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Homocysteine, an intermediate metabolite biosynthesized from the methionine 

cycle, is a homologue of cysteine. Homocysteine differs from cysteine by an additional 

methylene group, which makes it more reactive. Elevated homocysteine level is a risk 

factor for cardiovascular disease and cerebrovascular disease, brain atrophy, 

neurodegenerative diseases and cognitive dysfunctions. Recent studies suggest a bi-

directional relationship between homocysteine levels and immune-inflammatory 

activation. Our studies sought to determine if hyperhomocysteinemia affects cell 

infiltrates in the Central Nervous System (CNS). 

Inflammatory monocytes recruitment into the CNS and microglia proliferation 

have been shown in several inflammatory models, and Ly-6Chi CCR2+ monocytes have 

been shown to be the precursor for microglia. Based on these findings, we hypothesized 

that hyperhomocysteinemia (HHcy) would alter CNS infiltrate composition. We 

investigated whether HHcy affected the total mononuclear cells composition in the CNS. 

We also determined whether HHcy altered the inflammatory monocyte subsets 

composition in the CNS. 

In order to determine the effects of HHcy in the CNS mononuclear cells 
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composition, we genotyped the mice, and isolated mononuclear cells from the CNS 

using percoll gradient method. Then we simultaneously stained the cells with three 

antibodies, PE-labeled anti-mouse CD11b, PE-Cy5-labeled anti-mouse CD45, and 

FITC-labeled anti-mouse Ly-6C and analyzed the samples by flow cytometry method. 

HHcy made no difference in the percentage of lymphocytes, infiltrating monocytes and 

microglia in the total CNS mononuclear cells, but within infiltrating monocytes, HHcy 

decreased Ly-6Clo and increased Ly-6Chi subsets. These findings demonstrate that HHcy 

has effects on the CNS mononuclear cell composition. 

In summary, HHcy decreased Ly-6Clo and increased Ly-6Chi subsets of 

infiltrating monocytes in the CNS. There is a potential role of HHcy in increasing 

inflammatory monocytes infiltration. 
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  CHAPTER 1 
 

GENERAL INTRODUCTION  
 

Scientific rationale 

Elevated plasma homocysteine levels are commonly found in the general 

population, particularly in the elderly. It has been estimated that approximate 5 to 7% of 

the general population has mild to moderate hyperhomocysteinemia (HHcy).1, 2, 3  

HHcy is caused by a deficiency /lack of cystathionine beta synthase (CBS), 

which leads to elevated plasma homocysteine level. Plasma homocysteine has been 

characterized as a common risk factor for cardiovascular disease19, 20, cerebrovascular 

disease, coronary artery disease, and peripheral vascular disease21 and 

neurodegenerative diseases.  HHcy is also associated with cognitive impairment in a 

wide spectrum of CNS dysfunction and pathology.73, 74 The frequent cardiovascular 

involvement in patients with several autoimmune diseases71, in which association of 

HHcy is often the case, led to the intensive investigation on the role of homocysteine in 

the pathogenesis. Since severe HHcy promotes differentiation of inflammatory 

monocyte subsets and their accumulation in atherosclerotic lesions72, we hypothesized 

that HHcy would affect monocyte infiltration into the CNS. The following specific aims 

were proposed to address this hypothesis. 

1. To examine whether HHcy increases cell infiltration in the CNS. 

2. To examine whether HHcy increases inflammatory cells in the 

CNS infiltrates. 

Studies conducted in this thesis investigated effects of HHcy in the CNS total 

mononuclear cells composition, revealing the effects of HHcy on the CNS. 
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Homocysteine and its metabolism 

Homocysteine is an amino acid generated from methionine metabolism. The 

normal homocysteine concentration in plasma is 5-15µmol/L.  The prevalence of HHcy, 

a medical condition with abnormally high homocysteine level in the blood, is estimated 

to be 5% in the general population, and 13%~14% among patients with symptomatic 

coronary artery disease.102 Elevated homocysteine levels are also associated with diabetes 

mellitus, inflammatory bowel disease, hypothyroidism, lupus, malignancies, and several 

medications such as cholesterol-lowering agents, methotrexate, theophylline, 

anticonvulsants, metformin, and levodopa.103 Homocysteine levels can be measured by 

gas chromatography mass spectrometry. Hyperhomocysteinemia is classified into three 

categories according to the fasting homocysteine elevation extent: mild (16-24 µmol/L); 

moderate (25-100 µmol/L); severe (>100 µmol/L). Severe HHcy results from inherited 

deficiency of cystathionine beta-synthase (CBS) (prevalence of 1:200,000 to 

1:335,000)104, or methyltetrahydrofolate reductase (MTHFR). Acquired causes of HHcy 

include advanced age, coffee intake, or tobacco use. Deficiencies in vitamins B6 

(pyridoxine), B12 and folic acid can also lead to elevated homocysteine levels. Dietary 

supplementation 105 with Folic acid and vitamins B or trimethylglycine (betaine) can 

reduce the homocysteine concentration in the bloodstream.106 

Chemical structure of homocysteine  

Homocysteine, a naturally occurring amino acid in human body, is synthesized 

from methionine by the removal of the terminal methyl group via a multi-step process. It 

is a homologue of the non-essential amino acid cysteine.  The structures of homocysteine, 
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Homocysteine metabolism 
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requires vitamin B6. S-adenosylmethionine acts as an allosteric inhibitor of the 

methylenetetrahydrofolate reductase reaction and as an activator of cystathionine beta 

synthase, and coordinates these two pathways to maintain low levels of homocysteine, 

which has potential cytoxic effects.51  

The demethylation pathway 

Homocysteine is not directly obtained from daily diet. Instead, it is synthesized 

by demethylation of methionine, an essential amino acid derived from dietary proteins, 

via multiple steps. First, methionine acquires an adenosine group, donated by adenosine 

triphosphate (ATP), and forms S-adenosyl methionine (SAM). This reaction is catalyzed 

by S-adenosyl-methionine synthetase. Then SAM is demethylated by methyltransferases 

(MTs) to form S- Adenosyl-L-homocysteine (SAH) and the methyl group is transfered 

to other acceptor molecules. Finally, SAH is converted to homocysteine by S-

adenosylhomocysteine hydrolase. Increased methyl usage in the body would result in 

increasing homocysteine production.  

The remethylation pathway 

Once homocysteine is produced, one of its metabolic fates is to be remethylated 

to form methionine by two different enzymes, methionine synthase (MS) and betaine 

homocysteine methyltransferase (BHMT).  When methionine levels are low, the 

remethylation pathway is favored. The methyl group is transferred from 

methylenetetrahydrofolate (CH3THF) to homocysteine by MS, which requires vitamin 

B12 as a co-factor.  The majority of tissues are dependent on MS to recycle hmocysteine. 

In the methionine cycle, the remethylation reaction is catalyzed by BHMT, which has 

restricted expression in the liver and kidney52, BHMT converts homocysteine to 
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methionine using betaine as the methyl-group donor.53 Methionine either participates in 

protein synthesis or the formation of S-adenosylmethionine (SAM). ATP activates 

methionine to form SAM, which serves as a principal methyl donor and is the only 

methyl donor in the CNS in a wide range of vital reactions for adequate neurological 

function. This reaction is mediated by adenosyl transferase (MAT), a deficiency which 

would result in low SAM levels and high methionine levels. SAM’s methyl group is 

then transferred to another molecule and generates S-adenosylhomocysteine (SAH). 

SAH in turn is hydrolyzed and regenerates homocysteine. This hydrolysis reaction is 

reversible and favors the synthesis of SAH; therefore, elevated cellular SAH 

concentrations are likely to proceed to HHcy. SAH homocysteine is also a potent 

inhibitor for methylase enzymes. Thus, a low SAM/SAH ratio may be used to predict 

methylation deficits. 

The transsulphuration pathway 

In the transsulfuration pathway, excess homocysteine for methyltransfer is 

converted into cysteine in two steps. In mammals, this is the only de novo pathway for 

cysteine synthesis.  First, homocysteine is condensed with serine to form cystathionine 

in an irreversible reaction. This step is catalyzed by cystathionine beta-synthase (CBS), a 

pyridoxal-5’-phosphate (PLP–vitamin B6)-containing enzyme.  Cystathionine is then 

hydrolyzed by cystathionineγ-lyase (CSE or CGL), an enzyme also requiring vitamin B6 

as a co-factor, to form cysteine and α-ketobuyrate. Cysteine, a precursor to glutathione, 

is the major cellular redox buffer. Excess cysteine is oxidized into sulfates or taurine and 

excreted via urine. 
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Figure 1.2: Homocysteine metabolism. Enzymes: AHCY, S-adenosylhomocysteine 

hydrolase; BMHT, betaine-homocysteine methyltransferase; CBS, cystathionine β-

synthase; CSE (or CGL), cystathionineγ-lyase; MARS, methionyl-tRNA synthase; MAT, 

methionine adenosyltransferase; MS, methionine synthase; MTHFR, 

methyltetrahydrofolate reductase; MTs, methyltransferases; PON1, paraoxonase 1. ATP, 

adenosine-5’-triphosphate; B6, pyridoxal-5’-phosphate (PLP); B12, cobalamin; DMG, 

dimethyl glycine; THF, tetrahydrofolate; CH2THF, methylenetetrahydrofolate; CH3THF, 

methyltetrahydrofolate; SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine. 

(Figure made by Jingshan Liu) 
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Clinical aspects of homocysteine and diseases 

Homocysteine was first discovered by Butz and du Vigneaud in 1932 as a sulfur-

containing amino acid derivative of the essential amino acid methionine.22 The clinical 

significance of homocysteine remained unknown until 1962, when Carson and Neill 

found homocystinuria among children with mental retardation.5 Two years later, Mudd 

discovered that the elevated homocysteine levels in those patients were caused by CBS 

deficiency, a severe enzymatic defect that blocked homocysteine metabolism.4 Later, 

homocystinuria was found to be associated with premature occlusive cardiovascular 

disease. In 1969, McCully described vascular pathology including smooth muscle 

proliferation, progressive arterial stenosis and haemostatic changes in these HHcy 

patients.23 Homocysteine has received great attention as a new risk factor for many 

diseases in recent years.  

Homocysteine and cardiovascular diseases 

Over the past 20 years, a number of clinical and epidemiological studies have 

shown that moderately elevated homocysteine levels in serum or plasma are strong 

independent risk factor for cardiovascular disease19, 20,  cerebrovascular disease, 

coronary artery disease, and peripheral vascular disease.21 Up to 50% of patients with 

stroke and other atherothrombotic diseases have homocysteine levels greater than 15 

µmol/L. 

Vitamin status, as a prelimary determinant of mild-to-moderate HHcy, accounts 

for approximately two thirds of the plasma homocysteine elevation in the general 

population, particularly in the elderly.37 Vitamin therapy results in near normalization of 

plasma homocysteine level in most cases.38~41 Vitamin treatment of patients has also 
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been shown to influence the progression rate of atherosclerosis. A meta-analysis of 27 

studies conducted by Boushey focusing on the risk of HHcy for arteriosclerotic vascular 

disease calculated that folic acid fortification of food would reduce the annual mortality 

by 50,000 of the US population.42 These conclusions were consistent with findings from 

the homocysteine Studies’ Collaboration meta-analysis, which showed reduction in risk 

for stroke and ischemic heart disease.43 Randomized placebo-controlled clinical trials 

were carried out to test the effect of vitamin therapy on the risk of stroke, recurrent MI, 

and coronary heart disease-associated sudden death, for example, Vitamin Intervention 

For Stroke Prevention (VISP)44 , Heart Outcomes Prevention Evaluation (HOPE)-2 45, 

and Norwegian Vitamin Trial (NORVIT).46 In patients with mild HHcy, despite 

successful lowering plasma homocysteine levels, vitamin intervention did not improve 

vascular disease outcome. 

