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Abstract of the Dissertation 

Plasmin-Mediated Cleavage of Monocyte Chemoattractant Protein-1 (MCP1) Affects Its 

Biological Activities 

by 

Yao Yao 

Doctor of Philosophy 

in 

Molecular and Cellular Pharmacology 

Stony Brook University 

2011 

 

Monocyte chemoattractant protein-1 (MCP1) is a potent chemokine for 

monocytes and microglia. Previous studies in our lab showed that plasmin cleaved 

mouse MCP1 at lysine (K) 104 and the truncated MCP1 (N terminal fragment 1-104) 

had a higher chemotactic potency. Here we reported the mechanisms underlying the 

enhanced activity. Plasmin-mediated truncation of mouse MCP1 increased MCP1-

CCR2 interaction, promoted Rac1 activation and lamellipodia formation on microglia. 

Besides chemotactic activity, MCP1 also functions to disrupt the integrity of the 

Blood-Brain Barrier (BBB). We also showed here that plasmin-mediated truncation of 

MCP1 is indispensable for its BBB-compromising activity. Binding of MCP1 to CCR2 

leads to activation of Ezrin-Radixin-Moesin (ERM) proteins, which link ZO-1 to actin 

cytoskeleton. MCP1 also induces phosphorylation of myosin light chain, resulting in 
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reorganization of actin cytoskeleton. The acto-myosin machinery then generates the 

force to pull ZO-1 away from tight junctions, disrupting the integrity of BBB. 

Furthermore, we found the mouse MCP1 C-terminal fragment (105-148) is 

inhibitory to human MCP1, which lacks the C-terminal tail. Fusion of the C-terminal tail 

to human MCP1 decreased its chemotactic potency and abrogated its BBB-

compromising activity. 

Because MCP1-CCR2 axis is the major signaling system to recruit monocyte and 

microglia, and microglia are one of the key players during central nervous system (CNS) 

injury, we investigated the role of MCP1-CCR2 system in vivo using the collagenase-

induced intracerebral hemorrhage (ICH) model. We found that MCP1-/- or CCR2-/- mice 

have smaller hematoma early after injury but the recovery is delayed. The hematoma 

size is paralleled by the water content in the ipsilateral hemisphere, neuronal death at 

peri-hematoma region, and neurobehavioral deficit. It should be noted that we found 

accumulation of activated microglia in mice deficient for MCP1 or CCR2 at later time 

points, probably because of the activation of other chemokines. Thus, it is still unclear 

whether microglia activation at later time is neuroprotective or neurotoxic, although early 

inhibition seems beneficial. Therefore, we propose that early inhibition of microglia 

activation/accumulation (through antagonists of MCP1-CCR2 axis or plasmin) might be 

of clinical utility in treating diseases with inflammation in the CNS. 
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Chapter 1 

Introduction 

 

1. Blood-Brain Barrier (BBB) 

 

The BBB is a specific structure that prevents the infiltration of components in the 

systemic circulation into the central nervous system (CNS). The BBB was first described 

by Paul Ehrlich in 1885. He found that the brain and spinal cord failed to be stained by 

dyes injected into the systematic circulation (Ehrlich, 1885). These organs, however, 

were stained by trypan blue injected into the cerebrospinal fluid (Goldmann, 1913), 

suggesting there was a barrier between the CNS and the systematic circulation. The 

term ‘blood-brain barrier’ was first used by Lewandowsky in 1900 (Lewandowsky, 1900). 

Anatomically, BBB is comprised of brain microvascular endothelial cells (BMEC), 

astrocytes, pericytes, neurons, and microglia (Guillemin and Brew, 2004), as shown in 

Figure 1-1. 

 

1.1  Brain Microvascular Endothelial Cells (BMEC) 

 

BMEC are characterized by the presence of many mitochondria, lack of 

fenestrations, low pinocytotic activity, and the presence of tight junctions (TJ) (Oldendorf 

et al., 1977, Fenstermacher et al., 1988, Sedlakova et al., 1999, Kniesel and Wolburg, 

2000). BMEC connect to each other forming an impermeable monolayer. In the 

interendothelial space specific structures, including adherens junctions (AJ) and TJ, are 
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present (Schulze and Firth, 1993, Kniesel and Wolburg, 2000, Wolburg and Lippoldt, 

2002, Vorbrodt and Dobrogowska, 2003). Both AJ and TJ act to limit the 

transendothelial permeability (Bazzoni and Dejana, 2004). 

Although disruption of AJ results in enhanced BBB permeability, TJ form the 

primary structure that maintains the impermeability of BBB (Romero et al., 2003). In the 

TJ, many tight junction proteins (TJP) are expressed. There are two types of TJP: 

transmembrane proteins, such as occludin and claudin-1, 5, 11, and cytoplasmic 

accessory proteins, such as zonula occludens-1, 2, 3 (ZO-1, 2, 3) and cingulin (Citi and 

Cordenonsi, 1998, Huber et al., 2001). The transmembrane proteins, especially 

occludin, function to seal gaps between adjacent cells (Mitic and Anderson, 1998, 

Michel and Curry, 1999, Ogunrinade et al., 2002, Forster, 2008). Accumulating 

evidence suggests that occludin contributes to the integrity of BBB (McCarthy et al., 

1996, Bolton et al., 1998, Huber et al., 2002, Brown and Davis, 2005). Occludin, a 60-

65kD transmembrane protein with its amino- and carboxyl-terminus in the cytoplasm, 

has several serine and threonine residues that can be phosphorylated. It has been 

shown that the phosphorylation state of occludin plays a role in its membrane 

association (Sakakibara et al., 1997, Wachtel et al., 1999, Clarke et al., 2000b, 

Andreeva et al., 2001, Hirase et al., 2001, Rao et al., 2002, Kale et al., 2003). The 

molecular mechanisms, however, are not yet known. Cytoplasmic accessory proteins, 

on the other hand, link transmembrane proteins to cortical actin-based cytoskeleton 

(Mitic and Anderson, 1998, Michel and Curry, 1999, Ogunrinade et al., 2002, Forster, 

2008). ZO-1, the first identified accessory protein that associates with occludin, is a 

220kD phosphoprotein (Stevenson et al., 1986). By linking occludin to the actin 
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cytoskeleton (Fanning et al., 1998), ZO-1 plays a critical role in regulating the 

permeability of BBB. Dissociation of ZO-1 from the TJ has been shown to accompany 

the disruption of BBB (Abbruscato et al., 2002, Fischer et al., 2002, Mark and Davis, 

2002). In addition, ZO-1 is found to be in the nucleus and co-localized with transcription 

factors in some conditions (Gottardi et al., 1996, Balda and Matter, 2000, Riesen et al., 

2002, Hawkins et al., 2004), suggesting its potential role as a signaling molecule. 

Unlike BMEC, peripheral endothelial cells have few mitochondria, many pinocytic 

vesicles and absence of TJ (Oldendorf et al., 1977, Fenstermacher et al., 1988, 

Sedlakova et al., 1999, Kniesel and Wolburg, 2000), suggesting that these properties 

are unique to BMEC. Are the differences due to intrinsic characteristics of BMEC or the 

microenvironment in the brain? Stewart and Wiley elegantly demonstrated that non-

vascularized brain tissue grafted into coelomic cavity developed capillaries with BMEC 

properties (Stewart and Wiley, 1981). Somite tissue grafted into cerebral ventricles, on 

the contrary, showed the opposite: low mitochondria density, many pinocytic vesicles 

and less TJ (Stewart and Wiley, 1981). This study strongly suggests that interaction 

between vascular tissue and CNS tissue contributes to the properties of BMEC. 

1.2 Astrocytes 

 

Astrocytes are star-shaped glial cells in the brain. They play many roles in the 

brain, such as supporting neurons, providing nutrients to nervous tissue, maintaining ion 

homeostasis, repairing damaged tissues, and modulate BBB integrity. In the brain, 

astrocytic endfeet cover more than 99% of the vascular surface facing BMEC or 

pericytes (Kacem et al., 1998, Simard et al., 2003), suggesting that by interacting with 
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BMEC, astrocytes may confer BMEC these unique properties and thus contribute to the 

impermeability of BBB. By injecting neonatal astrocytes into the eye, Janzer and Raff 

found that the astrocyte aggregates were vascularized and the vessels were 

impermeable to Evan blue dye injected intravenously (Janzer and Raff, 1987), 

suggesting that astrocytes do confer impermeability to BBB. Consistent with this, a 

BMEC-astrocyte co-culture system showed a higher transendothelial electrical 

resistance (TEER) and less infiltration of tracers across the in vitro BBB than BMEC 

alone (Tao-Cheng et al., 1987, Neuhaus et al., 1991). Additionally, it has been reported 

that the temporary focal loss of astrocytes parallels the compromise of BBB integrity in 

vivo (Willis et al., 2004). These data support the idea that astrocytes contribute to the 

impermeability of BBB. The effect of astrocytes in BBB integrity, however, only takes 

place in adulthood, not in development, because astrocyte development starts after 

birth (Daneman et al., 2010). It should be noted that there is also evidence suggesting 

that astrocytes may not contribute to the BBB integrity (Krum et al., 1997). This 

inconsistence may be due to different experimental conditions or methodology. 

 

1.3 Pericytes 

 

A group of cells that reside on capillary walls were first described by Rouget in 

1873 (Rouget, 1873, 1874, 1879). These cells were named as pericytes by 

Zimmermann in 1923 (Zimmermann 1923). Pericytes cover 22-32% of the capillaries 

(Kim et al., 2006) and the degree of coverage correlates with the tightness of TJ (Lai 

and Kuo, 2005). Although anatomically localized between BMEC and astrocytic endfeet, 
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the role of pericytes in BBB integrity had not been addressed for a long time. Only 

recently, it was reported that addition of pericytes to BMEC-astrocyte co-culture system 

significantly enhances TEER (Dente et al., 2001, Nakagawa et al., 2009), suggesting 

that pericytes are a key player in the regulation of BBB integrity. In addition, pericytes 

have been shown to up-regulate P-glycoprotein activity in endothelial cells and control 

blood flow, as well as regulate TJ permeability (Dohgu et al., 2005, Edelman et al., 2006, 

Peppiatt et al., 2006), suggesting that the interaction between endothelial cells and 

pericytes may play an important role on BBB integrity. Using mice deficient in pericyte 

generation, Daneman and colleagues have demonstrated that the pericyte coverage 

determines the BBB permeability and this is due to the inhibition of expression of 

molecules that enhance BBB permeability and peripheral immune cell infiltration into the 

brain (Daneman et al., 2010). Consistently, Armulik and colleagues showed that loss of 

pericytes elevated BBB permeability. It also affected the mechanisms involved in the 

regulation of BBB-specific gene expression in endothelial cells, and induced polarization 

of astrocytic endfeet (Armulik et al., 2010). In pathological conditions, such as hypoxia 

or traumatic brain injury (Dore-Duffy et al., 2000, Gonul et al., 2002), which lead to the 

disruption of BBB, pericytes have been found to migrate away from the micro-

vasculature, but the relationship between migration of pericytes and compromise of 

BBB has not yet been studied. 

 

1.4 Neurons 
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The contribution of neurons to BBB integrity is less well studied. However, 

anatomical studies have shown that the BMEC and astrocytic processes are in direct 

contact with noradrenergic, serotonergic, cholinergic, and GABA-ergic neurons (Ben-

Menachem et al., 1982, Vaucher and Hamel, 1995, Cohen et al., 1996, Cohen et al., 

1997, Tong and Hamel, 1999, Vaucher et al., 2000, Hawkins and Davis, 2005). In 

addition, neurons have been shown to regulate blood flow by promoting expression of 

specific enzymes on BMEC (Persidsky et al., 2006). These data suggest that neurons 

may play a critical role in the development and maintenance of BBB. 

