with 5 % goat serum at room temperature for 30
min, they were incubated with mouse anti-BrdU antibody (1:100) at 4°C overnight, and
incubated with anti-mouse IgG-Alexa568 (1:1000) at room temperature for 1 h and then
counterstained with DAPI. After several washes with PBS, they were mounted and cover
slipped. Brain sections, were pretreated by microwave heating in citrate buffer (PH=6) at 96 °C
for 10 minutes followed by incubation in 2 N HCl at 37 °C for 11 min and stained as described

above.
Morphometric analysis

Sections were observed by a confocal laser scanning microscope (LSM510 META; Carl Zeiss,
Oberkochen, Germany) and images were obtained in a 0.1 mm?area (x 40 lens with 0.7 zoom,
317 x 317 pm), approximately 0.1 mm either lateral or medial to the edge of the lesion in the
gray matter of the cortex (mostly layers Ill and IV, where astrocyte population includes only
protoplasmic astrocytes) [33]. Corresponding areas in the contralateral cortex were also
imaged. For BrdU assessment, counts were performed in 0.4 mm?® areas (x 20 lens with 0.7

zoom, 635 x 635 um) from the edge of the lesion in both the lateral and medial sides (Fig. 2.2).
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Western Blot analysis

Mice were sacrificed 3 days after stab injury. The ipsilateral cortex containing the stab injury

ralateral

ostics, Mannheim, Germany). The lysates were el

polyacrylamide d immunoblotted onto Immobilon- membrane (Millipore). After

blocking with skim milk, membranes were incubated with rabbit anti-FABP7 antibody (0.125
pe/ml) [30] actin antibody (1:5000, Santa Cruz Biotech, Santa Cruz, CA, USA)
overnight at 4 °C followed by incubation with HRP conjugated goat anti-rabbit antibody

(1:1000, Chemicon) and goat anti-mouse antibody (1:1000, Chemicon). Detection of reactive

bands was performed using it {Amersham Pharmacia Biotech, Pi

[*H] thymidine incorporation assay

Primary cultured astrocytes were incubated in 24-well plates at the subconfluent status. The
cells were then incubated in fresh medium containing 10 % fetal calf serum and [*H]thymidine

(1 pCi per well; Amersham, Piscataway, NJ, USA) for 24 h at 37 °C. After incubation, the cells

ere (W)

three times with 1 ml of 10 % trichloroacetic acid and rinsed twice with 1 ml of absolute
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ethanol. The radioactivity contained on each filter was determined using a scintillation counter

(LSC-5100; Aloca, Tokyo, Japan).
Fatty acid incorporation assay

Primary cultured astrocytes were incubated in 12-well plates. A 0.1 pCi/ml of [**C] linoleic acid
or [*Cla-linolenic acid (Amersham Pharmacia Biotech) was added to confluent cultured
astrocytes. After incubation for 30-120 min, the cells were washed thoroughly with cold PBS
and lysed with 0.1 M NaOH. Radioactivity was measured using a PB-scintillation counter.

Radioactivity was normalized to the DNA content of the sample.
Cell titer assay

The cell titer was quantified using the CellTiter 96 Aqueous One Solution Cell Proliferation Assay
(Promega, Madison, WI, USA) according to the manufacturer's manual. Briefly, after seeding
the cells onto 96-well plates at the density of 1 x 10* cells/well, the coloring solution was added
to the culture media at each time point (0, 1, 2, 3, 4 and 5 days after seeding). Following
incubation for 2 h, chromogenic development was measured at 490 nm by spectrophotometer
(Beckman Coulter, Fullerton, CA,USA). The experiment was done in quadruplicate and the mean

value of optical density in each time point was calculated.
Statistical analysis

All data are shown as mean * SD. Two-tailed unpaired Student's t-test was performed using

Microsoft Excel. P values less than 0.05 were considered statistically significant.
RESULTS
Localization of FABP7 in normal cortex

In the normal (intact) cortex, FABP7" cells exhibiting several cellular processes were evenly
scattered throughout the cortex. In these cells, FABP7 immunopositive staining was observed in

the nuclei and cytoplasm (Fig. 2.3). The majority (62.7 + 6.3%, n=3) of the FABP7" cells were
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a-d) Immunofluorescence micrographs showing expression of FABP7 in OPCs and astrocytes. a)
Expression of FABP7 (green) in NG2" OPCs(red). b) Expression of FABP7 in OPCs confirmed by
colocalization of FABP7 (green) and PDGFRa (red). c¢) Expression of FABP7 (green) in GFAP*
H . p—— 2 A= . + oo - P T

STTITL a5l e, a) LoCdizdauon AL L5 (redaf 4a

(hliue)l Note that the iority-of B C 2 OPC ol Bar oran LOaA i oo
OPCs and GFAP™ astrocytes among total FABP7” cells. f) Bar graph showing the percentage of FABP7*
cells in NG2"OPCs and GFAP" astrocytes. Data in e, f are obtained from 0.1 mm? area. Scale bars= 20

pm.
positive for NG2 proteoglycan, a marker for oligodendrocyte progenitor cells (termed
polydendrocytes) [34] (Fig. 2.3 a, f).

Confirmation of FABP7" cells as OPCs was further performed by staining with PDGFRa, a specific
marker of OPCs [34-37] (Fig. 2.3 b). Furthermore, 97.1 + 2.5% of NG2* OPCs in the intact cortex
were FABP7' (Fig. 2.3 f). By contrast, 21.6 + 3.7% of FABP7" cells in the intact cortex were
GFAP” astrocytes (Fig. 2.3 c) and 82.4+10.6% of GFAP" astrocytes were FABP7', In the upper
layers near the dorsal surface of the cortex where GFAP" cells exhibit a higher population

density, thicker and less branched processes and more intensive expression of GFAP (also
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Fig. 2.4 Identification of FABP7 cells in the intact adult cortex.

a-d) Immunofluorescence micrograph showing that FABP7 is not expressed on neurons, microglia,
or a subpopulation of oligodendrocyte lineage cells. a) FABP7 (green) is not expressed on NeuN*
neurons (red). b) FABP7 (green) is not expressed on MAP2" neurons (red). c) FABP7 (green) is not
expressed on CD11b" microglia (red). Scale bars = 20 pm.

known as interlaminar astrocytes, [33]), GFAP" astrocytes comprised near half of all FABP7"

cells, with the remainder being NG2* OPCs (data not shown).

FABP7 was not colocalized with markers for neurons including NeuN (Fig. 2.4 a) and MAP2 (Fig.

this is the first time FABP7 has been shown on OPCs.

Localization of FABP7 in the stab injured cortex

ta rhanoec in evnreccinn nf EARDT aftor
1te Changes In expression o FAL / Ler

and the contralateral intact cortices were dissected f

expression was significantly increased in the injured cortex compared with the contralateral
side (Fig. 2.5 a). When assessed by immunohistochemistry, the population density of FABP7"
cells significantly increased (approximately 35%) compared with the intact cortex (Fig. 2.5 b-d;
28.8 £ 1.9 cells at DPL3, 29.1 + 1.3 cells at DPL7 vs. 19.1 + 1.4 cells in the intact cortex: p < 0.05

and p < 0.01, respectively) in a 0.1 mm” area (0.1 mm lateral or medial to the edge of injury).
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aseqa express

hypertrophy and increased population of FABP7" cells in the stab-injured cortex compared with
intact cortex. e) Image showing the location of stab injury in the cerebral cortex. Scale bars =
100 um (c,d). Data in b are obtained from 0.1 mm? area; DPL: days post lesion; *p<0.05, **p<0.01,
***1<0.001.

Tk

The number of P/FABP7 Viticantly increased in

number in the injured cortex (Fig. 2.6 g; 23.3 + 1.7 cells and 24.4 + 0.1 cells at DPL3 and DPL7
respectively vs. 4.1 + 0.5 cells in intact cortex in a 0.1 mm? area), indicating a role for FABP7 in

astrocyte proliferation.

vectively) in the stab-injured cortex co-expressed NG2 (Fig. 2.6 b, d).

he intact cortex, and
distinguished from NG2" pericytes in the stab-injured cortex as characterized by their specific
elongated morphology and their location around the vessels and close to the injury core.

Furthermore, these cells co-expressed PDGFRa (Fig. 2.6 c), indicative of OPCs rather than

the stab injured cortex compared with the intact cortex (21 + 1.1 and 19.1 + 2.1 cells/0.1 mm?
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Fig. 2.6 FABP7 expression in stab injured cortex.
a-d) Immunofluorescence micrographs showing expression of FABP7 in OPCs and astrocytes after
cortical stab injury. a) Intensive expression of FABP7 (green) in hypertrophied GFAP reactive

+

AD

el i b s
er stab injury confirn
\BP7 {green) in G s | ) )
majority of FABP7" cells in stab-injured cortex are astrocytes. e) Quantification of astrocytes and
OPCs yng FABP7™ ¢ tact and injured cor f) BP7" cel

t and injured

" OPCs in intact and injure

astrocytes is significantly increas
PDGFRa’ OPCs does not change. The increased population of NG2* cells may be due to expression of
NG2 in pericytes and activated microglia in stab-injured cortex which could not be excluded just by
their different morphology. Data in e-h are obtained from 0.1 mm?® area; DPL: days post lesion;
*p<0.05, **p<0.01, ¥***p<0.001. Scale bars= 20 pm.

at DPL3 and DPL7, respectively vs, 14 + 1.9 cells/0.1 mm? in the intact cortex; Fig. 2.6. h), the

total number of NG2'/FABP7" cells did not change (10.5 + 2.8 and 9.2 + 2.7 cells/0.1 mm? at

ed cortex (16.4 £ 0.8 and

/0.1 mm~© in the intact cortex;

Similar to the intact cortex, in the stab-injured cortex, FABP7 was not seen in neurons positive

for MAP2 or NeuN, or in microglia and/or monocyte derived cells positive for F4/80 or CD11b
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(data not shown).Based on these results, localization of FABP7" in mainly NG2" OPCs in the
intact cortex is changed into mainly GFAP" astrocytes in the stab-injured cortex, due to a
profound increase in population density of GFAP™ astrocytes. Taken together, these results
suggest an association between FABP7 and proliferation of reactive astrocytes after stab injury.