Homocysteine and diabetes 

HHcy, as a risk factor presumably unrelated to diabetes, has been reported to be a 

potential risk factor in diabetes.107 In type 2 diabetes mellitus patients, the risk of 

cardiovascular diseases is 2~4 fold higher than that in the nondiabetic population. Given 

the fact that the most common form of diabetes is type 2 diabetes mellitus (80- 90% of all 

cases) and that incidence of type 2 diabetes  is rapidly increasing, it is extremely 

important to manage cardiovascular disease and its risk factors in these patients. 

Therefore the American Heart Association designated diabetes mellitus as a major risk 

factor for cardiovascular disease.108 

Patients with type 1 or type 2 diabetes mellitus are prone to cardiovascular disease, 

and the entire arterial vasuculature could be compromised. Common macrovascular 
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diseases are defined as coronary, cerebrovascular, or peripheral arterial disease. Study on 

the relationship between homocysteine levels and macrovascular disease has been 

conducted only in type 2 diabetes patients.  One study found that the prevalence of 

cardiovascular disease in hyperhomocysteinemic diabetics is higher than that in patients 

with normal plasma homocysteine concentrations.109 Also in Araki’s study, plasma 

homocysteine level was found to be significantly higher in 52 type 2 diabetics with 

marcorvascular diseases compared with 84 patients without vessel disease.110 Although 

for all manifestations of arterial disease, higher prevalence was seen; however, only for 

coronary artery diseases was it significant. In a study of 452 type 2 diabetes patients, 

homocysteine concentrations were found to be similar in patients with and without 

vascular diaseases.111 In Smulders’ study on diabetic patients, homocysteine levels in 

subjects with coronary heart disease was higher than those without (13.0 vs. 10.0µmol/L, 

P = 0.02).112 Also in Okada’s coronary angiography study, the extent of coronary artery 

abnormalities was strongly correlated with plasma homocysteine levels in 46 patinets 

with diabetes, which was not seen in 99 nondiabetics.113 Elevated homocysteine 

concentrations may have a greater impact in diabetic subjects. 

Microalbuminuria has strong association with a higher risk of cardiovascular 

events in diabetes, especially in type 2 diabetes. In type 1 diabetes, microalbuminuria 

mainly predicts renal insufficiency and progression to macroalbuminuria. The cause of 

microalbuminuria is unclear. The accepted view is that microalbuminuria indicates a 

systemic vascular dysfunction, probably endothelial dysfunction. Hyperhomocysteinemia 

could be one of the causes for microalbuminuria, as homocysteine is thought to be 

vasculotoxic, hence could induce endothelial dysfunction.  Therefore, investigators 
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explored whether a relationship exists between plasma homocysteine concentrations and 

microalbuminuria in diabetic patients. Some investigators found that the plasma 

homocysteine level is significantly associated with urinary albumin excretion114~116, 

while others did not.117, 118 In type 2 diabetes, the findings are also controversial. Some 

reported significant relation between plasma homocysteine level and albuminuria114, 119, 

120, while others did not.109, 112, 121 Whether the association between homocysteine and the 

development of microalbuminuria is causal or not remains to be elucidated. The 

mechanism of peripheral or autonomic neuropathy pathobiology in diabetes mellitus is 

not completely understood. Many factors proposed to be involved in neuropathy in 

diabetes include autoimmunity, hyperglycemia, neurotrophic and vascular 

insufficiency.122 Theoretically, homocysteine could contribute to neuropathy by causing 

neurovascular impairment or by acting as a direct neurotoxic agent. In some studies, a 

relation between plasma homocysteine level and autonomic or peripheral neuropathy was 

indeed found.111, 117, 123 While in other studies, no such a relationship was established.109, 

115, 124 The only two studies conducted to find predictors of diabetic neuropathy in type 2 

diabetic patients have yielded contrasting results. One study reported an association 

between homocysteine and neuropathy123, while the other did not.124 Additional 

researches are necessary to elucidate the role of hyperhomocysteinemia in the 

development of diabetic neuropathy. 

As for nephropathy, so far there is no data from previous studies to support a 

causal relation between HHcy and diabetic nephropathy. Nor did plasma homocysteine 

levels predict the decline of renal function in diabetes. In a study of nondiabetic subjects 

with moderate renal insufficiency, plasma homocysteine concentrations did not predict 
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the rate of progression.125 Microangiopathic complications of diabetes contribute to 

neuropathy, which may lead to loss of sensation and foot ulcer development. 

In general, HHcy can be treated with folic acid, vitamins B6 and B12.  The 

vascular effects of folic acid in diabetes are basically unknown. In streptozotocin-induced 

diabetic rats, treatment with 5-methyltetrahydrofolate (the active form of folic acid) 

improved the impaired vasodilation mediated by hyperpolarizing factor in the renal 

microcirculation, suggesting that folic acid restores endothelial dysfunction in type 

1diabetes.126 Beneficial effects of folic acid therapy have also been described in 

hyperhomocysteinemic, nondiabetic subjects.127 Unfortunately, trials of B-vitamin 

therapy show no effect in lowering homocysteine level in type 2 diabetes.128 Since 

homocysteine and diabetes mellitus have an apparent synergistic harmful vascular effect, 

and data suggest that homocysteine elevation impact patients with diatetes in comparision 

to nondiatetics, diabetes patients are better candidates for screening folic acid and 

vitamins B therapy. 

Homocysteine and the CNS 

There is also increasing clinical and experimental evidence indicating that 

homocysteine is a risk factor for brain atrophy.35 HHcy may contribute to some 

neurodegenerative disorders, in particular Alzheimer’s disease (AD). Many studies have 

also found elevated homocysteine levels associated with impaired cognitive 

performance and dementia as well as depression and other neuropsychiatric 

disorders.31~34 

The data for vitamin therapy as the primary prevention of cognitive decline are 

conflicting.  Two early trials examining the short-term effect(less than or equal to 6 
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months treatment duration) of homocysteine-lowering treatments found no improvement 

in cognitive performance on patients at high risk for dementia.47, 48 Investigators in the 

Folic Acid and Carotid Intima-Media Thickness (FACIT) study reported memory 

improvement, better information processing speed and sensorimotor speed compared to 

the placebo.49 However, data from a similar trial designed by McMahon detected no 

improvement in cognitive function after vitamin therapy.50
  

Homocysteine and pregnancy complications and adverse outcomes 

In addition, HHCY is associated with common complications and adverse 

outcomes of pregnancy24, such as spontaneous early abortion, recurrent abortions, 

placental vasculopathy, premature delivery, low birth weight, preeclampsia, and neural 

tube defects.25~30 In fact, cellular toxicity associated with homocysteine has been linked 

to diseases including involvement of nearly all organ systems. Children with 

homocystinuria have severely elevated plasma homocysteine levels and present with a 

clinical syndrome of atherothrombosis of medium and small arterial vessels, lens 

dislocation, premature osteoporosis, and mental retardation with brain damage and a 

predisposition to schizophrenia and epilepsy.14~18, 36 Supplementation with folic acid 

during pregnancy has been shown to decrease birth defects and reduce pregnancy 

complications such as spontaneous abortion. 

In summary, numerous experimental and epidemiological studies have 

established HHcy as an independent risk factor for cardiovascular and cerebrovascular 

diseases, dementia-type disorders, osteoporosis associated fractures and common 

pregnancy complications. Data on testing the effect of vitamin therapy in the primary 

prevention of stroke are encouraging, while data on the effect of vitamin 
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supplementation in the secondary prevention of cardiovascular and cerebrovascular 

diseases remains controversial. The use of vitamin therapy to improve cognitive 

performance also produced conflicting results. Although the effectiveness of vitamin 

supplementation in lowering homocysteine levels is not in dispute, a continued 

investigation is to identify patients who are most likely to benefit from the treatment. 

Also, the role of vitamin therapy in key applications for which it may prove beneficial 

has not been tested, such as in the primary prevention of cardiovascular disease.  

 

The CNS 

Over the past decade, there is increasing evidence for the involvement of 

neuroinflammation in the development of neurodegenerative diseases, such as 

Alzheimer’s disease, Parkinson’s diseases, demyelinating disorders as well as CNS 

infection-associated pathology. 

The CNS is an immunologically specialized site, because of the anatomical 

features of the CNS. Immune reactions occurring in the CNS take on a distinctive 

character. In the CNS, the exchange of immune cells and mediators is limited due to the 

Brain Blood Barrier (BBB). The parenchyma’s relatively lack of lymphatic drainage and 

endogenous antigen-presenting cells (APCs). These features give CNS only a limited 

array of immune-defense components. A better understanding of CNS immune 

mechanisms would certainly shed light on clinical trials; hence the amount of 

experimental literature addressing haematopoietic cells trafficking to the CNS is 

increasing rapidly.  To obtain a coherent picture of CNS inflammation, it is important to 

interpret the data in the context of the local compartmental anatomy. Here, we review the 
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CNS anatomical features, interpret and discuss the experimental data with these 

considerations. 

The CNS anatomy 

The CNS is composed of the brain, which is encased in the skull, and spinal cord, 

which is encased in the vertebral column. Inside the skull bone is a threefold 

membranous covering, which consists of, from the outermost to the innermost, dural 

membrane, the intermediate arachnoid membrane and the pial membrane (Figure 1.3). 

The cerebrospinal fluid (CSF) and diverse combination of vascular elements together 

protect, nourish and support the CNS; therefore, to cross the different vascular beds, 

leukocyte recruitment to various fluid compartments in the CNS should depend on 

different mechanisms and have different consequences and implications. There is a need 

to distinguish these possible mechanisms to allow precise terms and evaluation of 

hypotheses. In the published literature, the most commonly used phrase to deal with this 

topic is ‘leukocyte entry into the CNS’, which is quite imprecise given the complexity of 

possible mechanisms. 

The CSF, actively secreted by the secretory epithelium of the choroid plexus 

(CPE) 143, connects the CNS to the lymphatic system. Choroid plexuses are located in 

ventricles in separate regions of the brain (Figure 1.3). CSF circulates from the ventricles 

through the subarachnoid space (the space between the arachnoid and the pial 

membranes), most of which is resorbed into the blood stream through the arachnoid villi 

(the small protrusions of the arachnoid membrane into the venous sinuses of the brain). 
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The formation rate of CSF production is 500 ml per day, and the human brain contains 

only 135-150 ml CSF, which means that the CSF turns over about 3.7 times a day.140 

The most commonly accepted view is that the CNS lacks lymphatic drainage. 

However, both recent and previous studies in rodents and ruminants suggest that CSF 

drains into cervical lymph nodes as well.144 Though no lymphatic vessels are found in 

CNS tissue, the CSF might be to some degree functionally equivalent of the lymph for 

the CNS.129 There are anatomical connections between the subarachnoid spaces around 

olfactory bulbs which drain across the cribriform plate into lymphatics of the nasal 

submucosa.145 Tracer studies showed that cervical lymphatics contribute to bulk CSF 

drainage substantially (estimated to be 50%)146 , which supports the physiological 

relevance of this pathway.  So far, studies are focused on lymphatics associated with the 

olfactory bulbs. Whether regional lymphatics associated with other cranial nerves are 

involved in the CSF drainage remains to be revealed. Similar structural relationships are 

found between the the cribriform plate of the ethmoid bone, arachnoid villi, and the 

lymphatics of the nasal submucosa in humans, as were previously reported in rodents and 

ruminants.141 But how these findings relate to humans is still not entirely certain. 