 

1.5 Microglia 

 

Microglia are the immune competent cells in the brain, an immune privileged 

organ. Blood cells do not get access to the brain in physiological conditions, so 

microglia constitute the resident sensor of immune compromise. The number of 

microglial cells (100 to 200 billion cells depending on the condition) in the brain is 

comparable to that of neurons. Microglia account for 10-20% of glial cells. It had long 

been reported that microglia originate from myeloid progenitors in the born marrow (Ling, 

1979, Hailer et al., 1997, Ono et al., 1999, Wu et al., 2000, Chan et al., 2007) and these 

macrophage-like cells migrated into the brain during early development (before the 

formation of BBB). Until recently, microglia have been shown to originate from the 

primitive myeloid progenitors that arise before embryonic day 8 (Ginhoux et al., 2010). 

Microglia exist in two states: a resting state with ramified morphology and an activated 

state with amoeboid morphology. Compared with the amoeboid morphology, the 
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ramified cell has a smaller cell body surrounded by many long, thin, and highly dynamic 

processes. In the brain parenchyma, ramified microglia extend and retract their 

processes continually to sense changes in the surrounding microenvironment 

(Nimmerjahn et al., 2005). It is estimated that microglia can survey the entire brain in a 

few hours (Nimmerjahn et al., 2005). When there is an injury or disturbance of 

homeostasis in the CNS, microglia become activated. The activation involves change of 

morphology and gene expression. The activated microglia migrate to the injury site and 

proliferate locally. In addition, these cells can also function as antigen presenting cells, 

secrete both pro- and anti-inflammatory cytokines, and phagocytose cellular debris 

(Giulian and Baker, 1986, Suzumura et al., 1987, Abromson-Leeman et al., 1993, 

Ulvestad et al., 1994, Aloisi, 2001, Nakajima and Kohsaka, 2004, Kim and de Vellis, 

2005, Hanisch and Kettenmann, 2007). Whether microglia play a beneficial role or a 

detrimental role in CNS injury is highly controversial. It has been shown that microglia 

play neuroprotective roles by clearing neuronal debris and secreting factors promoting 

neurite growth and neuronal survival, such as neurotrophin-3, brain-derived neutrophic 

factor (Elkabes et al., 1996, Rabchevsky and Streit, 1997, Nakajima et al., 2002). On 

the contrary, microglia have also been shown to produce pro-inflammatory cytokines, 

such as TNF-α and IL1β, which are cytotoxic. These data suggest that microglia have 

dual roles during injury. Given that microglia are found in the perivascular space, it is 

speculated that microglia may play a critical role in the regulation of BBB properties by 

interacting with BMEC, astrocyte endfeet, or pericytes (Choi and Kim, 2008). However, 

to answer the question “how” they regulate these properties, further investigation is 

necessary. 
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2. Chemokines 

 

Chemokines are a superfamily of structurally related small basic proteins with 

strong chemotactic activity. They function to induce cell-specific migration and activation 

of cells, especially immune cells, in response to insult (Hulkower et al., 1993, Glabinski 

et al., 1996, Lahrtz et al., 1998, Miller and Meucci, 1999). The first chemokine was 

identified by Wu and colleagues in 1977 (Wu et al., 1977). Since then, many 

chemokines and chemokine receptors have been reported (Ruffini et al., 2007). Based 

on the number and position of conserved cysteines on the chemokine primary 

sequences, they are divided into 4 sub-types: C, CC, CXC, and CXXXC (Murphy, 1994, 

Rollins, 1997, Yoshie et al., 1997). The function of CC type chemokines is to recruit 

other leukyocytes, such as monocytes and microglia (Tran and Miller, 2003). The 

function of CXC type chemokines, on the other hand, is to recruit neutrophils, short-lived 

but fast responding leukocytes. The biological effects of chemokines are mediated 

through G-protein-coupled receptors (Ransohoff, 2002). Studies on chemokines and 

their receptors reveal promiscuity: one receptor may have more than one ligands and 

one ligand may have more than one receptors, which makes the chemokine-receptor 

system very complex. 

 

2.1 Monocyte Chemoattractant Protein-1  (MCP1) 
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During inflammation, one of the most highly and transiently expressed 

chemokines is MCP1. MCP1 is a member of CC family of chemokines, and is also 

called CCL2. The N-terminus of MCP1 is highly homologous among species, but the C-

teminus is not. Human MCP1 has 76 amino acids, whereas the mouse and rat proteins 

are much longer: the mouse MCP1 has a C-terminal extension with about 50 amino 

acids. It has been shown that the C-terminal extension of mouse MCP1 is heavily O-

glycosylated (Ernst et al., 1994). 

MCP1 has only one receptor CCR2, but CCR2 has more than one ligands, 

including CCL2, CCL7, CCL8, CCL12, and CCL13 (Gong et al., 1997, Wain et al., 2002, 

Gouwy et al., 2004). In rodents, only one form of CCR2 is found, whereas there are two 

alternatively spliced forms of CCR2 in human, denoted CCR2A and CCR2B. The 

difference between CCR2A and CCR2B is in the C-terminal tail of the receptor (Charo 

et al., 1994). For monocytes and activated NK cells, CCR2B is the major isoform, 

whereas mononuclear cells and vascular smooth muscle cells predominately express 

CCR2A (Bartoli et al., 2001). 

In the brain, MCP1 is expressed by neurons, astrocytes, microglia and BMEC 

(Ransohoff et al., 1993, Horuk et al., 1997, Andjelkovic et al., 1999a, Andjelkovic et al., 

1999b, Boddeke et al., 1999, Mennicken et al., 1999, Andjelkovic and Pachter, 2000, 

Mahad and Ransohoff, 2003, Dicou et al., 2004, Kalehua et al., 2004, Wittendorp et al., 

2004, Banisadr et al., 2005, Mahajan et al., 2005, Meeuwsen et al., 2005, Storer et al., 

2005, Zeng et al., 2005) and CCR2 is expressed by microglia, astrocytes and BMEC 

(Banisadr et al., 2002, Ge et al., 2008). MCP1 is synthesized with a signal peptide in its 

N-terminus, which is removed during secretion (Yoshimura et al., 1989). The secreted 
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MCP1 protein binds to soluble glycosaminoglycans (GAG) and GAG immobilized on cell 

surface and the extracellular matrix (Rot, 1992, 1993, Hoogewerf et al., 1997, Middleton 

et al., 1997, Wagner et al., 1998, Kuschert et al., 1999, Middleton et al., 2002). This 

interaction is predicted to induce dimerization/oligomerization of MCP1, increase its 

local concentration and promote formation of chemokine gradients (Hoogewerf et al., 

1997, Lau et al., 2004, Wang et al., 2005). 

It has been shown that human MCP1 forms dimers in physiological 

concentrations and the residues involved in the dimerization are amino acids 6-16 

(Zhang and Rollins, 1995). Supporting this report, two mutant forms of human MCP1,  

carrying the P8A and Y13A mutations, have been reported to be unable to dimerize 

(Paavola et al., 1998).  

The ability to form a dimer does not necessary mean that MCP1 functions as a 

dimer. Whether MCP1 functions as a monomer or dimer has been controversial. Zhang 

and Rollins showed that chemically-crosslinked human MCP1 dimer was functional in 

attracting monocytes in vitro (Zhang and Rollins, 1995). Furthermore, a mutant form of 

MCP1, 7ND, which lacks residues 2-8, has been shown to inhibit the function of wt 

MCP1, but did not crosslink to MCP1 (Zhang and Rollins, 1995), suggesting that 7ND is 

a dominant-negative mutant and MCP1 functions as a dimer. P8A mutant MCP1, on the 

other hand, has wild-type binding affinity for CCR2, induces calcium influx and 

chemotaxis at the same level as wild-type MCP1 (Paavola et al., 1998). 7ND MCP1 has 

also been shown to function as a competitive inhibitor of monomeric MCP1 (Paavola et 

al., 1998), suggesting that MCP1 works as a monomer. As mouse MCP1 has a heavily 
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glycosylated C-terminus, how this C-terminal tail affects the dimerization/oligomerization 

of mouse MCP1 is still not clear. 

 

2.2 Activation of MCP1 

 

A very important function of MCP1 is to induce chemotaxis of monocytes and 

microglia in many CNS injuries, including ischemia, excitotoxicity and hemorrhage 

(Dimitrijevic et al., 2006, Frangogiannis et al., 2007, Hanisch and Kettenmann, 2007, 

Sheehan et al., 2007, Yan et al., 2007, Capoccia et al., 2008, Kim et al., 2008, Morimoto 

et al., 2008). The trafficking of microglia and leukocytes, however, is impaired in mice 

lacking CCR2, suggesting that the chemotaxis ability of MCP1 depends on CCR2 

activation (Chen et al., 2001, El Khoury et al., 2007). Our lab has shown that microglial 

migration and the neurodegeneration induced by excitotoxic injury are attenuated in 

MCP1-/- mice (Sheehan et al., 2007). Similar results were found in rats or mice injected 

with MCP1 blocking antibody (Galasso et al., 2000, Sheehan et al., 2007). Interestingly, 

like MCP1-/- mice, the excitotoxicity-induced microglial activation/migration and 

neurodegeneration are decreased in mice lacking plasminogen (plg) or tissue 

plasminogen activator (tPA), a protease which converts plg to active plasmin (Tsirka et 

al., 1995, Tsirka et al., 1997). These results suggest that the functions of mouse MCP1 

and the plg activation system may proceed with pathways that converge regarding the 

outcomes of excitotoxic injuries. Further studies in our lab revealed that plasmin, 

generated by the action of tPA on plg in the mouse CNS (or urokinase plasminogen 

activator in other systems), cleaves MCP1 at K104 (Sheehan et al., 2007). This 
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cleavage removes the highly glycosylated C-terminal extension and generates an N-

terminal fragment that is highly homologous to human MCP1. The chemotactic potency 

of plasmin-cleaved MCP1 is higher than that of intact MCP1 and comparable to human 

MCP1 (Sheehan et al., 2007, Yao and Tsirka, 2010), suggesting that plasmin is an 

activator of mouse MCP1. In accordance with this, infusion of plasmin-cleaved MCP1 

into the CNS restored excitotoxicity-induced microglial activation/migration and 

subsequent neuronal death in plg-/- mice, whereas infusion of FL-MCP1 failed to do so. 

These data indicate that plasmin-mediated cleavage may be a mechanism used by cells 

to activate MCP1 and initiate downstream signaling cascades. What is the potential 

mechanism responsible for the enhanced chemotactic potency of truncated MCP1 is 

unknown. It is also interesting to investigate whether the C-terminus of mouse MCP1 is 

also inhibitory for human MCP1, which lacks this fragment in nature. 

Although human MCP1 does not have a highly glycosylated C-terminus, it can 

also be truncated at the C-terminus. A fragment with 69 amino acids (1-69) has been 

detected and this fragment has the same activity as the wild-type MCP1 (Proost et al., 

1998). Which enzyme(s) is responsible for this cleavage, however, is not clear. 