Role of FABP7 in proliferation of astrocytes after stab injury

For further evaluation of the role of FABP7 in proliferation of astrocytes, we examined whether
FABP7-deficient astrocytes showed an altered proliferation in response to stab injury. We
quantified the number of BrdU" astrocytes and the total population of astrocytes in the cortices
of wild-type and FABP7-KO mice after stab injury. BrdU was administered intraperitoneally to
wild-type and FABP7-KO mice at 3 days after cortical stab injury, and the number of BrdU"
astrocytes was examined immunohistochemically at 2 h (DPL3; n = 4 for each genotype) and 4
d (DPL7; n = 4 for each genotype) after administration (Fig. 2.7 a). In the contralateral side of
DPL3 and DPL7 brain cortices, a few cells (1-2 cells per section) were labeled with BrdU, and
these were PDGFRa’"/GFAP” cells, presumably proliferating OPCs (Fig. 2.7 b).

There was no differences in the total number of BrdU" cells (including blood derived
cells and activated microglia, reactive astrocytes, OPCs, pericytes and/or endothelial cells)
between the stab-injured cortex of wild-type and FABP7-KO mice at either time points (Fig. 2.8
f). The total number of BrdU" cells increased approximately 2-fold at DPL7, indicating that some
of the cells that were in S-phase at DPL3 proceeded to mitosis or reentered the cell cycle untill
DPL7. Moreover, it is possible that some cells may have proliferated several times resulting in
BrdU levels below the detectable limit.

At DPL3, there was no difference in the total number of BrdU*/GFAP* cells between
wild-type and FABP7-KO mice (8.6 * 2 cells/0.4 mm? in wild-type vs. 6.3 + 3 cells/0.4 mm? in
FABP7-KO) (Fig. 2.7 c, d, i), while at DPL7 there was a significant difference between two groups
(29.3 £5.7 cells/0.4 mm? in wild-type vs. 18.3 £ 0.5 cells/0.4 mm? in FABP7-KO, p < 0.05) (Fig.
2.7 e, f, i). Consistent with these data, the total number of GFAP" astrocytes was significantly
decreased in FABP7-KO mice at DPL7 (125.7 + 7.6 cells/0.4 mm”in wild-type vs. 106.7 + 5.5

2

cells/0.4 mm*® in FABP7-KO, p < 0.05,) (Fig. 2.7 g, Fig. 2.8 a-d). The proportion of BrdU*

astrocytes among the total astrocyte population also significantly decreased at DPL7 (25.67 +
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Fig. 2.7 Decreased proliferation of reactive astrocytes after cortical stab injury in FABP7-KO mice.
a) BrdU administration paradigm: single injection of BrdU was performed at 3 days after stab injury,

dno Mice \A 4

BrdU" (red) cells were detected in the intact cortex which were PDGFRa' (green) QPCs. c-f

Representative immunofluorescence micrographs showing BrdU™ (green) cells and GFAP* (red)
astrocytes in stab-injured cortex in wild-type and FABP7-KO mice at 3 and 7 days after stab injury.

Note the lower number of BrdU /GFAP™ astrocytes in FABP/-KO mice compared with wild-type mice,
di-
injured cortex of wild type and FABP7-KO mice. h) Bar graph showing the proportion of

BrdU"/GFAP" astrocytes among total GFAP” astrocytes in the stab-injured cortex of wild-type and
FABP7-KO mice. i) Bar graph quantifying the population density of BrdU* /GFAP* astrocytes in stab-

injured cortex of wild-type and FABP7-KO mice. Datain g, h, i are obtained from 0.4 mm~® area. DPL:




5.1% in wild-type vs. 17.55 + 1.5% in FABP7-KO, p < 0.05) (Fig. 2.7 h). These data show that

astrocyte proliferation is decreased in FABP7-KO after stab injury compared with wild-type,

suggesting a role of FABP7 in proliferation of astrocytes.

density of GF/ d) and BrdU" (green) cells = | cortes type and FABP7-KO mice
at 3 and 7 days after stab injury. Note the lower population of GFAP™ and GFAP*/BrdU" cells in the
FABP7-KO compared with wild-type mice, especially in DPL7. e) Bar graph showing the proportion of

4
(9]

of wild-type and FABP7-KO mice. Data in e, f are obtained from 0.4 mm® area. DPL: days post lesion.
Scale bars = 100 pm.
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Role of FABP7 in astrocyte proliferation in vitro

FABP7 was abundantly expressed in primary cultured astrocytes at gene and protein levels (Fig.

2.9 a, b), and in immunocytochemistry FABP7 was predominantly localized to the cell nuclei of

cultured astrocytes (Fig. 2.9 ).
a b

-xpression of FABP7 in the mouse primary cultured astrocytes.

) Western blotting

b), expression of

B-actin was shown as an internal control In b)_expression of GEAP was shown a5 g reference o)
Immunofluorescence micrographs showing the localization of FABP7 in primary cultured astrocytes.
FABP7 (green) was predominantly localized to the nuclei of GFAP" astrocytes (red). Cell nuclei were
stained with DAPI (blue). Scale bars =20 um.

in subconfluent primary cultured astrocytes from wild-type and FAB
) labeling inc proportion of BrdU™ astrocytes among all astrocytes
decreased (by approximately 30%, p<0.05) in FABP7-KO astrocytes compared with wild-type
(Fig. 2.10 ¢, d, e). Similarly, the uptake of *H-thymidine in FABP7-KO astrocytes was significantly

decreased (by approximately 20%, p<0.05) compared to wild-type (Fig. 2.10 f).

2.10 a, b). These data further confirm the role of FABP7 in astrocyte proliferation.
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Next, we transfected FABP7 into NG108 cells, neuroblastoma and glioma hybrid cells, which

show no endogenous FABP7 expression (Fig. 2.11 a). There was a significant increase in the

proliferation of FABP7 transfected cells compared with mock transfected cells (Fig. 2.11 b).

Fig. 2.10 Decreased proliferation in primary cultured FABP7-KO astrocytes.
a, b) Representative phase contrast images of primary astrocyte cultures from wild-type and FABP7

vo_after na

FABP7-KO astrocytes were not confluent. ¢, d) Representative immunofluorescence micrographs
showing BrdU uptake in primary astrocyte culture from wild-type and FABP7-KO mice. Note to lower

*p<0.05; Scale bars = 100 pm.
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Fig. 2.11 Role of FABP7 in controlling cell proliferation.
a,b) Increased proliferation of NG108 cells after b
overexpression of FABP7. e) Western blotting and PCR
showing the increased expression of FABP7 in NG108
cells transfected with FABP7 gene (clone B6) compared
with control (mock transfected cells). f} Numbers of
FABP7-overexpressing cells (B6) increased significantly
faster than mock-transfected cells (mock/NG108) in cell
titer assay. p<0.01.
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We also evaluated the uptake of a-linolenic acid (1gCs, n-3) and linoleic acid (;gCs, n-6)
in FABP7-KO astrocytes. There was a decrease in incorporation of a-linolenic acid (33C3, n-3) in
FABP7-KO astrocytes (p<0.05; Fig. 2.12 a), while no difference was observed in that of linoleic
acid (18Cy, n-6) (Fig. 2.12 b). Taken together these data suggest that FABP7 is involved in the

proliferation of astrocytes by controlling fatty acid homeostasis (metabolism/signal

transduction).

uptake of a-linolenic acid (18C3 n-3) b uptake of linoleic acid (18C3 n-6)
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B WT E FABP7-KO

Fig. 2.12 Decreased n-3 fatty acid incorporation in primary cultured FABP7-KO astrocytes.

a, b) Bar graphs showing incorporation of n-3 (a) and n-6 (b) fatty acids in wild-type and FABP7-KO
cultured astrocytes. *p<0.05.
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DISCUSSION

FABP7 is abundantly expressed in neural stem cells and radial glia of the developing brain, and
has been associated with a number of brain diseases including psychotic disorders [16-17] or
brain tumors [24-27). However, the underlying mechanisms of the actions of FABP7 are poorly
understood, particularly in the adult brain under normal and pathologic conditions. Herein, we
identified FABP7 expressing cells in the adult mouse cortex as both oligodendrocyte progenitor
cells and astrocytes, and found that FABP7 expression was markedly increased in the astrocytes
after cortical injury. Furthermore, we examined the phenotype of FABP7-KO mice after cortical
stab injury to study the role of FABP7 in gliosis, and found that FABP7 played a critical role in
regulating astrocytes proliferation in vivo.