In the cervical lymph nodes of non-human primates, myelin antigens were 

detected and found to be associated with cells presenting dendritic-cell morphology as 

well as cell- surface phenotype in Experimental Autoimmune Encephalomyelitis (EAE), 

a model to study inflammatory demyelinating disorder.147 The lack of tight junctions in 

the ependymal lining of the ventricles renders the exchange between ventricular CSF and 

the extracellular fluid of the CNS white matter relatively free.The interstitial fluid of the 
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CNS grey matter equilibrates with the CSF at the Virchow-Roin Spaces (specialized 

perivascular spaces associated with penetrating arteries and continuous with the 

subarachnoid space) (Figure 1.3).  These pathways of interstitial fluid exchange seem to 

be efficient in dealing with soluble proteins.148 It is likely that the protein antigens in the 

CNS can access the cervical lymphatics via the CSF and stimulate antigen-specific 

responses by naive or memory T cells after appropriate processing and presentation. The 

framework for speculation about the physiological immune surveillance in the CNS 

based on these observations is shown in Figure 1.4.142 The transit of antigenic material 

from the brain parenchyma to the CSF and the cervical lymphatics provide CNS the 

afferent limb of immune response, while the efferent limb of CNS immune response may 

largely occur in the subarachnoid space. One piece of evidence for this mechanism is that 

in healthy individuals, leukocytes found in the CSF are mainly CD4+ memory T cells 

circulating through the subarachnoid space. Possible sites for these memory cells to 

encounter myeloid cells with antigen presentation capability are choroid-plexus stroma 

associated with the ependyma, the meninges or the Virchow–Robin perivascular spaces 

(Figure 1.4). 

Only by sequestering neuroantigens behind the BBB cannot fully control the 

immune reactivity to components of the CNS. The trafficking of immunocompetent cells 

into the CNS must also be closely regulated. The inter-endothelial tight junctions of the 

cerebral capillary vasculature, similar to those found between epithelial cells, guard the 

CNS and keep out circulating cells and macromolecules. Due to the poor capacity for 

pinocytosis and absence of endothelial fenestrae in these endothelial cells, movements of 

leukocytes in or across the endothelium as well as trans-cellular movement of solutes are 
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tight junctions. These unique features of capillary endothelium that 

keep out serum proteins and tracer molecules from the CNS are known as the BBB

CPE cells in the choroid plexus are arrayed in villi and surrounded the core of 

vascularized stroma. Although the capillaries of the choroid-plexus stroma lack tight 

junctions and havewindow-like openings of 80 nm across the capillary wall, serum 

teins cannot travel from blood stream to CSF freely because of the tight 

In summary, control of the the passage of regulatory and nutrient proteins, free 

fatty acids, electrolytes, as well as toxins between blood and brain is bi-directional.  

tight junctions. These unique features of capillary endothelium that 

as the BBB.14 The 

CPE cells in the choroid plexus are arrayed in villi and surrounded the core of 

plexus stroma lack tight 

80 nm across the capillary wall, serum 

teins cannot travel from blood stream to CSF freely because of the tight junctions 

regulatory and nutrient proteins, free 

directional.   
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Figure 1.3: Anatomical structures relevant to the arterial supply of the CNS and the 

CSF circulation. The internal carotid artery supplies the brain parenchyma with blood. 

The vessels derieved from the internal carotid artery is surrounded by the Vichow-Robin 

space (also known as the perivascular space) in the brain parenchyma. The cerebrospinal 

fluid (CSF), secreted by the choroid-plexus epithelium, circulates from the lateral 

ventricles to the subarachnoid space and is resorbed to the vascular system via the 

archnoid villi. (Richard, Pia et al. 2003, Nature Reviews, 3:569-581) 
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Figure 1.4: Afferent and efferent mechanisms of immune surveillance in the CNS. 

Soluble proteins enter the cerebrospinal fluid (CSF), either from gray matter or white 

matter, and initiate the afferent signals from the CNS parenchyma to the peripheral 

immune system. Soluble proteins are then transported from the CSF to peripheral lympn 

nodes through lymphatic channels. Naïve or memory T cells can be stimulated by the 

antigen provided by these soluble proteins. Interactons between memory T cells and 

antigen-presenting cells (APCs) can promote the efferent phases of immune reactions. 

Memory T cells has been proposed to migrate from blood into the subarachnoid space 

and back to blood circulation (indicating by dotted arrows). In the CNS, resident APCs 

include: a, choroid-plexus macrophages; b, epiplexus cells; c, meningeal macrophages; d, 

perivascular cells of the Virchow-Robin spaces. (Richard, Pia et al. 2003, Nature 

Reviews, 3:569-581) 
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Features of the CNS inflammation 

Unique anatomical features of the CNS render the responses to immune and 

inflammatory insult at this site distinctive.129, 130 First, the inflamed CNS does not exhibit 

typical features of inflammation such as pain, redness and swelling, which are often 

observed during inflammation in peripheral tissues. This is because the parenchyma lacks 

sensory nerves endings and lymphatic drainage, and also the mechanisms regulating 

tissue fluid composition are different. Being encased in rigid bone and covered by an 

inelastic dural lining, the total volume of the CNS is invariant. If inflammatory swelling 

occurs, the increasing volume of extracellular fluid will result in increasing tissue 

pressure, opposing arterial influx and threatens secondary ischemic damage. Second, 

immune reactions occurring in the CNS have distinctive character. The BBB plays an 

essential role for maintaining the physiological and immunological homeostasis and 

restricting the entry of pathogens, meanwhile, it also limits the exchange of immune cells 

and mediators. The CNS can only deploy limited immune-defense components. The CNS 

function depends on the viability of neurons, most of which are post-mitotic and cannot 

regenerate. Given these constraints, it is plausible that the capacity of CNS for immune 

and inflammatory reactivity is limited. Besides the absence of tissue lymphatics, it has 

been shown by ultrastructural and dual-color immunostaining that the expression level of 

MHC class II molecules in the intact human brain is low.131, 132 Recently, it has been 

shown that almost all MHC class II molecules expression in the brain parenchyma is 

restricted to phagocytic macrophages and reactive microglia132, cells with limited antigen 

presentation capacity to naïve cells. In the brain parenchyma, no resident dendritic-cell 

population has been detected.132 
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Therefore, it is not surprising that the CNS appears to show marked resistance to 

immune and inflammatory responses to certain stimuli as compared with other internal 

peripheral tissues. During CNS inflammation, neutrophil recruitment is slight and the 

major resident inflammatory cells are microglia (brain macrophages) and astrocytes, 

which have been shown to release many proinflammatory mediators, such as cytokines, 

reactive oxygen species, and nitric oxide. For example, after stimulation with bacterial 

lipopolysaccharide (LPS), a classical proinflammatory agent, the acute response of brain 

parenchyma differs markedly from peripheral tissues.133 A study in rodents has shown 

that LPS can elicit a rapid and massive neutrophil invasion in the skin, but the response in 

the brain is delayed and limited with no neutrophil recruitment at any time and little signs 

of vascular response.134 Upon LPS treatment, the major cells being activated and which 

dominate the cellular response are microglias. Another example is that in most solid 

organs, the liver for instance, necrosis would elicit a strong response featuring the 

recruitment and activation of monocytes and neutrophils. However, in the CNS, marked 

neuronal necrosis induced by neurotoxin injections fail to provoke a typical leukocyte 

response.135~137After injections, the accumulation of monocytes are delayed, and no 

neutrophil response is observed, though a rapid reaction of the resident microglia is 

observed. This evidence indicates that the brain environment is tightly regulated and the 

balance between inflammation-induced tissue damage and tissue repair is finely 

modulated. Furthermore, previous data also demonstrated that compared with the skin, 

there was a delayed rejection in the CNS parenchyma when an xenogenic tumour is 

implanted.138 More recent studies showed slow and inefficient clearance after virus 
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inoculation into the parenchymathe.139 The CNS is proposed as a site with selective and 

modified immune reactivity. 

Routes of leukocytes recruitment into CNS 

Unless inflammation occurs, there are very few leukocytes in the CNS. Thus

most studies on leukocytes trafficking are carried out in disease or injury models. There 

are three or more possible distinct routes of leukocyte entry into the CNS

The first route of leukocytes migration into the CNS is from blood to CSF across 

choroid plexus. In healthy individuals, CSF contains about 3000 leukocytes/

this pathway is likely to have physiological relevance. In this pathway, leukocytes first 

migrate across the fenestrated endothelium of the choroid-plexus stroma, then tra

he stromal core into the villi, interact with epithelial cells of the choroid plexus, 

finally enter the CSF at its site of formation. This pathway of cell entrance into the CNF 

is likely to happen under normal physiological conditions. One supporting evidence is 

that 2 hours after injection of fluorescence-labelled lymphocytes into healthy mice, the 

same lymphocytes were found in the choroid-plexus stroma and the meninges.

cell response to challenge can also occur in the subarachnoid space. In a mice 

meningitis model, accumulation of 1 106 leukocytes per ml in CSF was detected 6 hours 

Streptococcus pneumoniae challenge.150  

The second route of leukocytes migration into the CNS is from blood to 

space. In this pathway, leukocytes can travel from the internal carotid artery, 

across postcapillary venules at the brain pial surface, into the Virchow

perivascular spaces and the subarachnoid space (Figure 1.3), where they may encounter 
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most studies on leukocytes trafficking are carried out in disease or injury models. There 
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the monocyte/myeloid cells lineage with antigen presentation capability. Exchange of 

perivascular cells with circulating leukocyte populations was shown in bone-marrow 

chimaeras models.151~153 Hence, the perivascular regions, particularly the Virchow–Robin 

spaces, are considered as probable sites for lymphocyte–APC interaction and immune 

surveillance of the CNS (Figure 1.4). 

The third route of leukocytes migration into the CNS is from blood to 

parenchymal perivascular space. In this pathway, leukocytes can pass through the internal 

carotids through the branching arterioles and capillaries, extravasate through 

postcapillary venules and enter the parenchyma directly. This pathway requires the 

leukocytes to cross the endothelial basal lamina and the BBB. Previous studies showed 

that activated T-cell blasts can undergo this event after intravenous injection152, 154, 

although the extravasation efficiency was very low. The leukocyte extravasation study in 

EAE model revealed no leukocyte–endothelial interaction in healthy mice.155 This study 

showed that the transit of lymphocytes across cerebrovascular endothelium is of low 

efficiency.  

 

Cellular responses in neuroinflammaiton 

Historically, the CNS had been viewed as an immunologically privileged site. 

Over the past decade, many studies have proved that immune reactions do occur in the 

CNS273, but in a distinctive manner. The CNS is an immunologically specialized site 

rather than an immunologically privileged site. Neuroinflammation has been recognized 

as a prominent feature of many neurodegenerative diseases, including AD, multiple 



24 

 

sclerosis, Parkinson's disease, and even autism.275, 276 Neuroinflammation is a complex 

process that integrates of responses of all cells within the CNS, including the microglia, 

macroglia, neurons, and the infiltrating leukocytes. 