In the N-terminus, human MCP1 has been reported to be cleaved by matrix 

metalloproteinases-1, -3, -8, and -12 between aminoacid 4 and 5 (McQuibban et al., 

2002, Dean et al., 2008). This cleavage generates a fragment (5-76) that functions as 

an antagonist for ligand binding to CCR2 (Gong and Clark-Lewis, 1995, Proost et al., 

1998, McQuibban et al., 2002, Dean et al., 2008). Consistently, the MCP1 mutant (7ND) 

lacking amino acids 2-8 has been shown to inhibit MCP1-CCR2 signaling both in vitro 

and in vivo (Zhang and Rollins, 1995, Ni et al., 2001, Kitamoto and Egashira, 2003). 
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There is no report on whether these matrix metalloproteinases cleave mouse 

MCP1. However, it would be reasonable to assume that they do, based on the primary 

sequence of human and mouse MCP1. The first eight amino acids are QPDAINAP and 

QPDAVNAP for human and mouse MCP1, respectively. 

 

3. MCP1 and BBB 

 

The BBB becomes compromised in many CNS injuries, including stroke, 

hemorrhage, neuroinflammation, Alzheimer’s disease, and Parkinson’s disease. A large 

number of molecules have been reported to disrupt the integrity of BBB, such as MCP1, 

TNF-α, IL1β, IL-10, and IFN-γ (Wojciak-Stothard et al., 1998b, Yang et al., 1999b, 

Blamire et al., 2000b, Oshima et al., 2001, Stamatovic et al., 2003, Stamatovic et al., 

2005, Stamatovic et al., 2006). Here we focus on the effect of MCP1 on BBB integrity. It 

has been shown that injection of recombinant mouse MCP1 into the brain disrupts BBB 

integrity (Stamatovic et al., 2003, Stamatovic et al., 2005, Dimitrijevic et al., 2006, 

Stamatovic et al., 2006). Chronic expression of MCP1 in astrocytes has also been 

shown to induce BBB compromise in vivo (Huang et al., 2005). Additionally, tPA, as it 

generates plasmin, has been shown to promote BBB disruption and subsequent 

peripheral blood mononuclear cell (PBMC) infiltration (Reijerkerk et al., 2008). BBB 

compromise and PBMC infiltration have also been observed in mice deficient for 

plasminogen activator inhibitor (PAI)-1 (Kataoka et al., 2000). These data suggest again 

that the plasminogen activation system and MCP1-CCR2 axis may use the same 

signaling pathway, and that plasmin-mediated truncation of MCP1 may be a necessary 
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step in MCP1-induced BBB compromise. Further studies using CCR2-/- mice showed 

that MCP1-induced BBB disruption is dependent on CCR2. Using BMEC-astrocyte co-

culture system, Stamatovic et al elegantly demonstrated that lack of CCR2 expressed in 

BMEC was sufficient to prevent BBB leakage upon MCP1 treatment, whereas lack of 

CCR2 expressed in astrocytes did not affect the effect of MCP1 on BBB (Stamatovic et 

al., 2005). These data suggest that MCP1 induces BBB compromise via interaction with 

CCR2 on BMEC, not astrocytes. 

BMEC as the major cell type forming the BBB barrier have been extensively 

studied. Accumulating evidence shows that MCP1 compromises BBB integrity via 

redistribution of TJP from the cell-cell border (probably via endocytosis) and 

reorganization of actin cytoskeleton in the BMEC (Stamatovic et al., 2003, Stamatovic et 

al., 2005, Dimitrijevic et al., 2006, Stamatovic et al., 2006). Mechanistic studies reveal 

that phosphorylation of TJP regulates their functions and localization (Farshori and 

Kachar, 1999, Clarke et al., 2000a, Clarke et al., 2000b, Hirase et al., 2001, Ward et al., 

2002). Stamatovic and colleagues further demonstrated that the binding of MCP1 to 

CCR2 activated PKC (specifically PKCα and PKCζ) and Rho kinase, resulting in shift of 

TJP from the cell border to intracellular compartments (Stamatovic et al., 2003, 

Stamatovic et al., 2006). Additionally, this phosphorylation event also promoted the 

interaction between TJP and the actin cytoskeleton, resulting in a shift of TJP from 

Triton X-100 soluble fractions to Triton X-100 insoluble fractions (Tsukamoto and Nigam, 

1997b, 1999b, Stamatovic et al., 2003, Stamatovic et al., 2005, Stamatovic et al., 2006). 

These changes are not limited to MCP1, because growth factors (PDGF and VEGF) 

also induce phosphorylation and redistribution of TJP (Harhaj et al., 2002, Pedram et al., 
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2002), suggesting that phosphorylation of TJP may be a common mechanism to 

transport TJP to different cellular compartments. In addition to TJP phosphorylation, the 

activated kinases, especially Rho Kinase, also phosphorylate myosin light chain 

phosphatase (MLCP) and inhibit its activity. The inhibition of MLCP results in enhanced 

phosphorylation of myosin light chain, leading to increased actin-myosin interaction and 

thus increased cortical force in the endothelial cells (Stephan and Brock, 1996, van 

Nieuw Amerongen et al., 2000, Stamatovic et al., 2003, Hicks et al., 2010). These data 

underscore the role of actin cytoskeleton in the regulation of TJ structures, however, 

how exactly reorganization of actin cytoskeleton leads to redistribution of TJP is still 

elusive. 

 

4. Intracerebral Hemorrhage (ICH) 

 

ICH accounts for 10-20% of all strokes, which is a leading course of death and 

disability (Qureshi et al., 2001, Ribo and Grotta, 2006). The prognosis of ICH is poor 

(Donnan et al., 2010). Although the pathophysiology of ICH is still elusive, strong 

evidence suggests that inflammation (Castillo et al., 2002, Wang et al., 2003, Aronowski 

and Hall, 2005, Xi et al., 2006, Wang, 2010) and apoptosis (Matsushita et al., 2000, 

Gong et al., 2001, Qureshi et al., 2003) contribute to the cell death in the brain. When 

ICH occurs, microglia are activated and migrate to site of injury. In addition, the BBB 

becomes compromised and blood leukocytes infiltrate into the brain parenchyma. The 

infiltrated leukocytes or microglia then secrete chemotactic cytokines, such as MCP1, to 

induce migration of more cells towards the site of injury. These cells may either promote 
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the progress of ICH by secreting cytotoxic cytokines, including TNF-α and IL-1β (Aloisi, 

2001, Kim and de Vellis, 2005, Hanisch and Kettenmann, 2007), or play a beneficial 

role by cleaning up cell debris (Elkabes et al., 1996, Rabchevsky and Streit, 1997, 

Nakajima et al., 2002, Nakajima and Kohsaka, 2004).  

Collagenase-induced hemorrhage is an established model of ICH. After injection 

into the brain, collagenase degrades collagen, which is an important component of 

blood vessel wall, leading to bleeding at the site of injection. For wt mice, 24 hours after 

injection, the injury peaks and the injury site is full of necrotic tissue and erythrocytes. 7 

days after injection, the injury resolves. At this time point, a lot of phagocytic cells 

(activated microglia, monocytes, and lymphocytes) can be seen at the injury site.  
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Figure 1-1.  Structure of BBB. BMEC form impermeable monolayer via TJ. Pericytes 
attach to endothelial cells. Astrocyte endfeet wrap pericytes and endothelial cells. 
Neurons and microglia have direct contact with astrocyte endfeet. Adapted from Abbott 
et al, 2006 (Abbott et al., 2006). 
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Chapter 2 

MCP1 C-Terminus Mediates Its Dimerization While Blocking Its Chemotactic 

Potency 

 

INTRODUCTION 

 

Microglia, the immune cells normally present in the brain, enter the CNS early 

during development and reside in the parenchyma in a resting state characterized by 

ramified morphology. In the healthy brain, they extend and retract their processes 

continually to sense changes in the surrounding microenvironment (Nimmerjahn et al., 

2005). However, when there is an injury in the CNS, microglia switch to an activated 

state characterized by changes in gene expression, morphology and proliferation 

(Giulian and Baker, 1986, Suzumura et al., 1987, Andersson et al., 1991, Abromson-

Leeman et al., 1993, Ulvestad et al., 1994, Aloisi, 2001, Nakajima and Kohsaka, 2004, 

Davalos et al., 2005, Kim and de Vellis, 2005, Nimmerjahn et al., 2005, Hanisch and 

Kettenmann, 2007). The activated microglia then migrate to the site of injury and modify 

the injury outcome.  

The migration of microglia to the site of injury is stimulated by the local release of 

chemokines. As a potent chemoattractant for monocytes/microglia (Van Der Voorn et al., 

1999), MCP1 is upregulated in many types of CNS injury, including ischemia, 

hemorrhage, trauma, infection, hypoxia, and peripheral nerve axotomy (Mahad and 

Ransohoff, 2003, Dimitrijevic et al., 2006, Frangogiannis et al., 2007, Yan et al., 2007, 

Capoccia et al., 2008, Kim et al., 2008, Morimoto et al., 2008). The MCP1 protein is 
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highly conserved in the N-terminus among different species, while the C-terminus is 

much more variable. The rodent MCP1 C-terminus is decorated extensively with O-

linked carbohydrates (Zhang et al., 1996), which bind both soluble GAG and GAG 

immobilized on cell surface. Soluble GAG inhibit the binding of MCP1 to its high-affinity 

receptor CCR2 (Kushhert et al 1999), which is expressed by microglia, astrocytes and 

microvascular endothelial cells in the brain (Banisadr et al., 2002, Ge et al., 2008). Cell 

surface GAG, on the other hand, have been reported to concentrate MCP1 locally, 

promote MCP1 oligomerization, and thus facilitate the binding of MCP1 to CCR2 

(Hoogewerf et al., 1997, Kuschert et al., 1999, Lau et al., 2004, Handel et al., 2005). 

Whether MCP1 functions as a monomer or homodimer, however, is still under debate. 

Although it is believed that MCP1 exerts its function as a homodimer (Zhang and Rollins, 

1995, Zhang et al., 1996), it has also been suggested that MCP1 can bind to CCR2 and 

induce downstream signaling as a monomer (Paolini et al., 1994, Paavola et al., 1998). 

It should be noted, however, that these experiments were conducted using human 

MCP1, not rodent MCP1, which contains a heavily glycosylated C-terminal tail.  

Previous studies in our lab have shown that: (1) the highly glycosylated C-

terminal extension of mouse MCP1 is removed by plasmin, the active protease of plg, 

and (2) the C-terminus-truncated mouse MCP1 has a higher chemotactic potency than 

the full-length mouse MCP1 (Sheehan et al., 2007). Additionally, the fact that infusion of 

C-terminus-deleted mouse MCP1 into plg-deficient mice, which are more resistant to 

excitotoxic injury, restored microglial migration and neuronal loss, unlike the intact 

mouse MCP1, further suggests that the C-terminal extension negatively regulates the 

chemotactic ability of mouse MCP1 (Sheehan et al., 2007). How exactly the highly 
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glycosylated C-terminus regulates mouse MCP1 function, however, remains to be 

elucidated. Herein, we investigated several potential mechanisms: 

dimerization/oligomerization of mouse MCP1, interaction of MCP1 with CCR2, and 

intracellular signaling. We find that the C-terminus of mouse MCP1 is required for MCP1 

dimerization, inhibitis MCP1-CCR2 interaction, and suppresses MCP1-induced Rac 

activation and subsequent microglial migration. 
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MATERIALS AND METHODS 

 

Cell Culture  

N9 cells were originally provided by Drs. S. Barger (University of Arkansas, 

Fayetteville, AR) and P. Ricciardi-Castagnoli (University of Milano-Bicocca, Milan, Italy). 