Decreased proliferation of reactive astrocytes in FABP7-KO mice is one of the main
findings in this study. We previously reported that FABP7 was substantially expressed by GFAP"
astrocytes in the cortex of early postnatal developing brain [16-17], and that the number of
GFAP” cells (neural stem cells and early progenitors) and total BrdU uptake were decreased in
the hippocampal dentate gyrus of the FABP7-KO mice at postnatal 4 weeks [38]. Our present
finding suggests that in addition to regulating the proliferation of neural stem / progenitor cells
in early developmental stages, FABP7 is also involved in reactive astrogliosis as a major
component of regenerative program in the adult brain. Although the proliferation of astrocytes
in reactive gliosis and normal developing brain may partly differ in mechanism, they may have
some common features, as reactive astrocytes undergo partial dedifferentiation and
upregulation of neural stem cell markers such as nestin and vimentin [39] and restore the
ability of self renewal and multipotency[18-20]. However, no significant difference in the
astrocyte population was detected in the normal adult cortex between wild type and FABP7-KO
mice in this study (not shown). One possible explanation is that the cellular demand of fatty
acids was developmentally compensated in the FABP7-KO brain by the redundant molecule
such as FABP5, another FABP expressed weakly in the astrocytes, while the dramatic increase in
the fatty acid requirement for astrocyte proliferation during reactive gliosis, possibly for rapid
remodeling of membrane lipid, was not fully covered. Another possibility is that the mechanism

by which FABP7 controls astrocyte biology under pathological condition (gliosis process) is
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partly distinct from that in the normal brain development. However, this study demonstrated
that the primary cultured FABP7-KO astrocytes showed the decrease in proliferation and the
late confluency, suggesting that FABP7-KO mice may reach to the normal population of
astrocytes in the in vivo cortex later than wild type mice. This hypothesis should be further
examined through careful quantification of cortical astrocytes in different developmental
stages in FABP7-KO mice.

Primary cultured astrocytes from FABP7-KO mice showed a decrease in proliferation
and a decrease in the cellular uptake of a-linolenic acid (15Cs, n-3), while there was no decrease
in that of linoleic acid (15C;, n-6). These data are consistent with the previous finding that FABP7
binds to n-3 PUFAs with high affinity [40], suggesting that FABP7 is involved in proliferation of
astrocytes by controlling fatty acid homeostasis (metabolism/signal transduction). Although the
role of n-3 PUFA in the astrocyte proliferation remains unknown, Tian et al. (2011) recently
reported that dietary supplementation of the female mice during pregnancy and lactation
period with n-3 PUFA results in increased numbers of GFAP' astrocytes and increased
expression of PPARY in the developing brain [41] . Champeil et al. (2004) reported an increased
proliferation of primary cultured astrocytes supplemented with DHA by assessing DNA
concentration. They also found an increased n-3 PUFAs and DHA composition of membrane
phospholipids in astrocytes after supplementation with DHA [42]. Although the molecular
mechanism by which FABP7 regulates astrocyte proliferation remains to be studied, it has been
recently shown that transfection of FABP7 in FABP7 U87 cells (malignant glioma cell line)
causes increased expression of growth factors such as FGF2 [43], which is known to promote
astrocyte proliferation [44-46]. The same group also reported the morphological difference
between FABP7" and FABP7 U87 cells [47], in contrast that we did not notice any difference in
the morphology of cortical astrocytes in the adult brain [28] and in the primary cultured
astrocytes between wild type and FABP7-KO mice. Although the immortalized glioma cells and
astrocytes are distinct in their biological characteristics, it is crucial and interesting to measure
the expression levels of growth factors in the FABP7-KO astrocytes, and further to examine
whether decreased proliferation of reactive astrocytes in FABP7-KO mice has any impact on

neuronal outcome including neuronal survival and/or regeneration after the brain damage.
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We found that the major population of FABP7" cells in the adult cortex was OPCs.
OPCs are distributed throughout the grey and white matter and are the most prevalent cycling
progenitors in the adult CNS [48-50]. OPCs are functionally and antigenically distinct from
neurons, mature oligodendrocytes, astrocytes and microglia, and as such, are regarded as the
fourth major glial population [34]. Several studies have reported that OPCs generate
oligodendrocytes in the developing and mature CNS [34, 50] and that OPCs respond by
proliferating, migrating, and differentiating into myelinating oligodendrocytes following
demyelination [51-56]. This novel finding opens a new field of study regarding expression and
biological roles of FABPs in oligodendrocyte lineage which will be described in the next chapter.

In contrast to several previous studies that reported increased number of OPCs after
stab injury [29, 50, 57-61], we did not detect any significant changes in OPC numbers between
normal and stab-injured cortex. This discrepancy can be partly explained by different sizes of
the observation area and its distance from the edge of the injury as well as the different
markers used for OPC labeling. Previous reports used mainly NG2 for identification of OPCs,
which is also expressed by pericytes and activated microglia, in the injured cortex. In this study,
quantification of OPC in the stab-injured cortex was confirmed by using PDGFRa positivities as
the most specific marker for OPCs, combined with co-expression of NG2 and FABP7.
Interestingly, Hompton et al. (2004) showed that the total number of PDGFRa" cells remained
constant after injury, while the number of NG2" cells increased [58]. These results were,
however, explained by proposing a NG2'/PDGFRa’ subpopulation of OPCs, which is not

consistent with the current understanding of the antigenic characteristics of OPCs.

REFERENCES

1. Swank, R.L., et al., Multiple sclerosis in rural Norway its geographic and occupational incidence in
relation to nutrition. N Engl ) Med, 1952. 246(19): p. 722-8.

2. Esparza, M.L., S. Sasaki, and H. Kesteloot, Nutrition, latitude, and multiple sclerosis mortality: an
ecologic study. Am J Epidemiol, 1995. 142(7): p. 733-7.

3. Lauer, K., The risk of multiple sclerosis in the U.S.A. in relation to sociogeographic features: a
factor-analytic study. J Clin Epidemiol, 1994. 47(1): p. 43-8.

4. de Lau, L.M,, et al., Dietary fatty acids and the risk of Parkinson disease: the Rotterdam study.

Neurology, 2005. 64(12): p. 2040-5.

58



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Barberger-Gateau, P., et al., Fish, meat, and risk of dementia: cohort study. BMJ, 2002.
325(7370): p. 932-3.

Morris, M.C., et al., Consumption of fish and n-3 fatty acids and risk of incident Alzheimer
disease. Arch Neurol, 2003. 60(7): p. 940-6.

Fedorova, |., et al., Deficit in prepulse inhibition in mice caused by dietary n-3 fotty acid
deficiency. Behav Neurosci, 2009. 123(6): p. 1218-25.

Amminger, G.P., et al.,, Long-chain omega-3 fatty acids for indicated prevention of psychotic
disorders: a randomized, placebo-controlled trial. Arch Gen Psychiatry, 2010. 67(2): p. 146-54.
Muskiet, F.A. and R.F. Kemperman, Folate and long-chain polyunsaturated fatty acids in
psychiatric disease. J Nutr Biochem, 2006. 17(11}): p. 717-27.

Hedelin, M., et al., Dietary intake of fish, omega-3, omega-6 polyunsaturated fatty acids and
vitamin D and the prevalence of psychotic-like symptoms in a cohort of 33,000 women from the
general population. BMC Psychiatry, 2010. 10: p. 38.

Peet, M., et al., Two double-blind placebo-controlled pilot studies of eicosapentaenoic acid in the
treatment of schizophrenia. Schizophr Res, 2001. 49(3): p. 243-51.

Nordvik, I., et al., Effect of dietary advice and n-3 supplementation in newly diagnosed MS
patients. Acta Neurol Scand, 2000. 102(3): p. 143-9.

Weinstock-Guttman, B., et al, Low fat dietary intervention with omega-3 fatty acid
supplementation in multiple sclerosis patients. Prostaglandins Leukot Essent Fatty Acids, 2005,
73(5): p. 397-404.

Ross, B.M., J. Seguin, and L.E. Sieswerda, Omega-3 fatty acids as treatments for mental iliness:
which disorder and which fatty acid? Lipids Health Dis, 2007. 6: p. 21.

Mehta, L.R., R.H. Dworkin, and S.R. Schwid, Polyunsaturated fatty acids and their potential
therapeutic role in multiple sclerosis. Nat Clin Pract Neurol, 2009. 5(2): p. 82-92.

Owada, Y., T. Yoshimoto, and H. Kondo, Spatio-temporally differential expression of genes for
three members of fatty acid binding proteins in developing and mature rat brains. ) Chem
Neuroanat, 1996. 12(2): p. 113-22.

Maekawa, M., Y. Owada, and T. Yoshikawa, Rofe of polyunsaturated fatty acids and fatty acid
binding protein in the pathogenesis of schizophrenia. Curr Pharm Des, 2011. 17(2): p. 168-75.
Buffo, A., et al., Origin and progeny of reactive gliosis: A source of multipotent cells in the injured
brain. Proc Natl Acad Sci U S A, 2008. 105(9): p. 3581-6.

Shimada, 1.5, et al., Self-renewal and differentiation of reactive astrocyte-derived neural
stem/progenitor cells isolated from the cortical peri-infarct area after stroke. ) Neurosci, 2012.
32(23): p. 7926-40.

Sirko, S., et al., Reactive glia in the injured brain acquire stem cell properties in response to sonic
hedgehog. [corrected]. Cell Stem Cell, 2013. 12(4): p. 426-39.

Baumgart, E.V., et al., Stab wound injury of the zebrafish telencephalon: a model for comparative
analysis of reactive gliosis. Glia, 2012. 60(3): p. 343-57.

Arai, Y., et al., Role of Fabp7, a downstream gene of Paxé, in the maintenance of neuroepithelial
cells during early embryonic development of the rat cortex. ] Neurosci, 2005. 25(42): p. 9752-61.
Belayev, L., et al., Docosahexaenoic Acid Therapy of Experimental ischemic Stroke. Transl Stroke
Res, 2011. 2(1): p. 33-41.

Godbout, R., et al., Correlation of B-FABP and GFAP expression in malignant glioma. Oncogene,
1998. 16(15): p. 1955-62.