Cellular responses 

Microglia, comprising up to 20% of the total population of rodent glial cells, are 

immune-competent cells that can be found in all regions of the CNS.277 Although both 

CNS-resident microglia and blood-derived macrophages express classic macrophage 

markers Iba-1, F4/80, and mac-1, and are inducible for MHC, microglia are not identical 

to macrophages that acutely infiltrate the CNS upon pathogenic insult.277 Hickey and 

Kimura found that the replacing rate of parenchymal microglia by bone marrow derived 

cells were very slow, while the replacing rate of all the other macrophage and immune 

cell populations are rapid, only within a few weeks.278 In Sedgwick and colleagues’ 

studies, they found that microglia expressed lower levels of CD45 compared to peripheral 

macrophages.279  

Resting microglia usually exhibit a ramified morphology (Figure 1.5a) and have 

low levels of immune molecules on cell surface. Changes in the microenvironment can 

lead to rapid activation and morphology alteration of microglia.280~283 Studies have 

shown that microglia became activated and increased in number during WNV infection241. 

In the Theiler’s virus model of multiple sclerosis, activation of microglia with APC 

capacity in the inflammatory environment is shown.252 Activated microglia have 

increased phagocytic ability and enhanced migratory capacity within the brain, and 

increased expression of cell surface glycoproteins, such as CD45 and MHC-II.257~263 
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There has been long debate over the mechanism resulting in increased microglia in the 

CNS during inflammation. Studies have shown in situ proliferation of microglia in 

several synthetic inflammatory models.253~256 Other researchers believe that blood-

derived precursors that infiltrate into the CNS can differentiate into microglia; however, 

recent researches suggest this only occur under defined host conditions.98, 264~268    

In the CNS, most phagocytosis is undertaken by microglia. However, other cell 

types may act as nonprofessional phagocytes, such as such as astrocytes (Figure 1.5b), 

endothelia, oligodendrocytes, and even neurons. 

Astrocytes, also known as astroglia, are one type of macroliga (astrocytes and 

oligodendrocytes) and comprise about 35% of the total CNS cell population.284 In healthy 

CNS, astrocytes perform many functions essential for normal neuronal function, such as 

providing supporting endothelials cells, forming the BBB285~287, modulating glutamate 

levels and preventing the glutamate-induced excitotoxic neuron death.242,288 In vitro data 

indicate that interaction between the astrocytes and the cerebrovasculare endothelium is 

vital in maintaining the normal function of the BBB. In addition, astrocyte can produce 

pro-inflammatory cytokines, such as TNFα, which plays a vital role in leukocyte 

extravasation from the blood vessel across the BBB into the CNS.285~287 
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Figure 1.5: Morphology of microglia and astrocytes. A, insert shows migroglia stained 

for HLA-DR in a section of inflamed human brain; B, astrocytes stained for C3aR. 

Magnification = ×200 (Karan et. al, 2003, Expert Rev Mol Med, 5:1-19) 
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HHcy and immune activation 

HHcy has been established as an independent risk factor for atherosclerosis, 

cardiovascular and cerebrovascular diseases, dementia-type disorders, and other 

diseases. The involvement of homocysteine auto-oxidation is considered to be crucial in 

the pathogenesis of these diseases. However, whether homocysteine accumulation is an 

early event for disease development or rather is a secondary phenomenon leading to B-

vitamin deficiency remains to be elucidated.  

Ongoing activation of the immune system is observed in most of these diseases 

accompanied by HHcy.55, 56 Elevated homocysteine levels have been reported in patients 

with neurodegenerative diseases, autoimmune diseases and malignant diseases.57~59 

Immune activation could be causal for the homocysteine accumulation. On the one hand, 

immune activation is an important source of reactive oxygen species (ROS), especially 

in chronic immune activation when oxidation of the B-vitamins and antioxidants 

occurs.60 On the other hand, immune activation induces proliferation of immune cells, 

which may also play a key role. In vitro studies show homocysteine accumulation in 

supernatants of cultured human peripheral blood mononuclear cells after stimulation 

with mitogens.61 Cells dividing rapidly fail to metabolize homocysteine properly and 

may lead to HHcy.62  

In vivo data also implies that immune activation is intensely involved in the 

pathogenesis of several conditions accompanied by HHcy, for example, in 

cerebrovascular and in neurodegenerative disorders. Chronic activation of the immune 

system and increased oxidative stress are generally accepted as the major 

pathomechanism.63, 64  In 35 patients with coronary artery disease, in which 
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homocysteine inversely correlates with the B-vitamin level, elevation of neopterin, the 

cell-mediated (=Th1-type) immune activation marker, is also observed in these 

patients.65 A positive relationship between homocysteine levels and neopterin has also 

been found in patients with Parkinson’s diseases66 , and also in patients with rheumatoid 

arthritis.67 Neopterin is widely used to monitor Th1-type immune responses, and 

elevation of neopterin has been found in several diseases in which moderate HHcy have 

been described.68, 69 Therefore, cells stimulated within the Th1-type immune response 

could be involved in moderate HHcy.  Folate treatment in patients with dementia seems 

to be effective in lowering homocysteine concentrations, whereas neopterin production 

is not affected.70 These data further supports the concept that HHcy may represent a 

secondary phenomenon rather than an underlying cause of immune activation.  

To conclude, data are accumulating that support a role of immune activation in 

the progress of HHcy, which link HHcy to the immunopathogenesis of vascular 

diseases. The interrelationship between homocysteine metabolism and immune 

activation may allow a better understanding for HHcy in certain immunopathologies. 

More studies and experiments are necessary to further elucidate these questions.  

 

 HHcy and CNS research 

In 1964, the link between homocystinuria and neurodegenerative diseases was 

first reported in patients with severe CBS deficiency.4, 156 These patients suffered from 

severe cognitive disorders and mental retardation. Patients with methionine metabolism 

disorders were found to have several neurological and psychiatric manifestations, such as 

dementia, myelopathies, depressive disorders, cerebral seizures, and polyneuropathies.157 



29 

 

In vivo studies also showed that experimental HHcy can cause disorders in neuronal cell 

death, brain energy metabolism, synaptic plasticity, and DNA damage.158 Human studies 

indicate that higher plasma homocysteine levels in the elderly are associated with the 

hippocampus and cortical cerebral atrophy.159 HHcy and B vitamin deficiency are also 

found to be associated with silent cerebral infarctions and cerebral atrophy.160 

HHcy and congnitive Dysfunction 

Epidemiological studies have shown that homocysteine is associated with 

Alzheimer’s disease (AD) as well as cognitive disorders.161~163 However, whether 

homocysteine is the cause of the dementia development or it is only a surrogate marker 

for other causes is still unclear. B vitamins are crucial in the maintenance of normal nerve 

function in adults. In elderly patients, normalization of high homocysteine levels and/or 

low B vitamins levels through substitution and 36 months of follow-up treatment tend to 

improve the neurological symptoms. Also treatment with B vitamins improved the 

severity and symptoms of neuropsychiatric diseases.164 

It has been reported that plasma homocysteine level is negatively correlated with 

cognitive function.165 About 7 to 8% of the variance of cognitive function in the elderly 

could be attributed to homocysteine.166 In the Framingham study, studies on more than 

2000 subjects demonstrated a link between cognitive function and the homocysteine level 

in the elderly, but not in younger people.167 Other studies on over 3000 subjects from 

three ethnic groups revealed a similar result.168 High homocysteine levels are found to 

correlate with lower Mini Mental State Examination Scores (MMSE) in patients over 65 

years old. Therefore, fasting plasma homocysteine level is considered as an independent 

predictive parameter for the cognitive capatity decrease in the elderly.167 The Hordaland 
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study showed that the changes in the homocysteine concentration determined a decrease 

in the memory score over a 6-year follow up period.169 Therefore, high plasma 

homocysteine levels are implicated as a causal factor in the development of congnitive 

dysfunctions. 

Besides decreased memory, HHcy has also been linked to a decreased life 

satisfaction.170 In patients with depression, the correlation between homocysteine level 

and cognitive function were also found to be negative.171~173 

Genetic enzyme defects and animal models 

The intracellular homocysteine is maintained in low concentrations through 

metabolism and exportation into plasma.196, 104 About 70% of plasma homocysteine is 

catabolized by the kidney and the proportion excreted in urine is small.197, 198 Mild HHcy 

can be due to lack of methylenetetrahydrofolate reductase (MTHFR)199, 200, B vitamin 

deficiency201 or renal infufficiency.202 Moderate HHcy is mostly due to heterozygous 

enzyme defects.156, 203, 204 Severe HHcy is related to homozygous enzyme defects. 

Moderate HHcy is more prevalent, while severe HHcy is very rare. The most common 

genetic causes are associated with mutations of MTHFR and CBS. Other mutations, for 

example, MS205 and methionine synthase reductase206, are rare and are less likely to have 

an influence on the clinical relevance of homocysteine metabolism.  

The enzyme MTHFR irreversibly catalyzes the conversion of CH2THF to 

CH3THF. Point mutation of MTHFR at position 677 (MTHFR 677C→T) is associated 

with about 70% enzyme activity reduction199, which can be rescued by folate and B 

vitamins supplement. Therefore, carriers of this variant are especially sensitive to folate 

and B vitamins deficiency, and their plasma homocysteine levels rises by about 25% 
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comparing with carriers of the wild type variant.200, 208 In central Europe, about 5~15% of 

the population are homozygous carriers of this variant.199 Studies reported about 20% 

higher risk for vascular disorders for the homozygous carriers.207~209 

About 1% of the population is CBS mutation carriers in heterozygous form. 

Heterozygous carriers may have normal fasting plasma homocysteine levels, but higher 

homocysteine levels after an oral methionine-loading test, and also they have higher risk 

for vascular diseases.210 The prevalence of homozygous homocystinuria is about 1:58,000 

to 1:1,000,000, and patients with homozygous mutation have severe CBS activity 

deficiency and very high fasting plasma homocysteine levels.211 So far more than 90 

cases of homocystinuria caused by CBS mutation have been reported and the clinical 

manifestation varies a lot. In infancy, there are neurological dysfunction and delayed 

mental development. At an older age, CVD, thromboembolic diseases, lens dislocations, 

and osteoporosis have beem reported, and these patients usually die before thirty due to 

thromboembolism.211 

To mimic human congenital HHcy, mouse models have been created through the 

deletion of the targeted genes. Two well studied mouse models of HHcy are CBS-

deficient mice and MTHFR-deficient mice. 

Chen et al. established the mouse model for HHcy by knockout of the MTHFR 

gene.212 Compared to wild-type mice with plasma homocsteine concentrations of 3.2 

µmol/L, plasma homocysteine levels were 60% higer in heterozygotes (5.4 µmol/L) and 

1000% higher in homozygotes (33.1 µmol/L).The heterozygous mice appear to grow 

normally and healthy, while the homozygous have a severe phenotype. The homozygous 

mice showed retarded growth and poor survival. About 25% of them die with tremors 
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and have motor and gait abnormalities by postnatal week 5. Those survivors past this 

point are stable, manifest some of the pathology associated with congenital MTHFR 

deficiency in humans, such as liver steatosis and lipid deposits in the aorta. Furthermore, 

the brain shows striking developmental disruption of the cerebellum laminar structure, 

however, the cortex and cerebrum appear normal. Examination of different tissues 

showed that the pattern of metabolic disruptions is complicated. The folate status is not 

changed in the brain and liver, but the ratio of methylfolate to total folate is altered in a 

tissue specific manner. In wild type mice, 22.6% of total liver folate is in the form of 

methylfolate, but in the heterozygotes only 13.0% and 0.9% in homozygotes. In the brain, 

methylfolate accounts for a higher percentage of total folate, 30% in both wild type and 

heterozytotes, but only 4.1% in the homozygous brain. In both liver and brain, the 

SAM/SAH ratio are abnormally low, but only in the brain was methylation significantly 

impaired, with 1.6-fold reduction of genome-wide DNA methylation in heterozygotes 

and a 2.4-fold in homozygotes. 