The cells were maintained in modified Eagle's medium (MEM) supplemented with 10% 

fetal bovine serum (FBS), 100 U/ml penicillin and 100 µg/ml streptomycin at 37°C with 

5% CO2.  

Primary microglia were prepared from mixed cortical cultures as described 

previously with minor modifications (Giulian and Baker, 1986). Briefly, brains of 1-day-

old pups from wild-type or CCR2-/- mice were collected. After removing meninges and 

hippocampi, the cortical tissue was digested with trypsin (0.25% in Hanks balanced 

saline solution, HBSS) for 15 minutes at 37°C. The tissu e was mechanically dissociated 

by trituration and filtered through a 70µm nylon mesh. The cell suspensions were plated 

onto poly-D-lysine-coated tissue culture dishes. Cultures were maintained in Dulbecco's 

MEM (DMEM) supplemented with 10% FBS. The medium was changed on day 3 and 

14, and the microglia collected through addition of 15 mM lidocaine for 10 minutes at 

room temperature followed by centrifugation. The microglia were used for migration 

assay immediately or maintained in DMEM with 1% FBS for 2 days before use in other 

experiments.  

Human embryonic kidney 293 (HEK293) cells were maintained in DMEM 

supplemented with 10% FBS, 100 U/ml of penicillin and 100 µg/ml of streptomycin.  
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Cell Treatment   

N9 cells or primary microglia were treated with 10nM recombinant MCP1 proteins. 

 

Generation of 6His-tagged MCP1 Proteins 

FL-, K104A-, and K104Stop-MCP1 were subcloned without the signal peptide 

into pET vectors with an N-terminal 6xHis tag. CT-MCP1 was subcloned into a pTYB1 

vector with an N-terminal 6xHis tag. BL21 cells were transformed with these constructs 

and expression of the target proteins was induced for 5 hours using isopropyl-beta-D-

thiogalactopyranoside (IPTG). Recombinant proteins were purified using cobalt affinity 

resins (Clontech, Cambridge, UK) according to the manufacturer's instructions. The 

fractions were analyzed on 16% Tris-Tricine sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) by coommassie blue staining. The purified proteins were 

confirmed by immunoblotting using 1:1000 anti-MCP1 antibody (Serotec and Cell 

Sciences) or 1:1000 anti-6xHis antibody (Santa Cruz Biotechnology). 

 

Transient Transfection 

FL-, K104A-, and K104Stop-MCP1 subcloned into pcDNA3.1 vectors with N-

terminal c-myc or HA tags were transfected into HEK293 cells using lipofectamine 

(Invitrogen Life Technologies) according to the manufacturer’s protocol. Two days later, 

cell lysates were collected and used for co-immunoprecipitation. 

 

Co-Immunoprecipitation (CoIP)  
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Mixtures of lysates of cells expressing c-myc- and HA-tagged MCP1 proteins 

were precleared with protein A/G agarose beads, incubated with rabbit anti-c-myc  

(Sigma) or rat anti-HA (Roche) antibody overnight at 4°C, and the immunocomplexes 

pulled down using protein A/G-agarose beads (Santa Cruz) for 2 hours at 4°C and 

centrifugation. Pelleted proteins were subjected to immunoblot analysis with the anti-c-

myc and -HA antibodies to demonstrate equal expression and assess coIP. 

 

In vitro Pull-Down Assay  

Purified recombinant 6xHis-MCP1 and c-myc-MCP1 proteins were mixed and 

coIP’d as above, using anti-c-myc and rabbit anti-6xHis antibody (Roche). 

 

Western Blot Analysis and Immunoblotting  

Cells were lysed in RIPA buffer (50mM Tris-HCl pH 7.4, 150mM NaCl, 1% NP40, 

0.25% sodium deoxycholate, 1mM PMSF, 1x protease inhibitor cocktail, 1x Na3VO4). 

Protein concentrations were determined by DC (Bio-Rad) protein assay. Lysates 

containing equal amounts of protein were resolved in 10% or 15% Tris-Glycine SDS-

PAGE, transferred to Immobilon-P transfer membranes (Millipore), blocked in 5% nonfat 

milk or Odyssey blocking buffer for 1 hour at room temperature, incubated with primary 

antibodies overnight at 4°C, washed, incubated with 1 :5000 HRP-conjugated secondary 

antibodies (Jackson Immunoresearch Lab) or IRDye secondary antibodies (LI-COR) for 

1 hour at room temperature washed, and developed using ECL (Pierce) or scanned 

using Odyssey infrared imaging (LI-COR). 
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Rac Activity Assay  

Activated Rac was quantified through specific interaction with its downstream 

effector p21-activated kinase (PAK) (del Pozo et al., 2000). PAK p21-binding domain 

(PBD) purified as a GST fusion protein was immobilized to glutathione beads 

(generously provided by Dr. J. Prives, Stony Brook University). Microglia stimulated with 

10nM MCP-1 proteins for varied times were lysed in RIPA buffer and the activated Rac 

pulled down using the GST-PBD beads and detected by immunoblotting using mouse 

anti-Rac1 antibody. Total Rac1 was determined by immunoblotting samples of the cell 

lysates. Band intensities were quantified using Scion Image (Scion, Frederick, MD) or 

Odyssey Infrared Imaging. Rac activation in stimulated cells was normalized to the 

amount of activated Rac in control microglia. 

 

Membrane Sheet Assay  

This was performed as previously described with minor modifications (Robinson 

et al., 1992). Briefly, primary microglia were plated on coverslips and activated with 

100ng/ml LPS overnight. The cells were then treated with 10nM recombinant MCP1 for 

1 hour at 37°C, followed by swelling in hypotonic buf fer (25mM KCl, 10mM Hepes, 2mM 

MgCl2, 1mM EGTA, 1mM PMSF, 1x protease inhibitor cocktail, pH 7.5) for 20 minutes. 

After PBS washing, the cells were fixed with 4% paraformaldehyde, permeabilized and 

stained with 1:1000 rat-anti-Mac2 antibody (BD Pharmingen) and 1:500 rabbit anti-

CCR2 antibody (Epitomics), followed by 1:1000 fluorescence-conjugated secondary 

antibodies (Invitrogen). The cells were then imaged using Zeiss LSM510 confocal 

microscopy. 
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Immunofluorescent imaging of the F-actin cytoskeleton 

To mimic endogenous chemoattractant gradient, 12-well plates were spotted at 

the edges of the wells with heparin, which avidly binds MCP1. 15µl of recombinant 

MCP1 proteins were then added directly onto the dried heparin spot to create an MCP1 

point source. 1h later, primary microglia attached to coverslips were placed in the well 

and cultured for varied periods of time, washed, and fixed with 4% paraformaldehyde for 

15 minutes at room temperature. After PBS washing, the cells were incubated with 1:20 

Alexa-647 phalloidin (Invitrogen) overnight at room temperature, washed, mounted 

using FluorMount with DAPI, and imaged using confocal microscopy. 

 

Migration Assay  

Migration assays were performed using chemotactic chambers (Boyden; 

NeuroProbe). Recombinant mouse MCP1 proteins or human MCP1 suspended in MEM 

with or without the Rac inhibitor, NSC23766 were added to the bottom wells of the 

chamber. Wild-type or CCR2-/- primary microglia suspended in MEM (5 x 105/ml) with or 

without the Rac inhibitor were added to the top wells, with 5.0µm filter inserted between 

the chemoattactants and microglial cells. Migration was allowed to proceed for 2 h at 

37°C. Cells that did not migrate into the membrane w ere wiped off, and cells that 

migrated into or through the membrane fixed and stained with hematoxylin for 10 

minutes at room temperature. The membranes were photographed at 100X 

magnification. Total migration was quantified by counting stained cells. The background 

for random cell movement (cells responding to MEM only) was subtracted.  
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Statistics 

Statistics were performed using the two-tailed t test. *p<0.05 was considered 

significant. Error bars indicate the SEM. 
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RESULTS 

 

The C-terminus of MCP1 enables multimerization.  

GAG modifications can enhance the local concentration of chemokines and 

facilitate their homodimerization/ oligomerization (Hoogewerf et al., 1997, Kuschert et al., 

1999, Lau et al., 2004). Mouse MCP1 has a highly GAG-glycosylated C-terminal 

extension (Zhang et al., 1996). Since plasmin removes the C-terminus of mouse MCP1 

(Sheehan et al., 2007), this processing event could affect homodimerization/ 

oligomerization for MCP1. To examine the role of MCP1 C-terminal extension in this 

context, co-IPs were performed using HEK293 cells transfected with HA- and c-myc-

tagged full length MCP1 (FL), or a full length mutant that can not be processed by 

plasmid (K104A) (Figure 2-1), or a C-terminally truncated mutant that terminates at the 

plasmin cleavage site (K104Stop). We observed that the full length protein and the 

plasmin-resistant mutant K104A both readily form stable homodimers/oligomers (Figure 

2-2A). In contrast, however, homodimers/oligomers were not observed for the K104Stop. 

To determine whether MCP1 forms homodimers or whether individual MCP1 

proteins associate indirectly through forming complexes with other proteins, the co-IP 

was performed using purified recombinant proteins. FL-MCP1 and K104A-MCP1 

exhibited the ability to form stable homodimers/oligomers, and as expected, K104Stop-

MCP1 failed to do so (Figure 2-2B). Similar results were observed regardless of which 

anti-epitope antibody was used for the co-IP (data not shown). However, the isolated C-

terminal extension fragment (CT-MCP1) did not co-IP with FL-, K104A-, or K104Stop-
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MCP1 (data not shown), suggesting that the C-terminal extension is necessary but not 

sufficient for the interaction. 

These data indicate that full length MCP1 dimerizes / oligomerizes and that the 

plasmin cleavage event converts it to a monomeric form. A number of studies have 

reported that MCP1, like most other chemokines, binds to its receptor, CCR2, and 

exerts its function as a homodimer (Zhang and Rollins, 1995, Zhang et al., 1996). 

However, there is also evidence supporting that it functions as a monomer (Paolini et al., 

1994, Paavola et al., 1998). To address whether MCP1 functions as a monomer or 

homodimer, we further investigated MCP1-CCR2 interaction and intracellular signaling 

using these recombinant proteins. 

 

N-terminus-containing MCP1 proteins reduce membrane-bound CCR2.  