Tso, C.L., et al,, Primary glioblastomas express mesenchymal stem-like properties. Mol Cancer
Res, 2006. 4(9): p. 607-19.

Liang, Y., et al., Gene expression profiling reveals molecularly and clinically distinct subtypes of
glioblastoma multiforme. Proc Natl Acad Sci U S A, 2005. 102(16): p. 5814-9.

59



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39,

40.

41.

42,

43.

44,

45.

46.

47.

48.

Kaloshi, G., et al., FABP7 expression in glioblastomas: relation to prognosis, invasion and EGFR
status. ) Neurooncol, 2007. 84(3): p. 245-8.

Owada, Y., et al., Altered emotional behavioral responses in mice lacking brain-type fatty acid-
binding protein gene. Eur J Neurosci, 2006. 24(1): p. 175-87.

Buffo, A., et al., Expression pattern of the transcription factor Olig2 in response to brain injuries:
implications for neuronal repair. Proc Natl Acad Sci U S A, 2005. 102(50): p. 18183-8.
Abdelwahab, S.A., et al., Localization of brain-type fatty acid-binding protein in Kupffer cells of
mice and its transient decrease in response to lipopolysaccharide. Histochem Cell Biol, 2003.
119(6): p. 469-75.

White, B.D., et al., Beta-catenin signaling increases in proliferating NG2+ progenitors and
astrocytes during post-traumatic gliogenesis in the adult brain. Stem Cells, 2010. 28(2): p. 297-
307.

Yang, H., et al., De-differentiation response of cultured astrocytes to injury induced by scratch or
conditioned culture medium of scratch-insulted astrocytes. Cell Mol Neurobiol, 2009. 29(4): p.
455-73.

Nag, S., Morphology and properties of astrocytes. Methods Mol Biol, 2011. 686: p. 69-100.
Nishiyama, A., et al., Polydendrocytes (NG2 cells): multifunctional cells with lineage plasticity.
Nat Rev Neurosci, 2009. 10{1): p. 9-22.

Zhu, L., et al,, Induced NG2 expressing microglia in the facial motor nucleus after facial nerve
axotomy. Neuroscience, 2010. 166(3): p. 842-51.

Gao, Q., et al., NG2, a member of chondroitin sulfate proteoglycans family mediates the
inflammatory response of activated microglio. Neuroscience, 2010. 165(2): p. 386-94.

Ozerdem, U., et al., NG2 proteoglycan is expressed exclusively by mural cells during vascular
morphogenesis. Dev Dyn, 2001. 222(2): p. 218-27.

Watanabe, A., et al., Fabp7 maps to a quantitative trait locus for a schizophrenia
endophenotype. PLoS Biol, 2007. 5(11): p. e297.

Sofroniew, M.V., Molecular dissection of reactive astrogliosis and glial scar formation. Trends
Neurosci, 2009. 32(12): p. 638-47.

Balendiran, G.K,, et al., Crystal structure and thermodynamic analysis of human brain fatty acid-
binding protein. J Biol Chem, 2000. 275(35): p. 27045-54.

Tian, C., et al., Brain histological changes in young mice submitted to diets with different ratios of
n-6/n-3 polyunsaturated fatty acids during maternal pregnancy and lactation. Clin Nutr, 2011.
Champeil-Potokar, G., et al., Astrocytes in culture require docosahexaenoic acid to restore the n-
3/n-6 polyunsaturated fatty acid balance in their membrane phospholipids. ) Neurosci Res, 2004.
75(1): p. 96-106.

Kipp, M., et al., BLBP-expression in astrocytes during experimental demyelination and in human
multiple sclerosis lesions. Brain Behav Immun, 2011.

Stachowiak, M.K,, et al., Growth factor regulation of cell growth and proliferation in the nervous
system. A new intracrine nuclear mechanism. Mol Neurobiol, 1997. 15(3): p. 257-83.

Joy, A., et al,, Nuclear accumulation of FGF-2 is associated with proliferation of human astrocytes
and glioma cells. Oncogene, 1997. 14(2): p. 171-83.

Gomez-Pinilla, F., L. Vu, and C.W. Cotman, Regulation of astrocyte proliferation by FGF-2 and
heparan sulfate in vivo. J Neurosci, 1995. 15(3 Pt 1): p. 2021-9.

Mita, R., et al., B-FABP-expressing radial glial cells: the malignant glioma cell of origin?
Neoplasia, 2007. 9(9): p. 734-44,

Dawson, M.R., et al., NG2-expressing glial progenitor cells: an abundant and widespread
population of cycling cells in the adult rat CNS. Mol Cell Neurosci, 2003. 24(2): p. 476-88.

60



49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Geha, S., et al., NG2+/0lig2+ cells are the major cycle-related cell population of the adult human
normal brain. Brain Pathol, 2010. 20(2): p. 399-411.

Simon, C., M. Gotz, and L. Dimou, Progenitors in the adult cerebral cortex: Cell cycle properties
and regulation by physiological stimuli and injury. Glia, 2011. 59(6): p. 869-81.

Levine, .M., R. Reynolds, and J.W. Fawcett, The oligodendrocyte precursor cell in health and
disease. Trends Neurosci, 2001. 24(1): p. 39-47.

Levine, J.M. and R. Reynolds, Activation and proliferation of endogenous oligodendrocyte
precursor cells during ethidium bromide-induced demyelination. Exp Neurol, 1999. 160(2): p.
333-47.

Islam, M.S., et al, Olig2-expressing progenitor cells preferentially differentiate into
oligodendrocytes in cuprizone-induced demyelinated lesions. Neurochem Int, 2009, 54(3-4): p.
192-8.

Franklin, R.)., Why does remyelination fail in multiple sclerosis? Nat Rev Neurosci, 2002. 3(9): p.
705-14.

Franklin, R.J., C. Zhao, and F.J. Sim, Ageing and CNS remyelination. Neuroreport, 2002. 13(7): p.
923-8.

Watanabe, M., Y. Toyama, and A. Nishiyama, Differentiation of proliferated NG2-positive glial
progenitor cells in a remyelinating lesion. ) Neurosci Res, 2002. 69(6): p. 826-36.

Rhodes, K.E., G. Raivich, and J.W. Fawcett, The injury response of oligodendrocyte precursor cells
is induced by platelets, macrophages and inflammation-associated cytokines. Neuroscience,
2006. 140(1): p. 87-100.

Hampton, D.W., et al., The responses of oligodendrocyte precursor cells, astrocytes and microglia
to a cortical stab injury, in the brain. Neuroscience, 2004. 127(4): p. 813-20.

Levine, .M., Increased expression of the NG2 chondroitin-sulfate proteoglycan after brain injury.
J Neurosci, 1994. 14(8): p. 4716-30.

McTigue, D.M., P. Wei, and B.T. Stokes, Proliferation of NG2-positive cells and altered
oligodendrocyte numbers in the contused rat spinal cord. ) Neurosci, 2001. 21(10): p. 3392-400.
Alonso, G., NG2 proteoglycan-expressing cells of the adult rat brain: possible involvement in the
formation of glial scar astrocytes following stab wound. Glia, 2005. 49(3): p. 318-38.

61



Chapter 3

Differential expression and regulatory roles of FABP5 and FABP7 in

oligodendrocyte lineage cells
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SUMMARY

Fatty acid binding proteins (FABPs) are key intracellular molecules involved in the uptake,
transportation, and storage of fatty acids and in the mediation of signal transduction and gene
transcription. However, little is known regarding their expression and function in the
oligodendrocyte lineage. In this study, we evaluated the in vivo and in vitro expression of FABPS
and FABP7 in the oligodendrocyte lineage cells in the cortex and corpus callosum of adult mice,
mixed cortical culture, and oligosphere culture by immunofluorescent counter-staining with
major oligodendrocyte lineage markers. In all settings, FABP7 expression was detected in
NG2°/PDGFRa’ oligodendrocyte progenitor cells (OPCs) that did not express FABP5. FABP5 was
detected in mature CC1'/MBP" oligodendrocytes that did not express FABP7. Analysis of
cultured OPCs showed a significant decrease in the population of FABP7-knockout (KO) OPCs
and their BrdU uptake compared with wild-type (WT) OPCs. Upon incubation of OPCs in
oligodendrocyte differentiation medium, a significantly lower percentage of FABP7-KO OPCs
differentiated into 04" oligodendrocytes. The percentage of mature MBP* oligodendrocytes
relative to whole 04"/MBP” oligodendrocytes was significantly lower in FABP7-KO and FABP5-KO
than WT cell populations. The percentage of terminally mature oligodendrocytes with
membrane sheet morphology was significantly lower in FABP5-KO compared with WT cell
populations. QOur data show that FABP7 and FABPS are differentially expressed in
oligodendrocyte lineage cells and regulate their proliferation and/or differentiation. These
findings suggest the involvement of FABP7 and FABPS5 in the pathophysiology of demyelinating
disorders, neuropsychiatric disorders, and glioma, conditions in which OPCs/oligodendrocytes

play central roles.
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INTRODUCTION
Oligodendrocyte lineage cells have critical roles in normal development and function of the
brain and are major players in the pathophysiology of various central nervous system (CNS)
diseases, including demyelinating disorders, neuropsychiatric disorders, and glioma.
Differentiation of oligodendrocyte progenitor cells (OPCs) into mature myelinating
oligodendrocytes is a complex and still poorly understood process which may be regulated by
several intrinsic factors as well as interactions with other neural cell types [1]. Furthermore,
following demyelination, OPCs respond by proliferating, migrating, and differentiating into
myelinating oligodendrocytes. Failure of this response, also known as "spontaneous
remyelination", is critical in the pathophysiology of demyelinating disorders such as multiple
sclerosis [2-3]. Identifying the factors which regulate myelination and spontaneous
remyelination together with the OPC transplantation are major strategies toward developing
treatments for demyelinating disorders such as leukodystrophies and multiple sclerosis. In
addition to demyelinating disorders, the significance of oligodendrocyte biology is increasing in
the pathophysiology of schizophrenia [4-5] and glioma [6-7].