Watanabe et al. established a mouse model of HHcy by targeted deletion of the 

CBS gene.213 Heterozygotes mice have approximately twice as much the plasma 

homocysteine levels as their wild-type littermates, while the homozygotes have severe 

HHcy with concentrations of 200µmol/L or more. The heterozygous mice appear to grow 

normally and healthy, while the homozygous have a severe phenotype. The homozygous 

mice showed retarded growth, and most die by postnatal weeks 3~4. Surviving 

homozygotes exhibit histological abnormalities in liver, but their gross brain histology 

appears to be normal. CBS deficiency is shown to be associated with the SAPK/JNK 
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kinase activation in hippocampus, a stress response signaling pathway214, which might 

have an association with the relatively low threshold of resistance to brain injury. 

Though both models cause severe HHcy, they have different patterns of 

underlying metabolic disruption and have different impacts on brain. Different from the 

MTHFR deficiency model, Choumenkovitch et al. showed that CBS deletion results 

significant increase in SAM concentrations compared to wild type littermates by 10% in 

kidney, and 84% in liver but not in brain. In all three organs, SAH levels are significantly 

elevated.215 Hence, in all three organs, SAM/SAH ratios are significantly reduced due to 

CBS deletion. The DNA methylation was reduced by about 45% in liver and kidney in 

comparison with the corresponding wild-type tissues, but DNA methylation was 

unchanged in brain.215 

These genetic models demonstrate that severe HHcy can be associated with quite 

different tissue-specific biochemical disruptions and pathology. Furthermore, the fact that 

homozygotes CBS deletion can survive with severe HHcy but without apparent brain 

pathology poses a challenge to further study on whether homocysteine is directly 

neurotoxic. 

  

 Expression of CBS and localization in adult mouse brain 

Early biochemical studies using enzyme and cell fractionation methods provided 

well documented evidence of CBS expression in the CNS in a variety of species.6~9 A 

later  detailed study of the regional and cellular expression patterns of CBS during mice 

development and immunolocalization in adult mice brain was carried out.11 CBS 

expression was ubiquitous in the early stages of development. At later developmental 
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stages, the expression of CBS is more specific in the liver, skeletal system, cardiac and 

nervous systems, which are the tissues mainly affected in HHcy patients and a murine 

model of HHcy.10, 12 In the CNS, CBS expressions were very weak and uniform in the 

brain at P0. During later developmental stages of brain, the expression level of CBS 

before becoming restricted to specific region. The CBS protein profile is shown in 

Figure 1.6 using in situ immunostaining. Immunohistochemisty (IHC) results showed 

that the CBS protein predominantly located in either the cell bodies or the neuronal 

processes of the Purkinje cells within the Purkinje cells layer and the Ammon’s horn 

neurons within the hippocampus in the adult mice brain.11 Weak and uniform expression 

was detected in the neurons of the cerebral cortex, the spinal cord, the striatum, and the 

thalamus. These results are consistent with the pattern of CBS activity in nine regions of 

the adult rat brain.13 In the non-neuronal cells region of the brain, no significant 

expression was detected. The observation of developmental regulation and specific 

localization of CBS expression suggests that homocysteine metabolism may play an 

important role in normal brain function.  
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Figure 1.6: In situ CBS immunostaining in the mouse CNS. Midlateral section of 

adult mouse brain (3-month-old, CBS+/+). C, cerebellum; Cx, cellular bodies; Dg, dentate 

gyrus; Ob, olfactory bulb; Sp, spinal cord; Th, thalamus. The strongest CBS expression is 

in the cerebellum and the hippocampus. Uniform and weak expression is also observed in 

the neurons of the cerebral cortes,  the striatum and the thalamus. (Adapted from Robert, 

Vialard et al., The Journal of Histochemistry & Cytochemistry, 51(3): 363-371, 2003) 
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Mechanisms of homocysteine neurotoxicity 

The adverse effects of elevated homocysteine levels and folate deficiency on the 

developing brain have been well documented. Homocysteine has been implicated to 

increase oxidative stress, promote apoptosis, and induce excitotoxicity and DNA damage, 

all of which are important mechanisms in neurodegenerative diseases.174 Neurones take 

up homocysteine through a specific membranetransporter, which result in high 

intracellular homocysteine level.175 The brain might be particularly vulnerable to high 

homocysteine levels in the blood.176 Some possible mechanisms for the 

pathophysiological effects of homocysteine to the brain are discussed in more detail in 

the following sections. 

Oxidative stress 

How homocysteine increases oxidative stress is not understood. Some believe that 

oxidation of the sulfhydryl group of homocysteine would result in the production of 

hydrogen peroxide and superoxide.177 Homocysteine down-regulates the activity of 

glutathione peroxidase and decreases nitric oxide bioavailability.178 Homocysteine 

reduces the antioxidant reserves by decreasing tissue levels of vitamins A, C and E.179 

Folic acid supplementation has been shown effective in protecting homocysteine-induced 

oxidative stress by reducing intracellular superoxide and hydrogen peroxide levels.180 

Catalase and superoxide dismutase can reduce in vitro homocysteine neurotoxicity.181 

Excitotoxicity 

Homocysteine has been shown to be excitotoxic and capable of activating N-

methyl-D-aspartate (NMDA) receptors182 and group 1 metabotropic glutamate receptors 

(mGluR).183 Homocysteic acid and cysteic acid, which are the oxidation and 
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transsulfuration products of homocysteine, are also agonists at ionotropic and 

metabotropic glutamate receptors.184, 185 Systemic administration of homocysteine or 

homocysteic acid in rats can trigger seizure186, 187, and homocystinuria patients have 

epileptic seizures.17 NMDA receptor antagonists can partially reverse the neurotoxicity of 

homocysteine, suggesting homocysteine an agonist of this receptor.181 Homocysteine has 

also been a partial agonist at the glycine receptor, which would reduce NMDA receptor 

activity. This dual action of homocysteine prevents NMDA receptor from 

overstimulation under physiological conditions. Under pathological conditions with 

disturbance of the BBB, exposure to high levels of homocysteine and glycine, 

overstimulation of NMDA occurs in the neurones, leading to excitotoxic damage.182 The 

activation of mGluR by homocysteine would activate protein kinase C and increase 

intracellular IP3, result in enhanced endoplasmic reticulum (ER) sensitivity to 

intracellular Ca2+.188 

 
Apoptosis 

Apoptosis is a form of programmed cell death in which cell shrinkage, nuclear 

fragmentation and chromatin condensation occurs. Cell fragments produced in apoptosis 

are phagocytozed without eliciting inflammatory responses. Homocysteine impairs 

transmethylation and results in DNA breakage, which promotes apoptosis. In vitro data 

showed that in cultured neurons, the caspase pathway is activated due to ATP reserves 

depletion during DNA damage repair.189 Furthermore, homocysteine induced oxidative 

stress increases NF-kappaB activity, a redox-sensitive transcription factor that is essential 

in the control of apoptosis.190 Increased NF-kappaB activities can lead to a Ca2+ influx, 

resulting in secondary excitotoxicity. 191Augmented cytosolic Ca2+ would leads to 
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mitochondria damages, cytochrome c leakage, caspase-3 pathway activation, and 

apoptosis.192 Homocysteine can also enhances ER stress response of by enhancing the 

both chaperone and non-chaperone proteins expression.193, 194 The extent of cell injury is 

closely linked to ER stress.  

Current progress in HHcy and CNS research 

HHcy has been established as a risk factor for atherosclerosis114, vascular 

diseases243, and demonstrated to alter vascular structure.269, 302 Previous studies reported 

HHcy to impair endothelium-dependent middle cerebral artery dilatation.303 Clinical 

studies also found that atherosclerosis is closely associated with cerebral aneurysm 

formation, which is a major cause of subarachnoid hemorrhage. Latest studies found that 

HHcy induced by methionine diet also accelerated cerebral aneurysm formation.297 In 

their study, male Sprague–Dawley rats (7 weeks old) were fed with water containing L-

methionine (1g/kg). Common carotid artery ligation was conducted to induce aneurysm. 

These rats were sacrificed 3 months after aneurysm induction. Methionine diet 

significantly increased plasma homocysteine levels in experimental rats. Cerebral 

aneurysm formation was accelerated in the HHcy rats. Also, increased expression of 

VEGF, iNOS, MMP-2, and MMP-9 were found in aneurismal walls, which are critical 

molecules for vascular wall modeling in rats.297 

Another study on the effects of acute homocysteine administration reported 

increased inflammatory markers in brain and blood.298 In their studies, Wistar rats 

received a single subcutaneous injection of homocysteine (0.6µmol/g body weight). 15 

mins, 1h, 6h and 12h after the injection, parameters of inflammation such as cytokines, 

chemokines, nitrite and acute phase-proteins were measured in serum, hippocampus and 
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cerebral cortex.  Their results showed that acute homocysteine administration 

significantly increased proinflammatory cytokines (TNF-α, IL-1β and IL-6) and 

chemokine CCL2 (MCP-1) in serum, hippocampus and cerebral cortex, but not the acute 

phase-proteins levels.298 They also reported an increasing percentage of neutrophils and 

monocytes in blood at 15 min and 1 h after injection, but not at 6 h and 12 h.298  

HHcy is a physiological risk factor for a variety of neurodegenerative diseases, 

including Alzheimer’s disease. A major phenotype seen in neurodegenerative disorders is 

the selective loss of neurons due to apoptotic death and evidence suggests that 

inappropriate re-activation of cell cycle proteins in post-mitotic neurons may be 

responsible. One recent study examined homocysteine induced neuronal cell death in a 

rat cortical neuron tissue culture system.299 They found that that in response to 

homocysteine treatment, cyclin D1, and cyclin-dependent kinases 4 and 2 translocated to 

the nucleus, and p27 levels decreased. They conclude that S phase entry causes 

homocysteine-induced neuron death.299 

 

General summary of objectives 

Whether homocysteine is an early event for disease development or rather is a 

secondary phenomenon is still unclear. HHcy has been shown to accompany the 

immune activation in patients with neurodegenerative diseases, and autoimmune 

diseases. Inflammatory monocyte recruitment into the CNS and microglia proliferation 

has been shown in several inflammatory models.  With the primary intent of 

characterizing the effects of HHcy on the CNS, studies presented in this thesis examine 
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whether HHcy affect the total mononuclear cells composition in the CNS and whether 

HHcy increase the inflammatory cells infiltration into the CNS. 
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CHAPTER 2 
 

HHCY INCREASE INFLAMMATORY MONOCYTE SUBSETS                                        
IN THE CNS OF Tg-hCBS ApoE−/− cbs−/− MICE  

 
Introduction 

HHcy has been established as an independent risk factor for cardiovascular 

disease19, 20, cerebrovascular disease, coronary artery disease, and peripheral vascular 

disease.21 The frequent cardiovascular involvement in patients with several autoimmune 

diseases71, often associated of HHcy is the case, led to the intensive investigation on the 

role of homocysteine in pathogenesis. Recent studies suggest a bi-directional 

relationship between homocysteine levels and immune-inflammatory activation. In other 

words, immune activation and inflammation may contribute to an increase in 

homocysteine levels, which in turn may act as immune-stimulating and pro-

inflammatory molecules assisting the injury of the target organs. Homocysteine may 

also trigger autoimmune reactions by binding to specific proteins and altering their 

structure, resulting in neoantigen formation. 