CCR2 is a critical receptor for MCP1 (Paavola et al., 1998, Terashima et al., 

2005), since CCR2-deficient microglia and macrophages fail to migrate in response to 

MCP1 stimulation (Chen et al., 2001, El Khoury et al., 2007). CCR2 is expressed in the 

mouse CNS by microglia, astrocytes and microvascular endothelial cells (Banisadr et al., 

2002, Ge et al., 2008). We next used microglia to assess how modulation of the MCP1 

protein structure affects CCR2 responses. Microglia were stimulated with human MCP1 

(Hu) or mouse wild-type and modified forms of MCP1 and assessed for changes in 

CCR2 amount and subcellular distribution. To undertake this study, we employed a 

commercial anti-CCR2 antiserum (Biovision), which detects an immunoreactive band 

present in brain lysates prepared from wild-type mice but not in ones prepared from 

CCR2-/- mice (Figure 2-3). Treatment of the microglia with wild-type and modified forms 
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of MCP1 did not alter the total levels of CCR2 over a two-hour period, indicating that 

stimulation-induced receptor down-regulation and degradation does not occur within this 

time frame (Figure 2-4).  To examine changes in subcellular localization, the amount of 

CCR2 at the plasma membrane was assessed using a membrane sheet assay 

(Robinson et al., 1992). In non-stimulated cells, CCR2 is observed in a punctate 

distribution on the plasma membrane (Ctr, Figure 2-5). Stimulation of the microglia with 

full-length MCP1 (FL) greatly decreased the amount of plasma membrane-associated 

CCR2, presumably via receptor endocytosis. Similar findings were observed for 

K104Stop-MCP1, indicating the lack of requirement for the C-terminal extension for 

receptor engagement. The C-terminal extension by itself (CT) did not cause plasma 

membrane-associated CCR2 to decrease. Nor did the forced dimers (FL-FL and 

K104S-K104S) change the membrane bound CCR2 level, suggesting that MCP1 

functions as a monomer. Moreover, the decrease in plasma-membrane associated 

CCR2 was much less substantial for K104A-MCP1, suggesting that the presence of the 

C-terminal extension interferes with receptor engagement.  Finally, human MCP1, which 

lacks a C-terminal extension, also significantly decreased plasma membrane-

associated CCR2 and this effect was comparable with K104Stop-MCP1. These findings 

are consistent with a previous report that MCP1 binds to CCR2 via its N-terminus 

(Hemmerich et al., 1999), and newly suggest that the C-terminal extension of mouse 

MCP1 interferes with the interaction between the MCP1 N-terminus and CCR2. 

 

Plasmin-truncated MCP1 exhibits increased chemotactic activity.  



30 
 

Migration of microglia in response to stimulation by the modified MCP1 proteins 

was next examined, using a chemotaxis Boyden chamber assay. Wild-type MCP1 (FL) 

elicited a modest migratory response (140 ± 20 cells, Figure 2-6). In contrast, K104A 

provoked a weaker response (60 ± 15 cells), again suggesting that the presence of the 

C-terminal extension interferes with receptor engagement / stimulation. Conversely, 

K104Stop triggered a much stronger response (460 ± 28 cells) than wild-type MCP-1, 

and the C-terminal extension by itself (CT) caused no response, both confirming the 

lack of requirement for the C-terminal extension, and suggesting that processing to 

remove the C-terminal extension is a key step in efficient CCR2 stimulation. The MCP1 

forced dimers (FL-FL and K104S-K104S) were unable to attract microglia, again 

suggesting that MCP1 functions as a monomer. Of note, the chemotactic activity of 

mouse K104Stop-MCP1 was comparable to that of human MCP1. CCR2-/- primary 

microglia failed to migrate in response to MCP1 recombinant proteins in this assay, 

confirming the indispensable role of the CCR2 receptor in MCP1-induced microglial 

migration.  

 

Plasmin-mediated cleavage of MCP1 promotes Rac1 activation.  

MCP1 engagement of CCR2 activates intracellular signaling cascades that differ 

depending on the cell type (Terashima et al., 2005, Stamatovic et al., 2006). In microglia, 

one of these signaling pathways involves activation (GTP-loading) of Rac, a member of 

the Rho family of small GTPases (Maghazachi, 2000, Terashima et al., 2005). The 

activated Rac then promotes protrusion of lamellipodia and cell migration (Rickert et al., 

2000, Ridley et al., 2003, Terashima et al., 2005). As a molecular switch, Rac1 needs to 
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be activated transiently and then deactivated. We assessed over time the activation of 

Rac using N9 microglial cells. FL-MCP1 induced a moderate level of Rac1 activation 

over the 90-minute time course of the assay (Figure 2-7A), and this increase was 

dependent on CCR2 stimulation since no Rac activation was seen in CCR2-/- primary 

microglia. In contrast, K104Stop-MCP1 provoked a rapid and dramatic increase in Rac1 

activation in 5 minutes that was also extinguished rapidly, while K104A-MCP1 prompted 

a very weak response. These data again support the earlier findings that the C-terminal 

extension inhibits receptor engagement and mobilization. 

As expected, the C-terminal extension by itself (CT) and two forced dimers (FL-

FL and K104S-K104S), did not cause Rac activation (Figure 2-7B). Surprisingly, unlike 

K104Stop-MCP1, human MCP1 induced a much lower and delayed Rac1 activation: it 

induced a two-fold change at 15 minutes after treatment. This effect, however, was 

deactivated rapidly. These data suggest that the transient activation of Rac1 plays an 

important role in cell migration.   

To assess whether activation of Rac1 is necessary for the stimulation of 

microglial migration, NSC23766, a Rac1 specific inhibitor, was employed. NSC23766 

fully blocked microglial migration in response to MCP1 (Figure 2-6).  

 

Plasmin-mediated cleavage of MCP1 promotes the formation of lamellipodia. 

Lamellipodia, which are cytoskeletal actin projections at the leading edges of 

cells observed during cell migration, are induced by the activation of Rac1 (Maghazachi, 

2000, Pankov et al., 2005, Terashima et al., 2005). We thus investigated whether MCP1 

truncation by plasmin induced lamellipodia formation. After incubation of primary 
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microglia in the presence of localized source of MCP1 to create a chemotatic gradient 

for different periods of time, the microglia were fixed and stained with phalloidin. Most of 

the control cells cultured in the absence of MCP1 exhibited actin cytoskeletal 

projections, but did so in a uniform, non-polarized manner (Ctr, Figure 2-8). Only 5-8% 

of the control cells exhibited lamellipodia (polarized actin cytoskeletal projections). In 

contrast, 20% of cells stimulated with a gradient of FL-MCP1 exhibited polarized actin 

cytoskseletal reorganization, and 50% of cells stimulated with K104Stop-MCP1 

displayed lamellipodia, which were exaggerated in appearance. Similar to K104Stop-

MCP1, 40% of human MCP1-treated cells showed unipolar lamellipodia. K104A-MCP1, 

CT-MCP1, and two forced dimers (FL-FL and K104S-K104S), however, did not promote 

cellular polarization, suggesting that plasmin-mediated cleavage of MCP1 is critical for 

cell migration and the formation of lamellipodia and that MCP1 functions as a monoer. 

 

The cleavage of MCP1 by plasmin activates ERK1/2 slightly.  

During microglial activation and migration, changes in gene expression and 

morphology also occur (Andersson et al., 1991, Davalos et al., 2005, Nimmerjahn et al., 

2005). To investigate whether MCP1 may affect characteristics of microglia activation 

such as proliferation and differentiation, we explored other signaling pathways that 

could be involved. Mitogen-activated protein kinase (MAPK) has been implicated in 

many cellular processes including proliferation, differentiation and apoptosis (Jimenez-

Sainz et al., 2003). Many factors acting through GPCRs lead to the activation of MAPK 

cascades and finally activate extracellular signal-regulated Kinases 1 and 2 (ERK1/2) 

(Marinissen and Gutkind, 2001).  
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N9 cells were cultured with or without human MCP1 and recombinant mouse 

MCP1 proteins and the levels of phosphorylated and total ERK1/2 analyzed by western 

blotting (Figure 2-9). FL- and K104A-MCP1 promoted low-level and prolonged ERK1/2 

activation (1.2-1.4 fold change over the course of 120 minutes). Although K104Stop-

MCP1 and human MCP1 also induced ERK1/2 phosphorylation, the activation was 

detectable as early as in 5 minutes and returned to base line in 30 minutes, indicating a 

higher potency. CT- MCP1, on the other hand, failed to activate ERK1/2. The forced 

MCP1 dimers (FL-FL and K104S-K104S), slightly induced activation of ERK1/2, but it 

should be noticed that the activation was not found at early time point (5 min). As a 

positive control, LPS dramatically enhanced phosphorylated ERK1/2 (data not shown). 

These data suggest that K104Stop-MCP1 is more active than the FL- or K104A-MCP1 

in activation of the MAPK cascade and its effect was comparable with human MCP1, 

but the major and more dramatic effect was evident on Rac activation. 
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DISCUSSION 

 

MCP1 is a potent chemoattractant for monocytes and microglia. It has been 

reported to be involved in many diseases, including asthma (Lamkhioued et al., 2000, 

Tillie-Leblond et al., 2000), rheumatoid arthritis (Koch et al., 1992, Kunkel et al., 1996) 

and atherosclerosis (Chen et al., 1999, Kowala et al., 2000). In addition, MCP1 plays a 

very important role in excitotoxic injury. It has been shown that kainate injection induces 

excitotoxic injury, leading to microglial migration and neuronal death in wild-type mice. 

Previous studies in our lab reported that the kainate-induced microglial 

activation/migration and neuronal death were attenuated in mice deficient for MCP1 or 

plasminogen, the inactive precursor of plasmin (Tsirka et al., 1997, Rogove et al., 1999, 

Sheehan et al., 2007). Further studies in our lab show that plasmin removes the highly 

glycosylated C-terminus of mouse MCP1 and it is the truncated MCP1, not the intact 

MCP1, that is responsible for microglial migration and neuronal loss (Sheehan et al., 

2007), thus identifying plasmin as an activator of MCP1 and offering an explanation for 

the diminished microglial recruitment in plg-/- mice. However, the mechanisms 

underlying the enhanced biological functions of plasmin-cleaved MCP1 are not known. 

The data presented in this study argue that (1) plasmin-mediated cleavage of mouse 

MCP1 abrogates its potential for dimerization/ oligomerization, (2) the C-terminus of 

mouse MCP1 alone can not bind to CCR2, 3) Plasmin cleavage is required to engage 

the CCR2 receptor, 4) the monomer form is needed to cause engaged receptor to 

initiate signaling to Rac 5) the Rac pathway is activated and critical 6) ERK is also 

activated, but less dramatically. 
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GAG have been reported to increase local chemokine concentration and promote 

the oligomerization of chemokines both in vitro and in vivo (Hoogewerf et al., 1997, 

Kuschert et al., 1999, Lau et al., 2004, Handel et al., 2005). The C-terminus of MCP1 is 

heavily O-glycosylated and has many GAG modifications (Zhang et al., 1996). Thus, the 

C-terminus of MCP1 has been speculated to promote the formation of MCP1 

dimerization/oligomerization or stabilize the dimerization/oligomerization (Zhang et al., 

1996, Handel et al., 2005). Consistent with this speculation, K104Stop-MCP1, which 

does not have the highly glycosylated C-terminal extension, did not 

homodimerize/oligomerize, thus supporting the hypothesis that the C-terminal extension 

of mouse MCP1 is necessary for its dimerization/oligomerization. Since the C-terminal 

fragment alone failed to form stable dimer/oligomer with FL-, K104A-, or K104Stop-

MCP1, it appears that both N-terminus and C-terminus contribute to the formation of 

stable homodimers. 

Upon ligand binding, many receptors, such as the interleukin-8 receptor, the mu 

opioid receptor, and pattern recognition receptor, undergo internalization (Ray and 

Samanta, 1996, Minnis et al., 2003, Robatzek et al., 2006). Like these receptors, CCR2 

is also expected to translocate from the plasma membrane to intracellular vesicles upon 

MCP1 binding (Favre et al., 2008). Recently, by using GFP-CCR2 transfected cells or 

GFP-CCR2 transgenic mice, Jung et al have shown that upon MCP1 binding, CCR2 

undergoes endocytosis (Jung et al., 2009). Consistent with this report, we showed that 

those N-terminus-containing MCP1 proteins (FL-, K104A-, and K104Stop-MCP1) 

induced a significant reduction of membrane CCR2. CT-MCP1, as it does not have the 

N-terminus region of the MCP1 protein failed to decrease membrane bound CCR2. 
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Significant decrease of plasma CCR2 was also accomplished with human MCP1, which 

lacks the heavily glycosylated C-terminal extension, suggesting the C-terminus of 

mouse MCP1 hinders MCP1-CCR2 interaction. 