Fatty acid binding proteins (FABPs) are intracellular chaperones that mediate the
uptake, transportation, storage, and signal transduction of long-chain fatty acids. Among the 12
identified members of the FABP family which show high tissue/cell type specificity and different
ligand affinity, FABP3, FABP5, and FABP7 are expressed in the brain [8-9]. While FABP3
expression is restricted to neurons, FABP7 and FABP5 are known to be abundantly expressed in
neural stem cells and radial glia of the developing brain, suggesting their roles in the
proliferation and differentiation of glial cells [8]. FABP7 is well known to be involved in the
pathophysiology of schizophrenia [10-11] and glioma [12]. Studies in rats have shown that in
vitro and in vivo supplementation with n-3 poly unsaturated fatty acids (PUFAs) enhances
oligodendrocyte differentiation and expression of myelin proteins [13-14]. Despite the
increasing body of evidence regarding the significance of lipid homeostasis in oligodendrocyte
lineage, little is known about expression and importance of FABPs in this lineage.

During our studies on role of FABPs in pathophysiology of CNS diseases, we for the first

time detected the expression of FABP7 in OPCs [15], which prompted us for a comprehensive
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study on FABPs expression and significance in oligodendrocyte lineage. In this study, we
examined the expression of FABPs in the oligodendrocyte lineage in the cerebral cortex and
corpus callosum of adult mice and in primary cultured oligodendrocyte lineage cells in mixed
cortical culture as well as oligosphere culture by immunofluorescent counter-staining with
different markers of oligodendrocyte lineage. Furthermore, we explored the roles of FABPs in
the oligodendrocyte lineage by evaluating the phenotype of cultured oligodendrocyte lineage

cells from FABP5-KO and FABP7-KO mice.

MATERIALS AND METHODS

Animals

Twelve-week-old male C57BL/6 mice (FABP7-KO, FABP5-KO, and their wild-type [WT] littermates
[10, 16]) were used for immunohistochemical analysis. Embryonic day 14.5 (E14.5) and
postnatal day 2-4 (P2-P4) mice from each genotype were used for cell culture. All experimental
protocols were reviewed by the Ethics Committee for Animal Experimentation of the Yamaguchi
University School of Medicine and were performed according to the Guidelines for Animal
Experimentation of the Yamaguchi University School of Medicine and under the law and

notification requirements of the Japanese Government.

Immunostaining

For immunohistochemical analysis, the mice were transcardially perfused with 4%
paraformaldehyde (PFA) in 0.1 M sodium phosphate buffer (pH=7.4). Brains were removed,
postfixed in 4 % PFA (for at least 4 h) and cryoprotected using graded sucrose (10 %, 20 %, and
30 %; each for approximately 10 h) at 4°C, and then stored at —80°C. Brain samples were cut into
serial coronal 12-14 pum thick sections (Bregma -1.5~-2.0 mm) at 50-60 um intervals by using a
cryostat (Leica CM1850; Leica, Nussloch, Germany), and then mounted onto glass slides. The
sections were rehydrated in Tween containing phosphate-buffered saline (TPBS) for 10 min,
permeabilized with 0.3% Triton X-100 in PBS for 30 min, washed 3 times in TPBS over 15 min,

and blocked in 5% skim milk in TPBS for 1 h at room temperature. The sections were incubated
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with combinations of the following primary antibodies for 16 h at 4°C: rabbit anti-FABP7 (0.5
pg/mL) [10], rabbit anti-FABP5 (0.5 pug/mL} [10], rabbit anti-NG2, guinea pig anti-NG2, and
rabbit anti-PDGFR-a (1:1000, 1:50, and 1:1000, respectively; kindly provided by W. Stallcup,
Burnham Institute, www.burnham.org), rat anti-PDGFR-a (1:500, eBioscience), mouse anti-olig2
(1:500, Millipore) and mouse anti-CC1 (1:50, Calbiochem) (Table 3.1). For identification of
oligodendrocytes, CC1 immunoreaction localized in the cell body with round or oval

morphology was considered [17].

Table 3.1 List of primary antibodies used in this study

Antibody Species Dilution  Reference or vendor Target cells

anti-FABP7 rabbit 0.5ug/ml  Owada et al., 2006

anti-FABP5S rabbit 0.5pug/ml  Owada et al., 2006

anti-NG2 guinea pig 1:50 W. Stallcup, Burnham institute*  oligodendrocyte progenitor cells( OPCs)

anti-NG2 rabbit 1:1000 W, Stallcup, Burnham institute*  oligodendrocyte progenitor cells(OPCs)

anti-PDGFRa rabbit 1:1000  W.Stallcup, Burnham institute *  oligodendrocyte progenitor cells(OPCs)

anti-PDGFRa rat 1:500 eBioscience oligodendrocyte progenitor cells(OPCs)

anti-Olig2 mouse 1:500 Millipore whole oligodendrocyte lineage cells

anti-04 mouse 1:200 Millipore immature and mature oligodendrocytes

anti-CC1 mouse 1:50 Calbiochem mature oligodenrocytes

anti-MBP rat 1:200 abcam mature oligodenrocytes

anti-BrdU mouse 1:100 BD Pharmingens proliferating cells (S phase)

anti-Sox2 Rabbit 1:100 Millipore Neural stem/progenitor cells

anti-caspase3 (ASP175) Rabbit 1:400 Cell signalling Apoptotic cells
*http://www.bumham.org

For immunocytochemical analysis, cultured cells were fixed with 4 % PFA for 20 min at
room temperature and washed 3 times with cold D-PBS. For BrdU staining, cells were incubated
with 2 M HCI for 30 min at room temperature followed by twice washing with 0.1 M sodium
borate (pH = 8.5) over 10 min. After blocking with 5 % goat serum in PBS for 20 min, the cells
were incubated with combinations of the primary antibodies (Table 3.1) overnight at 4 °C.

Following incubation with primary antibodies, sections or cells were washed three
times in TPBS or D-PBS, respectively, for 30 min and incubated with suitable combinations of the
following secondary antibodies for 30 min at room temperature: anti-rabbit 1gG-Alexa 488,
anti-rabbit 1gG-Alexa 568, anti-rabbit IgG-Alexa 633, anti-mouse IgG-Alexa 568, anti-mouse IgG-
Alexa 488, anti-mouse IgM-Alexa 568, anti-rat IgG-Alexa 568, anti-rat IgG-Alexa 488, and
anti-guinea pig IgG-Alexa 555 (1:1000 for all; Invitrogen). 4', 6-diamidino-2-phenylindole (DAPI)

(0.5 pg/ml, Invitrogen) was added as a nuclear marker. Slides were cover-slipped using
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Fluoromount (DBS). Brains and/or cultured cells from FABP5-KO and FABP7-KO mice were used
as negative controls for the FABPS and FABP7 immunoreaction, respectively. Images were
obtained by using a confocal laser scanning microscope (LSM510 META; Carl Zeiss, Oberkochen,
Germany). For in vivo quantification of FABPs expression among oligodendrocyte lineage cells,
images from brain sections (n=3; 3-4 sections per sample; 1 image per section) were taken from

the cortex (20x, 0.4 mm?; 200pum from the midline) and medial corpus callosum (20x, 0.2 mm?).

Primary culture of oligodendrocyte lineage cells (mixed cortical culture)

Primary OPC culture was performed as described previously [18]. The cerebral cortices of P2—P4

() anmd FARP7_-KO) vweore Aicear-tad nrd tha monir sres Frarofiillvy ramasved
(O, and FABP7-KO) were dissected, and the meninges were carefully removed.

Tissues were cut into small pieces in SMEM medium (Gibco, 11380), and further dissociated by

trypsin treatment (0.2 %) at 37°C for 15 min. Trypsin treatment was stopped by adding DMEM

and the cell suspension was centrifuged at 1100 rpm and 20°C for 3 min. The supernatant was
removed, and the pellet was resuspended in DMEM supplemented with 10% FBS, penicillin,
streptomycin, and L-glutamine, and then seeded at a density of 1 x 10°/cm? onto coverslips

0,000) in 24

Fig. 3. 1 Oligodendrocyte lineage cells in mixed cortical culture.
Phase contrast (a) and immunofluorescent (b, c) micrographs showing oligodendrocyte lineage cells

. 1 ~11l ~1 revr
n I CUi dj (8]

oligodendrocytes. Scale bars= 20 pm.
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incubator at 37°C for 7 days. The medium was refreshed every 3—4 days. Mouse OPCs are known
to begin differentiating in mixed culture; this enabled us to evaluate the expression of FABPs in
oligodendrocyte lineage. The oligodendrocyte lineage cells, characterized by olig2 expression
(Fig. 3.1 a, b), in this culture system included mostly PDGFRa’/NG2* OPCs and a minor

subpopulation of CC1* oligodendrocytes (Fig. 3.1 c).