Most of the available data support an association of HHcy with cognitive 

impairment in a wide spectrum of CNS dysfunction and pathology. Several studies have 

reported that homocysteine elevation is correlated with cognitive dysfunction73, and 

predicts the subsequent development of dementia74 in cognitively normal, middle-aged 

individuals and the elderly. Behavior alterations are often seen in inflammatory diseases 

originating within the CNS, for example multiple sclerosis (MS)79,80, as well as in 

inflammatory diseases occurring outside the CNS, for example inflammatory bowel 

disease81, 82, liver disease83, 84, rheumatoid arthritis85, 86, and psoriasis.87  Pathways of 
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communication must exist between the CNS and the periphery to mediate the changes 

within the CNS. One of the possible communication pathways established is via humoral 

and/or neural routes.88, 89An important pathological feature of cerebral inflammatory 

diseases is trafficking of immune cells into the CNS.90, 91 Neurotransmission changes 

that give rise to behavioral alterations in these diseases occur after cerebral immune cell 

infiltration has occurred.92 Microglia have been shown to proliferate in situ in several 

inflammatory models.93~96 In a lethal West Nile virus (WNV) encephalitis model, Ly-6C 

“inflammatory monocytes”are microglial precursors.97 Another study showed that 

microglia in the adult brain arise from Ly-6Chi CCR2+ monocytes under defined host 

conditions.98 Ly-6Chi CCR2+ monocytes are crucial for the effector phase of 

autoimmunity in the CNS99 Studies also showed that during peripheral organ 

inflammation, CCR2-expressing monocytes were recruited into the brain in response to 

Tumor Necrosis Factor alpha signaling.100 

To date, the majority of studies on HHcy have examined monocyte accumulation 

in lesions and monocyte population and expansion of inflammatory monocyte subsets in 

blood, spleen and bone marrow. However, effects of HHcy on inflammatory cell 

infiltration into the CNS have not been investigated. Since severe HHcy promotes 

differentiation of inflammatory monocyte subsets and their accumulation in 

atherosclerotic lesions72, we hypothesized that HHcy would affect monocyte infiltration 

into the CNS. There is increasing data recognizing the role of homocysteine in immune 

activation and inflammatory process enhancement.75~78 In particular, we propose that 

HHcy may increase the inflammatory monocyte subsets infiltration into the CNS. 

Therefore, the objectives of our present studies were to investigate the effects of HHcy 
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on inflammatory cell infiltration in the CNS. 

Materials and methods 

 Animals 

 
All mice are in a C57B/L6 background. The transgenic mice, Tg-hCBS were 

established as described previously.18, 19 Pups were genotyped at day 10 for both the 

human transgene and the mouse Cbs deficiency as previously described.18 The Tg-hCBS 

ApoE−/− Cbs−/− mouse line was generated by crossbreeding Tg-hCBS Cbs−/− mice with 

ApoE−/− mice (The Jackson Laboratory, Bar Harbor, Me). These animals were all born 

to mothers drinking zinc water to induce transgene expression. ZnCl2 was withdrawn 

after weaning at 1 month of age. 

Experimental animals were group-housed (5 per cage) on a 12-h light-dark cycle 

(lights on at 7AM) with ad libitum access to food and water in a temperature and 

humidity controlled environment. Animals were fed with standard rodent chow diet 

(0.43% methionine;TD 2018SX; Harlan Teklad, Madison, Wis). Age-matched 

littermates with evenly distributed sex were selected for each experimental group. 

Control mice for all experiments were sibling transgene-positive mice that were in either 

Cbs-/+ or Cbs+/+ background. The Cbs-/+ and Cbs+/+ mice in the control groups have 

similar plasma homocysteine levels (data not shown).18, 19 This might be related to the 

human CBS transgene, which provides partial function to metabolize homocysteine in 

both lines. The mouse protocols were approved by the Temple University Institutional 

Animal Care and Use Committee.  
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Antibodies and chemicals 

 
The PE-labeled rat-anti-mouse CD11b antibody was purchased from BD 

Biosciences (San Diego, CA). The FITC-labeled rat-anti-mouse Ly-6C antibody was 

also purchased from BD Biosciences. The PE-Cy5-labeled anti-mouse CD45 antibody 

was obtained from eBioscience (San Diego, CA). Percoll was obtained from GE 

Healthcare (Piscataway, NJ), and diluted in Hanks’ balanced salt solution (HBSS). Fetal 

bovine serum (FBS) was obtained from Gibco (Carlsbad, CA). The other chemicals 

were purchased from Sigma-Aldrich (St. Louis, MO). 

 

 Mice genotyping 

 
Genotyping for the Cbs allele was performed using a three primer PCR system 

develpped by the Loscalzo Laboratory. The three primers used were 5’-

GAAGTGGAGCTATCAGAGCA-3’ (forward primer), 5’-

TGGCTCTTGGTTCTGAAACC-3’ (reverse primer, WT), 5’-

GAGGTCGACGGTATCGATA-3’ (reverse primer, KO). The wild-type allele gives an 

800-bp product, whereas the deletion allele gives a 450-bp product.  

  

 Cerebral immune cell isolation and flow cytometry analysis 

 
Mononuclear cells were isolated from the Tg-hCBS ApoE−/− Cbs−/− or Cbs+/+ 

mice CNS using previously described protocols.54 Briefly, mice were anesthetized and 

perfused with ice-cold PBS. The brain and spinal cord were rapidly removed and 

homogenized with a dounce homogenizer in ice-cold PBS containing 0.2% bovine 
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serum albumin (BSA) (Sigma), 0.01 mol/L EDTA (Sigma), and 10 mg/mL 

deoxyribonuclease I (Sigma). The homogenate was then passed through a 40 µm wire 

mesh (Sigma-Aldrich). The homogenate was then centrifuged at 400g for 10 minutes at 

room temperature; the pellet was resuspended in 4 mL of 70% Percoll (GE Healthcare) 

and overlaid on the top of a gradient containing 3.5 mL of 37% and 3.5 mL of 30% 

Percoll solution. Percoll was prepared by dilution in Hanks’ balanced salt solution 

(HBSS) (Sigma). The gradient was centrifuged at 500g for 20 minutes at 18 ℃; cells 

were collected (approximately 5 mL) from the 37% to 70% interface as shown in Figure 

2.1 and washed once with HBSS containing 10% fetal bovine serum (FBS) (Gibco). 

To identify monocytes, microglia and lymphocytes, isolated mononuclear cells 

were simultaneously stained with PE-labeled anti-mouse CD11b (BD Biosciences) and 

PE-Cy5-labeled anti-mouse CD45 (eBioscience) for 30 min at 4 ℃. Since CNS 

microglia are of monocytic origin and are also CD11b+, it is important to distinguish 

between CNS infiltrating monocytes and resident microglia. Therefore, CD45, a 

hematopoietic marker that identifies the leukocyte common antigen, is used to 

distinguish CNS-resident microglia (CD45lo) and CNS infiltrating monocytes (CD45hi). 

 
 

Data analysis 

 
Data were analyzed using a Student’s t-test. Statistical significance was 

determined at the alpha level of 0.05. 
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Figure 2.1: MNCs layer using percoll gradient isolation method. MNCs layer are 

indicated by the arrow. (Data from Jingshan Liu) 

 

 

               

Figure 2.2: Cbs mice genotype confirmed by PCR. DNA was extracted from mouse 

tail. PCR products were separated by gel electrophoresis on a 1.2% agarose gel. The wild 

type band appears as the upper band. The targeted band appears as the lower band. (Data 

from Jingshan Liu) 

 

1   2   3  4  5  6  7  81   2   3  4  5  6  7  8

1 cbs/wt        2 cbs/cbs 

3 cbs/wt        4 cbs/cbs 

5 wt/wt         6 cbs/cbs 

7 cbs/cbs       8 cbs/wt 
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Results 

Mice genotyping result 

Mice genotype for the Cbs allele was tested using PCR technique. The PCR 

products were then separated by gel electrophoresis. As shown in Figure 2.1, 

homozygous CBS-deficient (Cbs−/−) mice have only one lower band with a size of 450 

bp (lane 2, 4, 6 and 7). Heterozygous CBS-deficient (Cbs+/−) mice have two bands (lane 

1, 3 and 8) and the wild type littermate (Cbs+/+) has only one upper band with a size of 

800 bp (lane 5).  

The homozygous Cbs allele deficient mice are used as experiment group and the 

heterozygous and wild type mice are used as control group in later experiments. 

 

Effects of hyperhomocysteinemia in CNS total mononuclear cells (MNCs) composition 

  in the CNS of Tg-hCBS ApoE−/−  Cbs −/−  mice 

 

The total mononuclear cells (MNCs) composition in mice CNS was measured in 

HHcy mice and control mice. The flow cytometry result is shown in Figure 2.2.  

Microglia are CD45− CD11b+, lymphocytes are CD45+ CD11b−, and infiltrating 

monocytes are CD45+ CD11b+. Student’s t-test revealed no significant difference in the 

average percentage of microglia in total MNCs between Tg-hCBS ApoE−/− Cbs−/− and 

the control mice (59.7% and 59.8% respectively). The average percentage of 

lymphocytes in Tg-hCBS ApoE−/− Cbs−/− mice is slightly higher than that in the control 

mice (9.1% and 5.8% respectively), but is not signicicant. There was no significant 

difference in average percentage of infiltrating monocytes in total MNCs between Tg-

hCBS ApoE−/− Cbs−/− and the control mice, 7.4% and 7.8% respectively. HHcy did not 
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alter the percentage of microglia, lymphocytes and infiltrating monocytes in the CNS of 

Tg-hCBS ApoE−/− Cbs−/− mice compared to the control mice. 

 

Effects of hyperhomocysteinemia infiltrating monocytes composition in the CNS of  

Tg-hCBS ApoE−/−  Cbs −/−  mice 

The composition of infiltrating monocytes in mice CNS was analyzed in HHcy 

mice and control mice. According to Ly-6C antigen expression levels, the infiltrating 

monocytes can be divided into three subsets, Ly-6Clo, Ly-6Cmid and Ly-6Chi. The flow 

cytometry analysis result is shown in Figure 2.3.   

Student’s t-test revealed no significant difference in the average percentage of 

Ly-6Cmid subset of infiltrating monocytes between Tg-hCBS ApoE−/− Cbs−/− and the 

control mice, 25.0% and 24.1% respectively. However, there is a significant decrease in 

the average percentage of Ly-6Clo subset of infiltrating monocytes in Tg-hCBS ApoE−/− 

Cbs−/−  mice comparing with the control mice (43.6% and 62.9% respectively, P=0.009). 

There is also a significant increase in the the average percentage of Ly-6Chi subset of 

infiltrating monocytes in Tg-hCBS ApoE−/− Cbs−/−  mice compared to the control mice 

(31.4% and 13.0% respectively, P=0.017). 