Our data indicated that the binding of monomeric N-terminal domains of MCP1 to 

CCR2 activated Rac and induced the protrusion of lamellipodia, leading to microglial 

migration. We therefore propose a model to describe how mouse MCP1 may interact 

with CCR2 in the CNS. Upon secretion, mouse MCP1 binds via its glycosylated C-

terminus to neuronal cell membranes, an event that increases local MCP1 

concentration. This increase in local MCP1 promotes the formation of dimers or higher 

order aggregates, which thus generate a point source for a potential chemokine 

gradient. Upon neuronal injury or exaggerated stimulation, the neurons form and 

secrete plasmin, which then cleaves and removes the C-terminal, GAG-glycosylated 

extension of mouse MCP1, thus abrogating MCP1 dimers. These truncated MCP1 

monomers are more easily diffusible and able to form potent chemotactic gradients, 

bind to CCR2 on microglia and initiate microglial intracellular signaling pathways. The 

pathways include activation of Rac1, rearrangement of the actin cytoskeleton with 

protrusion of lamellipodia, and eventual promotion of microglial migration along the 

MCP1 chemokine gradient.  

It should be noted that: (1) unlike the mouse MCP1, human MCP1 does not have 

a heavily glycosylated C-terminus, and (2) human MCP1 and plasmin-truncated mouse 

MCP1 (K104Stop-MCP1) are highly homologous. Then a few questions need to be 

answered: What is the function of mouse MCP1 C-terminal extension? Do humans have 

an unknown protein that functions like the C-terminal extension of mouse MCP1? Do 
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human and mouse MCP1 use different mechanisms to activate CCR2? Understanding 

of the functions of carbohydrate on mouse MCP1 will provide important clues for these 

questions. 
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Figure 2-1. Plasmin does not cleave K104A-MCP1. Recombinant FL- and K104A-
MCP1 were treated with plasmin, then the integrity of these proteins were assessed by 
western blotting. Experiments were performed in triplicate. Representative experiment 
shown. 
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Figure 2-2. Homodimerization of recombinant mouse MCP1 proteins. A. HEK293 
cells transfected with HA- and c-myc- tagged FL-, K104A-, or K104Stop-MCP1 were 
lysed, immunoprecipitated with anti-c-myc antibody, and immunoblotted using anti-HA 
antibody. Note that the 25 kDa IgG light chain runs just above the 23 kDa epitope-
tagged FL and K104A MCP1 proteins but is well separable from K104Stop MCP1, 
which is 6 kDa smaller than FL-MCP1. Lysate lane shows the equal levels of expression 
of the HA-tagged version of the 3 forms of MCP1. B. Purified recombinant 6xHis- and c-
myc-tagged MCP1 proteins were immunoprecipitated with anti-6xHis antibody and 
immunoblotted with anti-c-myc antibody. Shown is an experiment representative of four 
performed with similar results.  
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Figure 2-3. The anti-CCR2 antiserum employed detects a CCR2-specific 
immunoreactive band by western blotting. Brain lysates from wild-type and CCR2-/- 
mice were western-blotted using anti-CCR2 antisera. Anti-tubulin antiserum was used 
as a loading control.  
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Figure 2-4. Ligand binding to CCR2 does not alter total levels of receptor 
expression in primary microglia over short time periods. Primary microglia were 
treated with recombinant MCP1 proteins for different periods of time at which cell 
lysates were collected and assessed for CCR2 and α-tubulin by western blotting. 
Experiments were performed in triplicate. Representative experiment shown. 
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Figure 2-5. Stimulation of microglia by N-terminus-containing MCP1 proteins 
triggers CCR2 internalization. Primary microglia from wild-type mice activated 
overnight with 100ng/ml LPS were treated with saline (Ctr) or 10nM recombinant MCP1 
proteins for 1 h and then swelled in hypotonic buffer for 20 min to cause cell lysis. The 
plasma membrane sheets that remained adhered to the coverslips were stained for 
Mac-2 (Green) to visualize the membrane sheets and CCR2 (Red). CCR2-/- microglia 
serve as a control for the CCR2 antibody. Microglia immunostained with secondary 
antibodies only exhibited no fluorescence. Scale bar = 10 µm. The fluorescence 
intensity was quantified in 20 cells per condition in 3 separate experiments. The results 
were analyzed with one-Way ANOVA plus Dunn’s Test: *p<0.05. 
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Figure 2-6. Plasmin-truncated MCP1 has much higher chemotactic potency and 
the chemotactic activity depends on Rac1. Primary microglia from wild-type or 
CCR2-/- mice were plated and evaluated for chemotaxis in response to recombinant 
MCP1 proteins, in the presence or absence of the Rac1 inhibitor NSC23766. Each 
experimental condition was assayed in triplicate. Data are expressed as Mean ± SD. **, 
p<0.01. 
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Figure 2-7. Plasmin-truncated MCP1 activates Rac1. N9 microglial cells were treated 
with 10nM MCP1 over time. The activated Rac1 was immunoprecipitated using GST-
PBD beads. At each time point, the activated and total Rac1 were detected by western 
blotting. A. Representative western blots of activated and total Rac1 (both wild-type and 
CCR2-/- cells). B. Quantification of western blots. For FL-, K104A- and K104Stop-MCP1, 
the blots were normalized to the 0 time point. Each experimental condition was assayed 
in triplicate and the data were expressed as Mean ± SD. *, p<0.05, **, p<0.01. 
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Figure 2-8. Plasmin-truncated MCP1 promotes the formation of lamellipodia. 
Primary microglia plated on coverslips were incubated with a point source of 
recombinant MCP1 protein for different periods of time. At each time point, the cells 
were washed, fixed, and stained for actin cytoskeleton using Alexa-Phalloidin. Scale bar 
= 20 µm. The percentage of unipolar cells (migrating towards the focal point of MCP1 
protein, arrows) was quantified. Data are expressed as Mean ± SD. N=8. *p<0.05. 
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Figure 2-9. Plasmin-truncated MCP1 more potently activates MAPK pathways. 
Microglial cells were treated with human MCP1 or recombinant mouse MCP1 proteins. 
At the indicated time points, the cells were lysed and analyzed for phosphorylated and 
total ERK1/2 by western blotting.  
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Chapter 3 

Truncation of MCP1 By Plasmin Promotes BBB Disruption 
 

INTRODUCTION 

 

Chemokines are a superfamily of structurally related small proteins with strong 

chemotactic activity. By binding to their specific G-protein-coupled receptors, 

chemokines induce cell-specific migration and activation of immune cells (Hulkower et 

al., 1993, Glabinski et al., 1996, Lahrtz et al., 1998, Miller and Meucci, 1999).  

MCP1 is highly and transiently expressed in many CNS injuries, including 

ischemia, hemorrhage and excitotoxic injury (Hanisch, 2002, Dimitrijevic et al., 2006, 

Frangogiannis et al., 2007, Sheehan et al., 2007, Yan et al., 2007, Capoccia et al., 2008, 

Kim et al., 2008, Morimoto et al., 2008). We have previously shown that mouse MCP1 

can be cleaved by plasmin at Lysine 104 and the truncated MCP1 is more potent than 

the full-length MCP1 in inducing microglial migration (Sheehan et al., 2007, Yao and 

Tsirka, 2010) through its receptor CCR2 (Chapter 2). 

Besides chemotaxis, MCP1 is also involved in BBB compromise (Stamatovic et 

al., 2003, Stamatovic et al., 2005, Dimitrijevic et al., 2006, Stamatovic et al., 2006). In 

this set of experiments we investigated whether plasmin-mediated cleavage regulates 

MCP1-induced BBB breakdown. It has been reported that components of the 

plasmin(ogen) system can regulate BBB integrity. Specifically, tPA, which converts 

inactive plg to active plasmin, promotes BBB disruption and subsequent PBMC 

infiltration (Reijerkerk et al., 2008), suggesting that plasmin-mediated cleavage of MCP1 

may play a role in BBB disruption. 
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Accumulating evidence shows that MCP1 increases BBB permeability via 

redistribution of TJP and reorganization of actin cytoskeleton in a CCR2 dependent 

manner (Stamatovic et al., 2003, Stamatovic et al., 2005, Dimitrijevic et al., 2006, 

Stamatovic et al., 2006). The molecular mechanisms underlying TJP redistribution, 

however, are still elusive. 

In this study, we show that plasmin-mediated cleavage is critical for fast MCP1-

induced BBB compromise. Further mechanistic studies reveal that MCP1-induced 

redistribution of ZO-1 is mediated by Erzin-Radixin-Moesin (ERM) proteins and 

reorganization of actin cytoskeleton. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



49 
 

MATERIALS AND METHODS 

 

Generation of 6xHis-tagged MCP1 proteins  

FL-, K104A-, and K104Stop-MCP1 were subcloned without the signal peptide 

into pET vectors with an N-terminal 6xHis tag (Sheehan et al., 2007). CT-MCP1 was 

subcloned into a pTYB1 vector with an N-terminal 6xHis tag (Yao and Tsirka, 2010). 

BL21 cells were transformed with these constructs and expression of the target proteins 

was induced for 5 hours using isopropyl-beta-D-thiogalactopyranoside. Recombinant 

proteins were purified using a cobalt affinity resin (Clontech, Cambridge, UK) according 

to the manufacturer's instructions. The column fractions were analyzed on 16% Tris-

Tricine SDS-PAGE by coomassie blue staining. The purified proteins were confirmed by 

immunoblotting using 1:1000 anti-MCP1 antibodies (Serotec and Cell Sciences) or 

1:1000 anti-6xHis antibody (Santa Cruz Biotechnology). 

 

Cell Culture 

Human BMEC (HBMEC) were kindly provided by Dr. M. Stins (John Hopkins 

University). The cells were cultured in Dulbecco's modified Eagle's medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS), 10% NuSerum, 1X Sodium Pyruvate, 

1X Nonessential Amino Acid, 1X Vitamin mixtures, 15U/ml Heparin, 30µg/ml ECGS, 

100U/ml penicillin and 100µg/ml streptomycin at 37°C with 5% CO 2.  

Mouse BMEC (CRL2299) and mouse astrocyte (CRL2541) cell lines were 

purchased from ATCC and cultured in DMEM supplemented with 10% FBS, 100U/ml 

penicillin and 100µg/ml streptomycin at 37°C with 5% CO 2. 
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Primary mouse BMEC were isolated and cultured as previously described with 

minor modifications (Deli et al., 2003, Calabria et al., 2006). Briefly, brains were 

removed and cut into two hemispheres. The meninges were removed by rolling the 

hemispheres on sterile Whatman chromatography paper. The cortices were minced and 

triturated, followed by collagenase (0.7mg/ml) and DNase I (39U/ml) digestion at 37°C 

for 1 h. Then the solution was diluted with DMEM and centrifuged at 1000 g for 8 min at 

4°C. The pellet was re-suspended in 20% bovine serum al bumin and centrifuged at 

1000 g for 20 min at 4°C. The pellet was further dig ested with collagenase/dispase (1 

mg/ml), DNase I (39U/ml) at 37°C for 1 h. Then the solution was diluted with DMEM and 

centrifuged at 700g at 4°C for 7 min. The pellet was re-suspended and layered over a 

33% continuous Percoll gradient and centrifuged at 1000g for 10 min at 4°C. The 

microvessel layer was collected using an 18 gauge needle and diluted into DMEM. After 

centrifuging at 700g for 10 min at 4°C, the pellet w as re-suspended in complete culture 

medium (DMEM supplemented with 20% bovine pletelet-poor plasma-derived serum 

(Biomedical Technologies Inc.), 100µg/ml heparin, 1ng/ml basic fibroblast growth factor, 

4µg/ml puromycin, 100U/ml penicillin and 100µg/ml streptomycin) and plated on type IV 

collagen (400µg/ml) and fibronectin (100µg/ml) pre-coated plates. The culture medium 

was changed every 24 h after initial plating. From day 3 after the initial plating, complete 

culture medium without puromycin was used.  