Primary culture of oligodendrocyte lineage cells (oligosphere culture)
Oligosphere culture was performed as described previously [19]. Neurospheres were developed
from embryos at 14.5 days of gestation from timed pregnant females (WT, FABP7-KO, and
FABP5-KO). Embryonic brains were microdissected, and the meninges and cerebellum were
removed. Cerebral tissue was mechanically triturated using a 1 mL Gilson pipette and passed
through a 70-um cell strainer (BD falcon). Harvested cells from every two brains were plated
onto a T25 flask in DMEM-F12 medium (Gibco, 11320) in the presence of epidermal growth
factor (EGF; 10 ng/mL, Peprotech AF-100-15) and B27 supplement (1:50, Gibco, 17504). After
2-3 days, neurospheres (Fig. 3. 2 a, b, f ) were passaged at a ratio of 1:3 every 3-4 days.
Neurospheres from the 2nd passage were mechanically dissociated into single cells and
resuspended in DMEM-F12 supplemented with B27 (1:50, Gibco, 17504), platelet derived
growth factor (PDGF AA; 10 ng/mL, Peprotech 100-13 A) and basic fibroblast growth factor
(FGF; 10 ng/mL, Peprotech 100-18B). After 3 days, oligospheres were formed, which were
passaged at a ratio of 1:2 every 4-7 days. Upon plating of oligospheres, PDGFRa™ NG2' OPCs
began a typical radial migration (Fig. 3.2 ¢, g). Passage 2 oligospheres were dissociated into
single cells using NeuroCult chemical dissociation kit (STEMCELL Technologies), passed through
40 um cell strainers, counted using a hemocytometer and trypan blue staining and seeded at a

density of 3-5X10° cells/ml/well on poly-D-lysine-coated coverslips in multi-well plates
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Fig. 3.2 Primary culture of oligodendrocyte lineage cells (oligosphere method).

Schematic outline ot oligodendrocyte

lineage culture from embryonic mouse neural stem cells. b-e)
Phase contrast images showing floating neurospheres (b), seeded oligosphere, and radially migrating
OPCs (c), seeded OPCs upon dissociation of oligospheres (d), and oligodednrocytes (e). f-i)
Immunofluorescent micrographs showing sox2” neural stem cells in seeded neurospheres (f), PDGFRa’
OPCs radially migrating from seeded oligospheres and extended processes of GFAP* astrocytes (g),
seeded PDGFRa” OPCs from dissociated oligospheres and contaminating GFAP® astrocytes (h), and CC1*

MBP" mature oligodendrocytes.

containing oligosphere medium and incubated for 3-5 days (Fig. 3. 2 d, h). Alternatively, for

dissociation of oligospheres, they were plated in poly-p-lysine-coated flasks and after 3-4 days

( 0.05% trypsin, 1-2min, RT) [20]. About 15% of the cells in the OPC culture were GFAP+

astrocytes (Fig. 3.2 g, h). To produce oligodendrocytes, OPCs were incubated in DMEM-F12

supplemented with B27 (1:50, Gibco, 17504), ciliary neurotrophic factor (CNTF; 10 ng/mL,




Peprotech 450-50) and Triiodothyronine (T3; 40 ng/mL, Sigma T2752) for 5 days. Mature
oligodendrocytes were characterized by expression of CC1 and MBP (Fig. 3.2 e, i). The
population of contaminating astrocytes further increased to about 25% after incubation in
oligodendrocyte differentiation medium (not shown). To examine immature oligodendrocytes,
OPCs were incubated in differentiation medium for 2 days when most oligodendrocytes were

MBP 04",

Proliferation assay

For the proliferation assay, WT, FABP5-KO, and FABP7-KO OPCs from passage 2 oligospheres
were seeded on coverslips in 24-well plates (5 x 10 cells/well; three coverslips per genotype).
Five days after incubation in OPC culture medium, BrdU (10 uM) was added to the OPC culture
medium 2 h prior to fixation. OPCs and BrdU" cells were immunocytochemically visualized using
antibodies against PDGFRa and BrdU as described above. Cells were observed by using a
confocal laser scanning microscope; five random images (0.4 mm? x20) were obtained from
each coverslip. The population density of OPCs and the percentage of BrdU' OPCs were

quantified.

Differentiation assay

Differentiation assay was performed as described previously [21-22] with some modifications.
Briefly, WT, FABP5-KO, and FABP7-KO OPCs from passage 2 oligospheres were seeded onto
coverslips in 24-well plates (5 x 10” cells/well; three coverslips per genotype). After incubation
of OPCs in the proliferation medium for 5 days, the cells were incubated for a further 5 days in
the differentiation medium. Cells were visualized by using antibodies against NG2, 04, and MBP
as described above. Cells were observed by using a confocal laser scanning microscope; 16
random images (0.4 mm® x20) were obtained from each coverslip. Early differentiation was
evaluated by quantifying the percentage of 04" oligodendrocytes among whole lineage cells
(total population of cells positive for either NG2 or 04). To evaluate late differentiation of
oligodendrocytes, the ratio of mature MBP" oligodendrocytes to whole oligodendrocytes (04"

cells) was determined. In addition, differentiation and maturation were morphologically
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quantified by classifying the cells as having “simple” (short, non-interdigitating processes),
“complex” (longer, interdigitating processes), or “membrane” (processes containing membrane

sheets) morphology.

Statistical analysis
Data are presented as the mean + SD. Two-tailed unpaired Student's t-test was performed using

Microsoft Excel. P values less than 0.05 were considered statistically significant.

RESULTS

Expression of FABP5 and FABP7 in oligodendrocyte lineage in mouse brain

To study the in vivo expression of FABPs in the oligodendrocyte lineage, we performed
immunofluorescent counterstaining of FABPs with specific markers of this lineage in adult WT
mouse brain (N=3, 3-4 sections per sample, 1 image per section). In cortex 26.6+2.5% of
oligodendrocyte lineage cells (olig2” cells) were FABP7* and 73.6+1.9% of them were FABP5*
(Fig. 3.3 a, b, m). In the corpus callusom which contains a higher density of mature myelinating
oligodendrocytes, 9.2+0.9% of olig2™ cells were FABP7" and 86.8+2.4% of them were FABP5" (Fig.
3.3 ¢, d, n). Almost all PDGFRa” OPCs expressed FABP7 ( 99.420.9% and 100% in cortex and
corpus callosum respectively; Fig. 3.3 e, g, m, n) while almost none of them expressed
FABP5( 0.3% * 0.6% and 0.3% 0.6% in cortex and corpus callosum respectively; Fig. 3.3 f, h, m, n).
In contrast to OPCs, almost all CC1* oligodendrocytes expressed FABP5 ( 99+0.9% and 99.27+
0.4% in cortex and corpus callosum respectively; Fig 3.3 j, |, m, n) while few of them expressed
FABP7 (2.610.9% and 4.13+1.6; Fig. 3.3 i, k, m, n). Expression pattern of FABPs in OPCs was
further confirmed by using NG2, another marker for OPCs (Fig. 3.4). These data suggest a
reciprocal expression of FABP5 and FABP7 in the oligodendrocyte lineage.

Similar expression patterns were detected in other parts of the brain and in the spinal cord (Fig.
3.5). In addition, we found the expression of FABP5 in GFAP" astrocytes, while we could not
detect its expression in NeuN" neurons and CD11b" microglia (Fig. 3.6). Similarly, we have
previously reported that FABP7 is expressed in astrocytes and is not expressed in neurons and

microglia [15].
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cortex Corpus callosum

m o n

Fig. 3.3 Reciprocal in vivo expression of FABP5 and FABP7 in oligodendrocyte lineage of adult
mouse brain.

a-l) Immunofluorescence micrographs showing expression of FABP5 and FABP7 in oligodendrocyte
lineage in the cortex and corpus callosum. A minor subpopulation of oligodendrocyte lineage cells
(olig2” cells) express FABP7 and a major subpopulation of them express FABP5(a-d). Almost all OPCs

(PDGFRa" cells) express FABP7 and do not express FABP5 (e-h). Almost all CC1* oligodendrocytes
express FABP5 and do not express FABP7 (i- 1). m,n) Bar graphs showing percentage of FABP5 and
FABP7 expression in oligodendrocyte lineage cells in the cortex (m) and corpus callosum (n). Blue:
DAPI; Scale bars= 50 um




1g. 3. mmunofluorescence micrographs showing expression of FABP5 and FABP7 in NG2™ OPCs in
the cortex and corpus callosum. a,b) NG2" OPCs express FABP7. ¢,d) NG2* cells do not express FABPS.

o
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18. 3.5 Immunotiuorescence micrographs showing expression o
oligodendrocytes in cerebellum (a,b) and spinal cord (c,d). a,c) Expression of FABP7 in PDGFRa’ OPCs in
cerebellum (a) and spinal cord (c; anterior median fissure , lumbar level). b,d) Expression of FABPS in CC1+

oligodendrocytes in cerebellum (b) and spinal cord ( d; dorsal horn, lumbar level). Blue: DAPI; Scale bars=
50 um
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Blue: DAPI; Sclae bars= 20 um

Expression of FABP5 and FABP7 in primary cultured oligodendrocyte lineage

To examine the expression of FABPs in the oligodendrocyte lineage in vitro, we analyzed primary

FABP7" while no FABP7 expression was detected in CC1* oligodendrocytes (Fig. 3.7 a-d). In
addition, FABP5 expression was detected in a minor subpopulation of olig2® cells (i.e., CC1*

GFRa' NG2

to functional analysis, the FABPs expression pattern was confirmed using this culture system.