 HHcy significantly decrease Ly-6Clo and increase Ly-6Chi subsets of infiltrating 

monocytes in the CNS of Tg-hCBS ApoE−/− Cbs−/− mice compared to the control mice. 
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Figure 2.3: There is no significant difference in CNS total mononuclear cells 

(MNCs) composition between control mice and Tg-hCBS ApoE−/− Cbs−/− mice. 

Mononuclear cells were isolated from 50-week-old Tg-hCBS ApoE−/− Cbs−/− or control 

mice, stained with antibodies against CD11b and CD45, and analyzed by flow cytometry. 

A, representative dot plots depicting MNCs. B, percentage of microglia, lymphocytes and 

infiltrating monocytes. (n=4) (Data from Jingshan Liu) 
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Figure 2.4: HHcy significantly decreases Ly-6Clo and increases Ly-6Chi subsets in 

infiltrating monocytes (R4).  Mononuclear cells were isolated from 50-week-old Tg-

hCBS ApoE−/− Cbs−/− or control mice, stained with antibodies against CD11b, CD45 and 

Ly-6C, then analyzed by flow cytometry. A, representative dot plots depicting Ly-6C 

subsets in infiltrating monocytes. B, percentage of Ly-6Clo Ly-6Cmid Ly-6Chi subsets in 

infiltrating monocytes. (n=4) (Data from Jingshan Liu) 
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Figure 2.5: There is no significant difference of Ly-6C subsets in microglia between 

control mice and Tg-hCBS ApoE−/− Cbs−/− mice. Mononuclear cells were isolated from 

50-week-old Tg-hCBS ApoE−/− Cbs−/− or control mice, stained with antibodies against 

CD11b, CD45 and Ly-6C, then analyzed by flow cytometry. A, representative dot plots 

depicting Ly-6C subsets in microglia. B, percentage of Ly-6C subsets in microglia. (n=4) 

(Data from Jingshan Liu) 
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Figure 2.6: There is no significant difference of Ly-6C subsets in lymphocytes 

between control mice and Tg-hCBS ApoE−/− Cbs−/− mice.  Mononuclear cells were 

isolated from 50-week-old Tg-hCBS ApoE−/− Cbs−/− or control mice, stained with 

antibodies against CD11b, CD45 and Ly-6C, then analyzed by flow cytometry. A, 

representative dot plots depicting Ly-6C subsets in lymphocytes. B, percentage of Ly-6C 

subsets in lymphocytes. (n=4) (Data from Jingshan Liu) 
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Effects of hyperhomocysteinemia microglia composition in the CNS of  

Tg-hCBS ApoE−/−  Cbs −/−  mice 

We also examined the Ly-6C expression in microglia in mice CNS, as shown in 

Figure 2.4.  In both the Tg-hCBS ApoE−/− Cbs−/− and the control mice, the majority of 

microglia are Ly-6Clo (98.6% and99.0 % respectively). This result is consistent with 

previous data that Ly-6C is not expressed in microglia of the mouse.101 There are few 

Ly-6Cmid and Ly-6Chi subsets in the mice microglia in the CNS of Tg-hCBS ApoE−/− 

Cbs−/− mice and the control mice. HHcy did not affect the Ly-6C expression level in 

microglia in the CNS of Tg-hCBS ApoE−/− Cbs−/− mice compared to the control mice. 

 

Effects of hyperhomocysteinemia lymphocytes composition in the CNS of 

Tg-hCBS ApoE−/−  Cbs −/−  mice 

The composition of lymphocytes in mice CNS was analyzed in HHcy mice and 

control mice. According to Ly-6C antigen expression levels, the lymphocyte can be 

divided into three subsets, Ly-6Clo, Ly-6Cmid and Ly-6Chi. The flow cytometry analysis 

result is shown in Figure 2.5.   

The average percentage Ly-6Clo subset of lymphocytes in Tg-hCBS ApoE−/− 

Cbs−/− mice is slightly lower than that in the control mice (63.3% and 73.3% 

respectively), but is not statistically significant. There is no significant difference in the 

average percentage of Ly-6Cmid subset of lymphocytes between Tg-hCBS ApoE−/− 

Cbs−/− and the control mice, 22.7% and 20.4% respectively. The average percentage Ly-

6Chi subset of lymphocytes in Tg-hCBS ApoE−/− Cbs−/−  mice is slightly higher than that 

in the control mice (14.0% and 6.3% respectively), but is not statistically signicicant. 
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To sum up, in the Tg-hCBS ApoE−/− Cbs−/−  mice CNS, the Ly-6C expression 

levels in lymphocytes showed a similar pattern as that of infiltrating monocytes, but did 

not reach statistical significance. 

 

Discussion 

HHcy has been shown to accompany diseases with ongoing activation of the 

immune system.55, 56 Previous studies have reported that in inflammatory diseases both 

originating within the CNS and outside the CNS, there is trafficking of immune cells 

into the CNS.90, 91 In several inflammatory models, microglia activation and proliferation 

are observed.93, 94, 95, 96 There has been long debate over the mechanism resulting in 

increased microglia in the CNS during inflammation. Studies have shown in situ 

proliferation of microglia in several synthetic inflammatory models.253~256 Other 

researchers believe that blood-derived precursors that infiltrate into the CNS can 

differentiate into microglia. Under defined host conditions, microglia in the adult brain 

arise from Ly-6Chi CCR2+ monocytes.98 Our study shows that HHcy decrease Ly-6Clo 

and increase Ly-6Chi subsets of the infiltrating monocytes in mice CNS. However, 

whether they are the precursors of microglia remains to be addressed.  

Whether CD11b+  Ly-6C hi  cells act as regulators or inducers of inflammation 

remains controversial, reflected by the paradoxical use of “inflammatory monocytes” and 

“myeloid-derived suppressor cells (MDSC)” in literature referring to cells expressing 

those markers.289, 290  In antitumor inmmunity and allograft tolerance studies, the term 

MDSC is widely used. MDSC suppressed T cells via nitric oxide production and arginase 

activity and were identified as CD11b+Gr1loLy6G-Ly-6Chi cells, which resembled the 
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phenotypic appearance of inflammatory monocytes.291, 292 Geissmann performed adoptive 

transfer, and showed recruitment of CD11b+ CCR2+ CD62l+Gr-1+ cells into sites of 

inflammation and differentiation of these cells into DCs in situ.293 CD11b+Ly6Chi cells 

can also respond to CCR2 ligands and traffic to sites of Listeria infection and 

differentiate into TNFα and iNOS-producing DCs, which play key roles for efficient 

bacterial clearance.294, 295  

Studies have identified that the MCP-1/CCL2-CCR2 axis plays a vital role in 

driving monocyte infiltration into the brain in murine models of CNS inflammatory 

pathologies, including EAE244, 245, and human immunodeficiency virus associated 

dementia.246, 247 Whether monocytes infiltration into the CNS in the setting of HHcy is 

via the MCP-1/CCL2-CCR2 axis or through other signaling pathways remains to be 

addressed. 

In summary, our findings show that HHcy made no difference in the percentage 

of lymphocytes, infiltrating monocytes and microglia in the total CNS MNCs, but within 

infiltrating monocytes, HHcy decrease Ly-6Clo and increase Ly-6Chi subsets. These 

findings point to a potential role of HHcy in increasing inflammatory monocytes 

infiltration. 
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CHAPTER 3 
 

STUDIES IN PROGRESS 

 General phenotype study 

There is a growing literature on the relationship between elevated homocysteine 

and brain atrophy.  Homocysteine has been implicated as a risk factor for brain atrophy35, 

and is proposed to increase the risk of Alzheimer disease.161~163 Studies also found an 

inverse relationship between homocysteine elevation and cognitive function.161~163 The 

hippocampus is believed to play vital roles in memory.221, 222 In rodents, the hippocampus 

has been extensively studied for behavioral changes, spatial memory and navigation. 

Total cerebral brain volume and hippocampus volume are often used as measures of 

neuronal loss and atrophy. MRI study in the Framingham Offspring Study concluded that 

higher plasma total homocysteine levels are associated with smaller brain volumes.223 

Studies on brain structure changes and cognitive impairment have found chronic 

alcoholism results in global brain atrophy and hippocampal volume loss.216~219 Studies 

also found an association between homocysteine levels and hippocampal atrophy in 

alcoholic patients. Genetic factors may also affect the degree of brain damage, for 

example, apolipoprotein E genotype.220 Data have shown a correlation between 

preclinical cognitive impairment and smaller hippocampal size.224 

Body weight and brain volume study 

Our lab (Jian S, unpublished data) found that HHcy reduces body body weight 

and brain wet-weight in Cbs−/− mice as. Because the brain weight is generally 

proportional to brain volume, to compare brain and hippocampus development processes, 

the brain and hippocampus volume measures are useful. The whole brain was removed, 



57 

 

cut into serial sections (thickness: 20 µm), and processed for HE staining. The volumes 

of whole brain and hippocampus were reduced in Cbs−/− mice as judged by 3D 

remodeling (MIMICS Program, The Materialise Group, Leuven, Belgium).  The 

quantitative analysis revealed that the body weight and brain wet-weight in Cbs−/− mice 

did not differ at birth, but were reduced to 67% and 80% by 7 days of age, and to 60% 

and 80% by 15 days comparing with that of their wild-type littermates. (Jian S, 

unpublished data) 

Based on our previous data, future work will examine the body and brain weight 

as well as whole brain and hippocampus volume in Tg-hCBS ApoE−/− Cbs−/− mouse and 

their wild-type littermates.  

 

Dendritic spine study 

Homocysteine has been shown to be associated with Alzheimer’s disease (AD) as 

well as cognitive disorders.161~163 In AD patients, brain regions involved in memory are 

reduced in size as a results of synapse degeneration and the ultimate death of neurons. 225 

Human studies have found correlation between synapse loss and cognitive impairment in 

the disease.226 Dendritic spines (Figure 3.1) are membranous protrusions from a neuron’s 

dendrite, which contain the important molecular machinery to receive inputs from 

synapses. 227 In mice, the number of spines of a particular dendrite is used to predict the 

number of excitatory synapses.228~230 Post mortem brain examination of AD patients 

found loss of dendritic spines.231, 232 Dendritic spine loss is also seen in mice models for 

AD233, 234  as well as hippocampal slices treated with Aβ.235, 236  

Our lab (Jian S, unpublished data) found dendrite alterations and dendritic spine 
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loss in HHcy mice. Based on these data, we will use Golgi staining to examine the 

dendrite development and dendritic spine in both Tg-hCBS ApoE−/− Cbs−/− mouse and 

their wild-type littermates. We use the FD Rapid GolgiStainTM Kit (FD Neuro 

Technologies, MD) to conduct Golgi staining. 

 

Cellular level study 

Neuron proliferation 

Schematic diagram of mouse cerebrum and hippocampus is shown in Figure 3.2. 