 

Cytotoxicity Assay 

Cytotoxicity was performed using the LDH Detection Kit (Roche) according to 

manufacturer’s instructions. Briefly, mouse BMEC or HBMEC were seeded into 96-well 
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plate at the density of 1 X 104/well and maintained in DMEM with 1%FBS. The next day, 

the medium was replaced with fresh DMEM+1%FBS and the cells were treated with 

100nM FL-, K104A-, K104Stop-, CT-, or human MCP1 overnight. The medium was 

collected and used to determine LDH levels. Cells treated with 2% Triton X-100 were 

used as control to determine the maximal LDH release. The data were converted to 

percentage of maximal LDH release. 

 

TEER Assay 

For a simple BBB model, HBMEC were plated in the upper chamber of 0.4µm 

Transwell inserts. For the co-culture system, mouse astrocytes were plated on the lower 

side of the 0.4µm Transwell inserts. After 4h, the inserts were inverted and mouse 

BMEC were seeded in the upper chamber as described (Stamatovic et al., 2005, 

Dimitrijevic et al., 2006). When the cells reached confluence, 100nM FL-, K104A-, 

K104Stop-, and CT-MCP1 were added to the lower chambers. After different periods of 

time, TEER values were measured using the EVOM Epithelial Volt-ohm-meter (World 

Precision Instruments). The resistance of empty inserts were also measured and 

subtracted for calculation of final TEER values (Ω•cm2).  

 

In vitro Permeability Assay 

The permeability of BBB was assessed in vitro as described previously (Eugenin, 

2006). Briefly, HBMEC or the co-culture system was prepared as described above. 

Sterile Evans blue or FITC-Dextran was added into the upper chamber and 100nM FL-, 

K104A-, K104Stop-, and CT-MCP1 were added to the lower chambers. At different time 
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points, 100ul samples from the lower chamber were collected and 100µl fresh medium 

with 100nM MCP1 was added back to the lower chamber. The collected samples were 

read at 620nm (for Evans blue dye) or 488nm (for FITC-Dextran) to quantify the 

concentrations of infiltrated tracers. Empty inserts were used to measure the maximal 

OD reading, which signifies the complete disruption of the BBB. The OD values were 

converted to percentage of permeability (%) with respect to the maximal OD reading. 

 

In vivo permeability assay 

In vivo permeability assays were performed as described previously with minor 

modifications (Ohno et al., 1980, Yepes et al., 2003, Parathath et al., 2006, Wu and 

Tsirka, 2009). Briefly, wild-type (C57BL6, wt), MCP1-/-, CCR2-/-, and tPA-/- mice were 

anesthetized by injecting atropine (0.6µg/g of body weight) and avertin (0.02ml/g of 

body weight) intraperitoneally. A burr hole was then drilled for hippocampal injection at 

stereotaxic coordinates: -2.5mm posterior to bregma, 1.7mm lateral from midline, and 

1.6mm in depth. 1µg FL-, K104A-, K104Stop-, and CT-MCP1 were delivered in 2.5µl 

saline over 2 minutes. The needle was kept in place for 2 minutes to prevent reflux. 

2.5µl saline was injected as a control. 2% Evans Blue was injected into the systematic 

circulation via the eye. 12 hours after MCP1 injection, the mice were anesthetized again, 

followed by transcardiac perfusion with PBS to remove the blood from the vessels. 

Brains were removed, divided into ipsilateral and contralateral hemispheres, and 

weighed. Each hemisphere was homogenized in PBS supplemented with 0.5% TritonX-

100, and centrifuged at 21,000g. Evans blue in the supernatant was calculated as 

follows: Evans blue= OD620 ipsi/Wipsi-OD620 cont/Wcont 
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Immunofluorescent Staining 

HBMEC or Primary BMEC were plated on coverslips and treated with MCP1 as 

above. After fixed in -20°C methanol for 10min or i n 4% paraformaldehyde for 20 min, 

the cells were incubated overnight with 1:300 mouse anti-occludin antibody (ZYMED) 

and 1:300 rabbit anti-ZO-1 antibody (ZYMED) followed by 1:1000 fluorescent anti-

mouse or anti-rabbit antibodies (Invitrogen). Next, the cells were washed and mounted 

on slides using Fluoromount with DAPI. For phalloidin staining, the cells were fixed with 

4% paraformaldehyde and stained with 1:30 Alexa-647 phalloidin overnight at 4°C. The 

stained samples were examined using Zeiss LSM510 confocal microscopy.  

 

Triton X-100 Fractionation 

Triton X-100 fractionation was performed as described previously with minor 

modifications (Fey et al., 1984, Stamatovic et al., 2003, Stamatovic et al., 2005, 

Stamatovic et al., 2006). Briefly, extracting buffer (10mM Tris pH 7.4, 100mM NaCl, 

300mM sucrose, 0.5% Triton X-100 and protease inhibitor cocktail) was added on top of 

confluent monolayer of HBMEC. Extraction was performed by gently rocking at 4°C for 

20 min. Collected supernatants were defined as the Triton X-100 soluble fraction. The 

residue of cells, which still adheres to the culture dishes, was washed twice with PBS 

supplemented with protease inhibitor cocktail, and lysed with radioimmunoprecipitation 

assay buffer (RIPA buffer, 10mM Tris pH 7.4, 140mM NaCl, 1% sodium deoxycholate, 

0.1% SDS, 1% Triton X-100 and protease inhibitor cocktail). Collected supernatants 

were defined as the Triton X-100 insoluble fraction. Both Triton X-100 soluble and 
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insoluble fractions were prepared by adding 4X SDS sample loading buffer and heating 

at 95°C for 10 min. 

 

Western Blotting 

The samples were resolved on SDS-PAGE and transferred to PVDF membranes. 

Target proteins were visualized using 1:1000 mouse anti-occludin, 1:1000 rabbit anti-

ZO-1, 1:1000 rabbit anti-actin antibodies, and 1:500 rabbit anti-phospho-ERM antibody 

(Santa Cruz), and the densities of the bands were measured using the NIH Image 1.63 

software or the LICOR odyssey program.   

 

Coimmunoprecipitation 

Cells treated with or without K104Stop-MCP1 were lysed with RIPA buffer. The 

lysates were incubated with anti-phospho-ERM antibody, anti-ZO-1 antibody, or anti-

occludin antibody for 2 hours at 4°C. Then, 25 µl protein A/G agarose beads (Santa Cruz) 

were added to pull down the immunocomplexes. After incubating at 4°C for 2 hours, the 

beads were collected by centrifugation and washed 4 times with PBS. After last wash, 

20µl 2X sample loading buffer was added and the resulting protein complexes were 

immunoblotted with these antibodies and visualized using LICOR odyssey scanner. 

Total Rac was determined similarly using cell lysates. 

 

Statistics 

Results are shown as Mean ± SD. The one way ANOVA followed by Newman-

Keuls Multiple Comparison Test was used to analyze difference between two groups.  



55 
 

* indicates p<0.05 and ** indicates p<0.01. 
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RESULTS 

 

Truncation by plasmin promotes MCP1-induced BBB compromise 

It has been shown that mouse MCP1 increases BBB permeability in vitro and in 

vivo (Stamatovic et al., 2005, Dimitrijevic et al., 2006). However it is not known whether 

plasmin mediated cleavage of MCP1 at K104, which enhances its chemotactic activity 

(Sheehan et al, 2007), affects MCP1-induced BBB compromise. To address this 

question, we used four recombinant MCP1 proteins, full length MCP1 (FL), plasmin-

noncleavable MCP1 (K104A), constitutively-cleaved MCP1 (K104Stop), and MCP1 C-

terminal extension (CT), that we previously characterized (Yao and Tsirka, 2010). First, 

we evaluated the cytotoxicity of these MCP1 mutants to mouse or human BMEC using 

LDH cytotoxicity assays. None of the MCP1 mutants was cytotoxic to BMEC (Figure 3-

1). Then, we investigated the function of these MCP1 proteins on BBB permeability in a 

simple in vitro BBB model, which only involved HBMEC (Glynn and Yazdanian, 1998, 

Alter et al., 2003). Although both FL- and K104Stop-MCP1 were found to decrease 

TEER values significantly, the effect of K104Stop-MCP1 was more dramatic than that of 

FL-MCP1 (Figure 3-2A) at all timepoints. Consistent with these data, an in vitro 

permeability assay revealed similar results: both FL- and K104Stop-MCP1 increased 

the permeabilization of Evans blue across the monolayer of HBMEC (Figure 3-2B), 

indicating a decreased BBB integrity. Since HBMEC have endogenous plasmin 

expression and activity, we explored the possibility that the decrease in TEER values 

observed with FL-MCP1 was due to the truncation of MCP1 by endogenous plasmin. To 

block the endogenous plasmin generated by HBMEC, α2-antiplasmin (A2AP), a specific 
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plasmin inhibitor, was used. In the presence of A2AP, addition of FL-MCP1 did not 

decrease TEER values (Figure 3-2A) and was unable to promote infiltration of Evans 

blue (Figure 3-2B), suggesting that the effect of FL-MCP1 observed in the initial 

experiments was due to HBMEC endogenous plasmin activity. Evans blue can cross 

the BMEC monolayer by both transcellular and paracellular pathways (Hart et al., 1987, 

Kawedia et al., 2007). The addition of A2AP alone appeared to modify BBB permeability 

to Evans blue, but not the TEER values. This result suggested that A2AP may affect the 

transcellular diffusion of Evans blue, although it is not at this point clear why A2AP 

would have this effect. When we performed the in vitro permeability experiment using 

another tracer, FITC-Dextran (Sigma, MW: 4000 Dalton), which only uses paracellular 

pathways to go across BMEC monolayer (Kacem et al., 1998, Simard et al., 2003), in 

the presence of A2AP, only K104Stop-MCP1 was able to enhance significantly the 

leakage of the tracer across the co-culture system (Figure 3-3), suggesting an important 

role of plasmin activity in MCP1-induced BBB disruption. Next, we investigated whether 

there is dose-dependency of the effect of FL- and K104Stop-MCP1 on BBB permeability. 

As shown in Figure 3-4, the activity of FL-MCP1 increased in a dose-dependent manner 

reaching a plateau at 100nM. K104Stop-MCP1, on the other hand, was full active even 

at lower concentrations (50nM). These data suggest that K104Stop-MCP1 is more 

“active” than FL-MCP1 in this permeability assay. 

To better replicate the in vivo BBB conditions, we used a mouse BMEC-astrocyte 

co-culture system, since astrocytes contribute to the impermeability of BBB by covering 

more than 99% of the microvessels (Kacem et al., 1998, Simard et al., 2003). 