Consistent with our previous results, in this culture system, OPCs were FABP7" FABP5  (Fig. 3.7,
j» m, n), whereas mature oligodendrocytes were FABP7 FABP5" (Fig. 3.7 k, |, o, p). the

reproducibility of these data was confirmed by three independent experiments.
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Fig. 3.7 Reciprocal in vitro expression of FABP5 and FABP7 in

mmun CeNCe micrograpns showing expression

oligodendrocyte lineage (olig2®) cells in the mixed cortical culture express FABP7, whereas a minor
subpopulation express FABP5. b, ¢, i, j) OPCs characterized by expression of NG2 and PDGFRa, express
FABP7. d, k, I) FABP7 is not expressed in mature oligodendrocytes labeled by CC1 and MBP. f, g, m,
n )FABPS is not expressed in NG2* PDGFRa” OPCs. h, o, p) FABPS is expressed in CC1* MBP* mature

oligodendrocytes. Blue: DAPI; Scale bars= 20 pm




Gradient reciprocal enrichment of FABP5 and FABP7 in oligodendrocyte lineage

To evaluate the expression of FABPs in immature oligodendrocytes, OPCs were incubated in
differentiation medium for 2 days untill some of them differentiated into 04" MBP
oligodendrocytes. The intensity of FABPs expression in immature oligodendrocytes was
immunocytochemically compared with that of OPCs and mature oligodendrocytes. FABP7 was

enriched in OPCs and was gradually downregulated upon differentiation (Fig. 3.8 a-c). In

addition, FABP5 was gradually upregulated during differentiation of OPCs into oligodendrocytes

d ollowi i of PDGFRa™ QPCs to MBP™ mature ‘OCy ote
the weak expression of FABP7 in 04" immature oligodendrocytes (b, b’). d-f, d’-f') FABP5 expression is
gradually upregulated upon differentiation of PDGFRa* OPCs into MBP* mature oligodendrocytes.

Note the weak expression of FABPS in 04" immature oligodendrocytes (e, e’). Blue: DAPI; Scale bars
=20 pm

FABP7 regulates proliferation of OPCs

compared with WT OPCs (86.4+1.9 vs. 190.9+27.6 / 0.4 mm” respectively; Fig. 3.9 a, b, d, e, ).
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FABP7 regulates proliferation of OPCs.

)

ity of FABP7-KO OPCs (b). d-i)
Representative immunofluorescent micrographs showing WT (d, g), FABP7-KO (e, h) and FABP5-KO (f, i)
OPCs labeled by PDGFRa and their BrdU™ subpopulations. j) Bar graph quantifying the population density of
WT, FABP7-KO, and FABP5-KO OPCs. Note the low population density of FABP7-KO OPCs compared to WT
OPCs. k) Bar graph quantifying the percentage of BrdU-labeled cells among all OPCs. Note the decreased
BrdU uptake in FABP7-KO OPCs compared to WT OPCs. **P < 0.01; Scale bars= 100 pum (a-f), 50 um (g-i)

5 days of incubation in proliferation medium. Note the low population dens




PDGFRa" cells ) compared with WT OPCs (26.67+2.3% vs. 41.67+3.2%; Fig. 3.9 g, h, k). FABP5-KO

OPCs did not show significant differences in terms of population density (Fig. 3.9 a, ¢, d, f, j) and
BrdU uptake (Fig. 3.9 g, |, k). To investigate the possible effect of apoptosis in lower population
density of FABP7-KO OPCs, the ratio of apoptotic cells ( Caspase3” cells among PDGFRa" cells )
was evaluated in WT and FABP7-KO OPCs which showed no significant difference (3.43+2.48%
Vs 2.840.17%; Fig.3.10). These data suggest that FABP7 may positively regulate OPC

proliferation.

FABP7-KO

an | FABP ’f!r\ (hY OPCs

Scale bars=50 um

FABP7-KO vs. 19.411.7% in WT; Fig. 3.11 a-c, g, Fig. 3.12), suggesting that FABP7 positively

regulates the differentiation of OPCs into oligodendrocytes. In addition, the population of MBP*

cells among 04"/MBP" cells showed a significant decrease in FABP7-KO and FABP5-KO cells

compared with WT cells (18.4%5.1% in FABP7-KO and 16.3+1.5 FABP5-KO vs. 33.8%+3.7% in WT:
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Furthermore, we morphologically classified olisodendrocytes z

“complex”, or “membrane sheet” and found a significantly higher percentage of
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immunofluorescent micrographs showing the population density and morphology of

Oﬂ,"/MBP+ oligodendrocytes from WT (d), FABP7-KO (e), and FABP5-KO (f). g) Bar graph

entage of 04 oligodendrocytes among whole lineage cells ( cells positive

tor either NG2 or O4). Note the lower percentage of 04" cells in FABP7-KO cells compared to

WT cells. h) Bar graph quantifying the percentage of mature MBP” oligodendrocytes among

cells with simple, complex, or membrane sheet morphology as an index of differentiation and
maturation of oligodendrocytes. Note the higher percentage of simple morphology in
FABP5-KO and FABP7-KO and the lower percentage of membrane sheet morphology in
FABP5-KO compared to those in WT cells. *P < 0.05, **P < 0.01; Scale bars= 50 pm




oligodendrocytes having “simple” morphology in FABP7-KO and FABPS-KO cells (76.2+4.4% in
FABP7-KO and 81+1.7% in FABP5-KO vs. 62.643.9% in WT) as well as a significantly lower
percentage of oligodendrocytes having “membrane sheet” morphology in FABP5-KO cells
compared with WT cells ( 1.5% 0.75% in FABP5-KO vs. 9.06% 3.09% in WT; Fig. 3.11 i). These
findings suggest FABP7 as a positive regulator of early oligodendrocyte differentiation and

FABPS as a positive regulator of terminal oligodendrocyte differentiation and maturation.

¥

NG2*/04" cells per 0.4mlug

FABP7KO FABPSKO

Fig. 3.12 Bar graph quantifying the population density of WT, FABP7-KO and FABP5-KO
oligodendrocyte lineage cells (cells positive for either NG2 or 04) in the end of differentiation assay.

DISCUSSION

The expression and roles of FABPs in the oligodendrocyte lineage is poorly understood. In this

study, we showed that two different FABPs, namely FABP7 and FABPS, are expressed by OPCs

and mature oligodendrocytes, respectively, both in vivo and in vitro. We also showed that

our immunohistochemical data. However, based on our data, which are consistent with the

results of published transcriptome databases of oligodendrocyte lineage [23-24], FABP5 and

FABP7 may serve as cytosolic markers that can be used to identify oligodendrocyte lineage cells

in combination with known oligodendrocyte lineage markers.

oligodendrocyte lineage should be further studied. Several factors have been previously

suggested as regulators of FABP7 expression in the brain, including the NFI gene family, notch 1,

DAB1, Pax6 [25], and ApoE [26]. Interestingly, we found all of these fa
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OPCs over mature oligodendrocytes in the transcriptome database of neural cells [23]
suggesting them as possible regulators of FABP7 enrichment in OPCs. Differential enrichment of
FABP7 and FABPS in oligodendrocyte lineage cells may also reflect different fatty acid (FA) or
lipid requirements in different stages of the lineage, since FABP7 and FABP5S show differential
FA-binding preferences towards long chain fatty acids. While FABP7 has a high affinity for n-3
PUFAs, FABP5 shows a preference for more saturated fatty acids [25, 27].

In this study, we observed significantly lower proliferation of FABP7-deficient OPCs
compared to that of WT OPCs, suggesting that FABP7 may positively regulate OPC proliferation
(self-renewal). This is consistent with the known function of FABP7 as a positive regulator of the
proliferation in neural stem cells [11, 28-29] and astrocytes [15]. Moreover, we detected that a
significantly lower percentage of FABP7-deficient OPCs differentiated into 04*oligodendrocytes
compared with WT OPCs. Since OPCs differentiate to oligodendrocytes by “asymmetric
division” or “proliferative differentiation” [7], our data suggest FABP7 as a regulator of the
asymmetric division in OPCs. In this context, FABP7 may be an effector downstream target for
asymmetry regulators and cell fate determinants such as notchl [30]; interestingly, FABP7
expression is partly dependent on the notch-signaling pathway [25]. Proliferation of OPCs and
their differentiation into oligodendrocytes are major events in spontaneous remyalination. Of
interest, we found FABP7 as one of upregulated genes in transcriptome database of
spontaneous remyelination [21], which is consistent with our results . Further studies in our
laboratory are ongoing in order to unravel the roles of FABP7 on the proliferation and
differentiation of OPCs under normal conditions or following demyelination. Notably, our
preliminary results using cuprizone-induced demyelination model, showed alterations of
spontaneous remyelination in FABP7-KO mice (not shown).

In contrast to FABP7, lack of FABP5 did not show any significant effect on the
proliferation of OPCs or their differentiation to 04" oligodendrocytes; these findings are in
agreement with the expression pattern of FABP5 and FABP7 in oligodendrocyte lineage cells.
On the other hand, FABP5-deficient oligodendrocytes showed defects in their terminal
differentiation and maturation since lower percentage of them expressed MBP and exhibited

the “membrane sheet” morphology. However, in vivo and in vitro studies are in progress to
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verify the current data by evaluating the impact of both FABP5 and FABP7 in myelination and

remyelination.