The dentate gyrus (DG) of the hippocampus within the adult brain is an area of active 

proliferation and neurogenesis. Neurogenesis may also occur in regions outside the 

hippocampal dentate gyrus. Proliferating neurons are identified by double 

immunofluorescence staining with antibodies against neuron-specific nuclear protein 

(NeuN) and DNA proliferation marker bromodeoxyuridine (BrdU). Proliferating neurons 

are judged by double positive staining. The total number of BrdU/NeuN double positive 

cells in the hippocampus was estimated by using an unbiased stereological counting 

methods. 237,238 BrdU/NeuN double positive cells in each hippocampus were counted in 

serial (anterior to posterior) coronal brain sections, taken every 300µm from area -1.07 to 

area -3.77mm from the bregma. The total number of BrdU/NeuN double positive cells 

was estimated in each hippocampus by multiplying the sum of double positive cells in 

each of the series of 5µm sections by the sampling fraction (k). Since every 60th section 

was used for counting, therefore, the sampling fraction k equals to 60; hence, the total 

number was calculated by multiplying the sum of double positive cells in each of the 

series by 60.  
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Figure 3.1: Neuronal dendrite and spine measurement. The dendrite segment shown 

is from a typical pyramidal neuron, with six quantification parameters labeled as above. 

(Donna, Julio et al., Proc Natl Acad Sci USA. 106(39): 16877-16882, 2009) 

 

 

 

Figure 3.2: Schematic diagram of mouse cerebrum and hippocampus (Nissl 

Staining). (Picture from Jian Song)  

 

Count Area

Hippocampus and sub-regions

Count Area

Hippocampus and sub-regions
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Our lab (Jian S, unpublished data) found that HHcy inhibits hippocampal neuron 

proliferation in Cbs−/− mice. The numbers of proliferating neurons in the hippocampal 

DG and CA3 regions in the Cbs−/− mice were not different at birth, but reduced to 53% by 

7 days of age, and to 42% by 15 days comparing with that of their Cbs+/+ littermates. Our 

unpublished data also found that HHcy reduces the total number of the hippocampus 

neuron in Cbs−/− mice. Based on these data, future work will use immunofluorescence 

staining to examine the neuron proliferation in both Tg-hCBS ApoE−/− Cbs−/− mouse and 

their wild-type littermates. Future work also will examine the total number of neurons in 

hippocampus in both Tg-hCBS ApoE−/− Cbs−/− mouse and their wild-type littermates. 

 

Neuron apoptosis 

Whether the total neuron number reduction is due to inhibition of neuron 

proliferation or promotion of neuron apoptosis or both is still unknown. Therefore, we 

also want to examine the hippocampal neuron apoptosis in HHcy mice. Terminal 

deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay is a useful tool to 

detect apoptosis. TUNEL assay detects DNA fragmentation by identifying and labeling 

the nicks in the DNA resulting from apoptotic signaling cascades.   

 

 Localization of CNS infiltrates  

We also want to localize the CNS infiltrates in the brain of Tg-hCBS ApoE−/− 

Cbs−/− mouse model. MOMA-2 antibody recognizes an intracellular antigen of mouse 

monocytes and macrophages. Figure 3.3 is the immunohistochemistry staining of mouse 

spleen section using MOMA-2 antibody. Ly-6C is cell surface marker for monocytes and 
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macrophages and also an antigen for endothelial cell differentiation. Figure 3.4 is the 

immunohistochemistry staining of mouse spleen section using Ly-6C antibody. Ly-6C is 

regulated by interferon gamma, and may play an important role in the development and 

maturation of monocytes into macrophages. We will use these two antibodies to detect 

where the infiltrating monocytes locate in the brain of HHcy. 
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Figure 3.3: Immunohistochemistry staining of mouse spleen section using MOMA-2 

antibody. Upper panel is spleen section stained with MOMA-2 antibody; lower panel is 

spleen section stained with isotype control. (Data from Jingshan Liu) 

 

 
 

Figure 3.4: Immunohistochemistry staining of mouse spleen section using Ly-6C 

antibody. Upper panel is spleen section stained with Ly-6 antibody; lower panel is spleen 

section stained with isotype control. (Data from Jingshan Liu) 
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CHAPTER 4 
 

GENERAL DISCUSSION 
  

Historically, the CNS had been viewed as an immunologically privileged site. 

Over the past decade, many studies have proved that immune reactions do occur in the 

CNS273, but in a distinctive manner. The CNS is an immunologically specialized site 

rather than an immunologically privileged site.  There is increasing evidence for 

leukocyte recruitment into CNS both during CNS pathologies and or peripheral organ 

inflammation.98, 239~242 Also ongoing activation of the immune system is observed in 

many diseases accompanied by HHcy.55, 56 Elevated homocysteine levels have been 

reported in patients with neurodegenerative diseases, autoimmune diseases and malignant 

diseases.57~ 59 The deficiency of CBS, a key enzyme in the metabolism of homocysteine, 

has been linked to homocystinuria and neurodegenerative diseases.4, 156 Patients with 

severe CBS deficiency suffered from severe cognitive disorders and mental retardation. 

Monocyte recruitments into the brain occur in many inflammatory diseases. They are 

critical effectors and regulators during inflammation.  In this dissertation, we examined 

the hypothesis HHcy modulates monocyte heterogeneity and increase inflammatory CNS 

infiltrates. Our findings show that HHcy made no difference in the percentage of 

lymphocytes, infiltrating monocytes and microglia in the total CNS MNCs in mice model, 

but within infiltrating monocytes, HHcy decrease Ly-6Clo and meanwhile increase Ly-

6Chi subsets. These findings suggest that HHcy may play a role in increasing 

inflammatory monocytes infiltration into CNS. 
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Monocytes can be divided into two subsets: an inflammatory subset with a short 

half-life, which can be recruited into inflamed tissue and trigger immune responses, and a 

longer-lived resident subset. Inflammatory and resident subsets can be distinguished by 

their differential expression of Ly-6C.265, 270~272 Many studies have demonstrated the 

importance of phagocytic cells for formation of CNS infiltrates. Circulating Ly-6Chi 

inflammatory monocytes are preferentially recruited into sites of injury is observed in 

animal models of CNS pathologies, including EAE239 and WNV241, and peripheral organ 

inflammation, such as injured kidney.251 In our study, we also found increasing 

infiltrating CD11b+ Ly-6Chi  into the CNS in HHcy mice model. Data in the literature are 

conflicting on whether CD11b+ Ly-6Chi cells act as regulators or inducers of 

inflammation, reflected by the paradoxical use of and “inflammatory monocytes” and 

“myeloid-derived suppressor cells (MDSC)” to describe cells expressing those markers. 

289, 290 The latter term has been widely used in antitumor immunity and allograft tolerance 

studies. GM-CSF–driven CD11b+ Gr-1+ cells can inhibit protective CD8+ T-cell 

responses and trigger T-cell apoptosis.290 MDSC suppress T cells via nitric oxide 

production and arginase activity and were identified as CD11b+ Gr1lo Ly6G− Ly-6Chi cells, 

which resembled the phenotypic appearance of inflammatory monocytes.291, 292 

Geissmann performed adoptive transfer, and showed recruitment of CD11b+ CCR2+ 

CD62l+ Gr-1+ cells into sites of inflammation and differentiation of these cells into DCs 

in situ.293 CD11b+ Ly-6Chi cells can also to respond to CCR2 ligands and traffic to sites 

of Listeria infection and differentiate into TNFα and iNOS-producing DCs, which play 

key roles for efficient bacterial clearance. 294, 295  
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It is important to understand how monocytes are recruited into the CNS. Studies 

have identified that the MCP-1/CCL2-CCR2 axis plays an important role in driving 

monocyte infiltration into the brain in mouse models of CNS inflammatory pathologies, 

including EAE244, 245, and human immunodeficiency virus associated dementia.246, 247 

High expression of CCL2 is also observed during WNV, which is believed to be essential 

in inflammatory monocyte migration.241  Another study in a mouse inflammatory liver 

injury model showed the relevance of secretion of MCP-1/CCL2 by activated microglia 

to the recruitment of monocytes into the brain in the absence of overt CNS 

inflammation.240 Monocyte recruitment into the CNS via MCP-1/CCL2 signaling 

pathway may have potential implications for neural changes in the CNS. Monocytes that 

are recruited into the brain can produce MCP-1 and TNFα.248 TNFα is known to play an 

important role in the genesis of sickness behaviors.301, 302 Studies showed that anti-TNFα 

therapy reduced clinical symptoms in patients with systemic inflammatory diseases.249, 250 

Whether monocytes are recruited into the CNS in the setting of HHcy via the MCP-

1/CCL2-CCR2 axis or through other signaling pathways remains to be addressed. 

 

Future directions 

 
There is a growing literature on the relationship between elevated homocysteine 

and brain atrophy.  Homocysteine has been implicated as a risk factor for brain atrophy.35 

Studies also found an inverse relationship between elevated homocysteine levels and 

cognitive function.161~163 The hippocampus is believed to play a vital role in memory.221, 

222 In rodents, the hippocampus has been extensively studied for behavioral changes, 
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spatial memory and navigation. The CBS expression predominantly located in either the 

cell bodies or the neuronal processes of the Purkinje cells within the Purkinje cells layer 

and the Ammon’s horn neurons within the hippocampus in the adult mice brain11, 

suggested that homocysteine metabolism may play an important role in normal 

hippocampus function. Human studies have found that in the elderly higher plasma 

homocysteine levels are associated with the hippocampus atrophy.159 Studies also found 

association between homocysteine and hippocampal atrophy in alcoholic patients. Data 

have shown correlation between preclinical cognitive impairment and smaller 

hippocampal size.224 Our lab (Jian S, unpublished data) found that HHcy reduces body 

weight and brain wet-weight in Cbs−/− mice. Considering the supporting evidence 

presented above, it will be of interest to determine whether HHcy also reduce body and 

brain weight as well as whole brain and hippocampus volume in Tg-hCBS ApoE−/− 

Cbs−/− mouse. If this is the case, future work will further explore whether the reduction of 

brain weight is due to the loss of neurons or other cell types such as microglia and 

astrocytes, and what behavioral changes this brain weight loss will result in.It will also be 

important to determine whether the loss of neurons is due to inhibition of neuron 

proliferation or promotion of neuron apoptosis or both. TUNEL is a useful tool to detect 

apoptosis while cell proliferation can be detected by immunofluorescene staining of 

BrdU antibody. 

Homocysteine has been implicated in increasing the risk of Alzheimer 

disease.161~163 In AD patients, brain regions involved in memory are reduced in size as a 

results of synapse degeneration and the ultimate death of neurons.225 Human studies have 

found correlation between synapse loss and cognitive impairment in the disease.226 Post 
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mortem brain examination of AD patients found loss of dendritic spines.231,232 Dendritic 

spine loss is also seen in mouse models of AD233, 234 as well as hippocampal slices treated 

with Aβ.235, 236 A single neuron may contain from hundreds to thousands of dendritic 

spines. It is believed that dendritic spines provide the anatomical substrate for synaptic 

transmission as well as memory storage. They may also contribute to increase the 

contacts between neuron. Abnormalities in dendritic spines, especially spine density and 

their maturity may lead to cognitive disorders.296 As immature dendritic spines impair 

synaptic signaling, the maturity of spines is also important. Our lab (Jian S, unpublished 

data) found dendrite alterations and dendritic spine loss in HHcy mice. Based on these 

data, we will use Golgi staining to examine the dendrite development and dendritic spine 

in Tg-hCBS ApoE−/− Cbs−/− mouse and their wild-type littermates.  

 

Conclusion 

 
This thesis has demonstrated that HHcy made no difference in the percentage of 

lymphocytes, infiltrating monocytes and microglia in the total CNS MNCs in a mouse 

model, but within infiltrating monocytes, HHcy led to a decrease in Ly-6Clo and to an 

increase in Ly-6Chi subsets. These findings point to a potential role of HHcy in 

increasing inflammatory monocytes infiltration.  
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