Preliminary immunohistochemical assessments of FABP5-KO and FABP7-KO mice in
normal condition did not show significant defects regarding oligodendrocyte lineage (not
shown). Though this makes our FABP-KO mice more appropriate for in vivo demyelination/
remyelination studies, further proliferation, differentiation, and myelination assays in our mice
are underway. Several mechanisms including other molecules related to fatty acid metabolisms
may compensate FABP deficiency under normal conditions which may not be sufficient to
overcome rapidly increasing demands under pathological conditions. On the other hand, the
biology of the oligodendrocyte lineage is dependent on interactions with other neural cells
through humoral factors [1]. Expression of FABP5 and FABP7 in astrocytes may lead to
alterations in such humoral factors, which may indirectly influence the OPC biology. It has been
reported that FABP7 regulates the expression of bFGF, PDGF AA and SPP1 in U87 astrocytoma
cell line [31]. Therefore we are careful to distinguish direct and indirect roles of FABPs on
oigodendrocyte lineage while using our FABP-KO mice for in vivo studies. In addition, possible
impacts of contaminating astrocytes on our in vitro results cannot be excluded. Our culture
system has a relatively high content of astrocytes, which could not be eliminated due to
technical limitations. Although proliferation and differentiation of OPCs in the current culture
system is mainly controlled by supplemented synthetic growth factors, humoral factors secreted
by the contaminating astrocytes might have influenced the biology of oligodendrocyte lineage
cells. Specifically, FABP deficient astrocytes might have altered the production of such humoral
factors and indirectly impacted our data. To overcome such deficit, OPC culture systems with a
higher purity are needed to confirm our current results.

Further studies may explore the underlying mechanism of FABPs roles in the
oligodendrocyte lineage. However, studies in other cell types have shown that FABPs exert their
functions through modulation of FA homeostasis, including the uptake, transportation, and
metabolism of FAs as well as mediating their gene regulation activities. Particularly, FABPs can
regulate gene expression by activating nuclear receptors such as PPARs and RXRs, possibly by

targeting their ligands towards the nuclei [32-33]. Interestingly, activation of RXRy has been
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reported to stimulate differentiation of OPCs, thereby enhancing remyelination [21], and PPARy
has been shown to accelerate oligodendrocyte maturation [34-35]. Moreover, FABP7 has been
shown to control the uptake of n-3 PUFAs in astrocytes [15]. Knockdown of FABPS reportedly
decreases cellular cholesterol levels and decreases apoB100 secretion and triglyceride
accumulation in ARPE-19 cells [36]. On the other hand, FA supplementation and lipid
metabolism are critical in the biology of oligodendrocytes. Supplementation of n-3 PUFAs has
been shown to enhance oligodendrocyte differentiation [14]. Intracellular cholesterol content
has also been shown to regulate lipid raft formation, differentiation of oligodendrocytes, and
myelination [37-38]. These pieces of evidence indicate that FABPs may perform their regulatory
roles in the oligodendrocyte lineage by controlling lipid homeostasis and gene regulation;
however, further evaluation is needed to verify this.

In addition to the hypothetic roles of FABPs in the pathophysiology of demyelinating
disorders, our data suggest new explanations for the known association between FABP7 and
glioma. Notably, OPCs have recently been introduced as tumor cell of origin in glioma [6].
Asymmetry-defective OPCs have been shown to be glioma precursor cells [7]. Notchl, an
asymmetric cell division regulator, is overexpressed in low-grade oligodendroglioma (Sugiarto
et al. 2011). Accordingly, FABP7, a direct target of notchl, which mediates some aspects of
notch signaling [39], is expressed in glioblastoma stem cells [40-41] and is associated with poor
prognosis and invasion of malignant glioma [12, 42].

Our data also provide a new hypothesis regarding the association of brain expressed
FABPs with schizophrenia. Remarkably, FABP7 has been mapped to a quantitative trait locus for
prepulse inhibition (PPl), an endophenotype of schizophrenia [11]. FABP7-KO mice show
impaired PPl and behavioral alterations reminiscent of schizophrenia [10-11]. n3-PUFAs, which
are specific ligands of FABP7, have protective effects against schizophrenia [43-45].
Oligodendrocyte lineage is also thought to be important in the pathophysiology of
schizophrenia. Schizophrenic brains have a lower volume of white matter than normal brains [4,
46-48]. White matter damage induced by cuprizone causes PPl and behavioral changes

suggestive of schizophrenia in humans [49]. Microarray studies have shown that genes related
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Schematic illustration summarizing our results. FABP7 is enriched in OPCs and regulates proliferation of OPCs
and their early differentiation into oligodendrocytes. FABPS is enriched in mature oligodendrocytes and
regulates their terminal differentiation and maturation

to oligodendrocyte function and myelination are downregulated in schizophrenic brains [5

50-52].

’

Overall, our present data introduce FABPS5 and FABP7 as new cytosolic markers and

ical ‘odendrocyte line

oligodendrocyte maturation. Our present findings provide new insights regarding the

significance of lipid homeostasis in the differentiation of oligodendrocyte lineage cells and may
support the preventive and therapeutic effects of PUFAs in neuropsychiatric and

neurodegenerative diseases. Furthermore, FABP5, FABP7, and their ligands may become novel
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Concluding remarks

Our studies on expression pattern and biological roles of FABPs in macroglia have resulted in
several basic and novel findings which can improve the FABP research in the field of cellular and

molecular neuroscience.

Reactive astrogliosis is a common hallmark of CNS pathologies and a major component
of brain regenerative program across species [1-4]. We showed that FABP7, a well known
marker of neural stem/progenitor cells of the developing brain, is also upregulated in reactive
astrocytes in the adult brain and positively regulates their proliferation. We also showed the
role of FABP7 in proliferation and FA uptake in cultured astrocytes. These data suggests that in
addition to brain development, FABP7 is important in regenerative programs of the brain likely

through controlling lipid homeostasis and thereby may be involved in various CNS diseases.

Furtheromore, we studied the expression pattern of FABP7 and FABP5 in
oligodendrocyte lineage. We showed that FABP7 is enriched in OPCs and is down regulated
upon their differentiation while FABP5 is upregulated upon differentiation and is enriched in
mature oligodendrocytes. Accordingly, we showed that FABP7 regulates the proliferation of
OPCs and their early differentiation while FABPS regulates oligodendrocyte maturation.
Oligodendrogenesis, including proliferation of OPCs and their differentiation and maturation
towards myelinating oligodendrocytes are important parts of brain regeneration and their
dysregulation is a central part in the pathophysiology of major CNS disorders such as
demyelinating disorders, neuropsychiatric disorders, neurodegenerative disorders and
malignant glioma. Therefore, our present data highlight the significance of FABPs and their

ligands as future diagnostic and therapeutic targets for CNS diseases.

Our data regarding roles of FABP7 in proliferation of astrocytes and OPCs, is consistent
with other reports which have shown the roles of FABP7 in cell proliferation and it’s therapeutic
potentials in malignant glioma [5-7], breast cancer([8], renal cell carcinoma [9] and malignant

melanoma [10-11]. It remains to be studied whether dysregulated overexpression of FABP7
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may have oncogenic effect in astrocytes or OPCs. It is likely that development of transgenic
mice which overexpress FABP7 provide novel oncomice models. In this context, therapeutic
potentials of FABP7 inhibition in malignant glioma by RNA interference strategy, FABP7
antagonists or neutralizing anti FABP7 antibodies, should be evaluated both in vivo and in vitro.
Therapeutic potentials of FABP7 inhibition in glioma are also being studied using our FABP7-KO

mice.

Several biochemical screening studies have shown the altered levels of brain FABPs in
CSF or plasma following various CNS injuries as diagnostic or prognostic biomarkers [12]. Our
data on identification of cells which express FABP7 and FABP5 in the adult brain provide
valuable cues for interpretation of such biochemical findings regarding the involvement of
FABPs and reaction of FABP expressing cells in various CNS pathologies. FABPs have been so far
believed as intracellular proteins and their presence in plasma or CSF have been considered as a
result of their release after cell damage. Very recently active secretion of FABP4 and FABP5
from adipocytes has been shown[13]. This suggests possible secretion of other FABPs from their
cells of origin and provides several new hypotheses. For example, increased plasma or CSF
levels of FABP7 after brain injury might be due to increased secretion of FABP7 as a result of its
increased expression by rapidly proliferating reactive astrocytes or OPCs according to the type
of injury. Possible secretion of brain FABPs from neural cells and biological functions of the

secreted FABPs in autocrine or paracrine manner remain to be studied.

Our data suggest the rational for development of new materials or use of more
advanced technologies for the future studies on brain FABPs. Based on our results, FABP7 is
shared between astrocytes and OPCS. Similarly, FABPS is shared between astrocytes and
oligodendrocytes. Therefore, our FABP-KO mice show some limitations to study the direct roles
of FABPs on oligodendrocyte lineage in vivo. Similar limitations have arisen in all FABP studies.
To overcome such limitations, in addition to cell transplantation studies, development of cell
type specific conditional KO mice may be necessary and may result in significant improvement
in FABP research. Furthermore, most of FABP-KO mice so far have shown few defects in steady

state and show impairments only under stress conditions. On the other hand, upregulation of
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FABPs in several disease models have been shown. This suggests the rational for development
of FABP overexpressing animal s which may provide new disease models. In addition, further
studies on roles of FABPs on macroglia, are greatly dependent on several high throughput
studies using brain samples or purified isolated neural cells from FABP-KO mice. Development
of agonists or antagonists for brain FABPs are other technical requirements for the future of

studies on brain FABPs, which are now being studied by several research groups [14].

The present data provided the basic evidence and new hypotheses for several studies in
our lab. Roles of FABP7 and FABP5 and their ligands in glioblastoma stem cells, mechanistic
basis and detailed roles of FABP7 during astrocyte reactivation, roles of FABPs in myelination
and spontaneous remyelination, as well as general molecular phenotypes of FABP-deficient

macroglia are being studied in our lab.

Taken together, our studies presented here, provide novel important data on expression
and biological roles of FABPs in macroglia, which suggest new insights towards significance of
lipid metabolism in brain regeneration and provide basic evidence and hypotheses for several
future studies with implications in molecular and regenerative medicine, targeting the potential
therapeutic or diagnostic significance of FABPs and their ligands in association with various CNS

diseases.
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