Consistent with previous data, in the absence of A2AP, FL- and K104Stop-MCP1 
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reduced TEER values and increased Evans blue infiltration significantly (data not 

shown), whereas in the presence of A2AP, only K104Stop-MCP1 was effectively 

compromising the integrity of this in vitro BBB (Figs 3-5A,B). These data further support 

the hypothesis that plasmin-mediated truncation of MCP1 plays a vital role in MCP1-

induced BBB compromise. 

We investigated the integrity of BBB in wt, tPA-/-, MCP1-/-, and CCR2-/- mice as in 

vivo the shearing stress effects on BBB are also present. In wt or MCP1-/- mice, both 

FL- and K104Stop-MCP1 enhanced the diffusion of Evans blue into the brain 

parenchyma. In the tPA-deficient mice the FL-MCP1 was not as efficient as the 

K104Stop-MCP1 in driving BBB permeability. Since the absence of tPA results in virtual 

absence of plasmin activity, the decreased efficiency of FL-MCP1 to compromise the 

BBB suggests that MCP1-induced disruption of BBB depends on the activity of plasmin. 

While MCP1-/- mice showed virtually no compromise of the BBB, adding back 

recombinant MCP1 to them (Figure 3-5C) resulted in significant BBB compromise by 

both FL- and K104Stop-MCP1. In CCR2-/- mice, on the contrary, none of these MCP1 

proteins was able to increase the diffusion of Evans blue from the blood to the brain 

parenchyma (Figure 3-5C), indicating an indispensable role of CCR2 in MCP1-induced 

BBB leakage.  

 

Plasmin-mediated truncation of MCP1 promotes redistribution of TJP 

Redistribution of TJP has been reported in MCP1-treated BMEC (Stamatovic et 

al., 2003, Stamatovic et al., 2005, Stamatovic et al., 2006). We further studied whether 

plasmin-mediated cleavage of MCP1 is involved in this process. Using HBMEC, we 
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found that FL- and K104Stop-MCP1 disrupted the integrity of occludin distribution on 

the cell membrane. K104Stop-MCP1 was more potent, in that disruption of BBB was 

evident from the 30 min time point on (Figures 3-6A, 3-6B showing the 120min 

timepoint). K104A- and CT-MCP1, on the contrary, did not change the staining pattern 

of occludin. Similarly, FL- and K104Stop-MCP1 treatment led to punctate ZO-1 staining 

in the cell border, whereas K104A- and CT-MCP1 treatment minimally affected ZO-1 

staining (Figure 3-6A). We also investigated the redistribution of ZO-1 and occludin in 

primary BMEC and the results were the same as those from HBMEC (Figure 3-6C at 

the 120 min timepoint).  

Next, we quantified the redistribution of TJP via semi-quantitative western blot 

using Triton X-100 fractions. Consistent with previous reports (Tsukamoto and Nigam, 

1997a, 1999a, Stamatovic et al., 2003, Stamatovic et al., 2005, Stamatovic et al., 2006), 

FL-MCP1 shifted occludin and ZO-1 from the Triton X-100 soluble fraction to Triton X-

100 insoluble fraction. K104Stop-MCP1, however, dramatically amplified the changes 

induced by FL-MCP1. On the contrary, K104A- and CT-MCP1 failed to induce the shift 

of the TJP (Figure 3-7). Since the effect of K104Stop-MCP1 was more dramatic than 

that of FL-MCP1, we tested again the possibility that endogenous plasmin generated by 

BMEC may truncate MCP1, as described for Figure 3-2. In the presence of A2AP the 

shift of the TJP induced by FL-MCP1 was abrogated, whereas A2AP alone did not 

affect their distribution (Figure 3-7).  

 

Plasmin-mediated truncation of MCP1 changes actin cytoskeleton 
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Since MCP1 treatment leads to the redistribution of TJP, which are connected to 

the actin cytoskeleton directly or indirectly, we examined the reorganization of F-actin in 

HBMEC over time. FL-MCP1 increased F-actin over time (Figure 3-8A). It peaked at 1 h 

after treatment and remained stable until the 2 h time point tested. K104Stop-MCP1 

treatment led to a significant enhancement of F-actin as early as 15 min after treatment. 

This effect was even more dramatic at 2-h after treatment. Although K104A- and CT-

MCP1 elevated F-actin slightly at early time points, its distribution remained mainly at 

the cell border. F-actin levels went back to baseline 2-h after treatment (Figure 3-8A). 

We also treated primary BMEC with various MCP1 proteins for 2 h. Consistently, FL-

MCP1 increased F-actin expression in the cells, compared with that in untreated cells. 

K104Stop-MCP1 treatment resulted in a dramatic enhancement of the intensity of F-

actin (Figure 3-8B). K104A-MCP1 only elevated F-actin staining slightly in the cell 

border (indicative of the presence of cortical actin), whereas CT-MCP1 had no effect on 

F-actin levels or distribution (Figure 3-8B). Quantification of the intensity of F-actin 

fluorescence is shown in Figure 5C. Although K104A also significantly increased F-actin 

intensity, the effect was limited to the cell border (see Figure 3-8B). Compared with FL-

MCP1, K104Stop-MCP1 more efficiently enhanced F-actin (Figure 3-8C). These results 

further support the hypothesis that plasmin-mediated truncation is necessary for MCP1-

induced BBB compromise. 

 

Plasmin-truncated MCP1 induces phosphorylation of ERM proteins  

In an effort to understand how TJP are redistributed during BBB compromise, we 

focused on the ERM proteins (ezrin/radixin/moesin), a family of highly conserved 
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proteins that serve as a linker between plasma membrane and the actin cytoskeleton 

(Louvet-Vallee, 2000). These proteins have two states: a dormant state (located in 

cytoplasm) and an active state (located just beneath the plasma membrane) (Louvet-

Vallee, 2000). The activation process involves post-translational and conformational 

changes. It has been shown that phosphorylation on a conserved threonine residue 

(Thr567 for ezrin, Thr564 for radixin, and Thr558 for moesin) suppresses the 

intramolecular interaction between N-terminus and C-terminus of ERMs and promotes 

their subsequent conformation change (Bretscher et al., 1995, Louvet-Vallee, 2000, 

Pearson et al., 2000), such as the N-terminus interacts with membrane proteins, e.g. 

CD44, (Tsukita et al., 1994), CD43 (Yonemura et al., 1993),  and ICAM-2 (Helander et 

al., 1996), ICAM-3 (Serrador et al., 1997), and the C-terminus interacts with actin 

cytoskeleton  (Turunen et al., 1994, Nakamura et al., 1995, Pestonjamasp et al., 1995, 

Matsui et al., 1998). Here, we investigated whether activation of ERM proteins is 

involved in MCP1-induced BBB disruption. Using a phospho-specific antibody, we found 

that FL- and K104Stop-MCP1 significantly enhanced phosphorylation of ERM proteins 

over time (Figure 3-9), suggesting that phosphorylation of ERM proteins is involved in 

the MCP1-induced BBB compromise. In the presence of A2AP, however, FL-MCP1 

failed to induce phosphorylation of ERM proteins, suggesting that plasmin-mediated 

truncation of MCP1 plays a crucial role. 

 

Plasmin-truncated MCP1 promotes interaction between phosphorylated ERM 

proteins and ZO-1 

Since K104Stop-MCP1 induced phosphorylation of ERM proteins, we next asked 
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whether the N-termini of ERM proteins interact with TJP. By performing 

coimmunoprecipitation experiments we found that in the absence of MCP1, 

phosphorylated ERM proteins did not interact with ZO-1 (Figure 3-10). Treatment of 

endothelial cells with K104Stop-MCP1 for 1 hour, however, promoted interaction 

between phosphorylated ERM proteins and ZO-1 (Figure 3-10). Occludin, on the other 

hand, failed to interact with phosphorylated ERM proteins, suggesting the redistribution 

of occludin may not regulated through ERM proteins.  
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DISCUSSION 

 

BBB is a unique structure that separates the CNS from the peripheral nervous 

system. It is mainly comprised of BMEC, pericytes and astrocytes (Guillemin and Brew, 

2004). BMEC, which connect to each other by TJP, form the primary barrier. Astrocytes, 

which cover more than 99% of the microvessels via their endfeet, confer a secondary 

barrier to BBB (Kacem et al., 1998, Simard et al., 2003). Here we used two different in 

vitro BBB models to assess the effect of plasmin on MCP1-induced BBB compromise. 

In both models, we found that the constitutively active K104Stop-MCP1 was functional 

in increasing BBB permeability, suggesting that the activation of MCP1 by plasmin is 

indispensable for MCP1-induced BBB compromise.  

Although the in vitro systems replicate some of the anatomical structures of BBB, 

they lack the shear stress, which plays an important role in maintaining the dynamic 

properties and integrity of BBB. Similar results were obtained in vivo, when the Evans 

Blue permeability assay was performed in wt and MCP1-/- mice. However, the effect was 

more potent in MCP1-/- mice than in wt mice. It has been shown that MCP1 binds to and 

reduces membrane CCR2 levels (probably via endocytosis) (Jung et al., 2009) (Yao 

and Tsirka, 2010). The dramatic change observed in MCP1-/- mice could be due to 

higher membrane CCR2 density, as in the absence of MCP1 there would be no 

recycling of CCR2 off the plasma membrane. To examine whether plasmin activity is 

indispensable, we also conducted experiments in mice deficient for tPA (tPA-/-). As 

expected, only K104Stop-MCP1 was functional in tPA-/- mice. CCR2-/- mice were used 

as negative controls. Consistent with previous reports that CCR2-/- mice were resistant 
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to MCP1-induced BBB compromise, none of these MCP1 disrupted BBB integrity in 

these mice, suggesting that MCP1 exerts its BBB-compromising effect solely via CCR2.  

Stamatovic and colleagues showed that loss of CCR2 on astrocytes did not 

affect MCP1-induced BBB disruption in the BMEC-astrocyte co-culture system, whereas 

loss of CCR2 on BMEC significantly decreased BBB permeability (Stamatovic et al., 

2005), suggesting that MCP1 exerts its function by binding to CCR2 on BMEC. To 

maintain the stability of the microenvironment in the brain, BMEC connect to each other 

via TJ, where a lot of adhesion molecules, such as TJP, bind to each other, sealing the 

intercellular gaps. This structure makes the permeability highly dependent on the 

expression and localization of TJP. Our immunofluorescence data showed that plasmin-

truncated MCP1 disrupted occludin and ZO-1 staining in the borders of HBMEC, 

suggesting a disruption of TJ structure. Since TJ disassembly involves formation of 

large protein complexes and increased association of TJP with actin cytoskeleton, 

which is Triton X-100 insoluble, we utilized detergent extractability to analyze the 

integrity of BBB biochemically. Semi-quantitative western blot revealed a shift of 

occludin and ZO-1 from Triton X-100 soluble fraction to insoluble fraction. Although 

connected to the actin cytoskeleton directly or indirectly, TJP are not normally affixed to 

it, which allows them to be extracted mostly in a Triton X-100 soluble fraction. The 

translocation from Triton X-100 soluble fraction to insoluble fraction supports the 

compromise of TJ structures, suggesting that truncated MCP1 induces BBB disruption 

via redistribution of TJP. Consistently, we found that K104Stop-MCP1 significantly 

enhanced stress fiber formation in endothelial cells, suggesting reorganization of actin 

skeleton. These data suggest that upon MCP-1 binding to endothelial CCR2, a property 
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that all MCP-1 mutants (that retain the N-terminal portion of the protein) exhibit, an 

increase in cortical actin is observed. However, the next step of the process, which is 

the internalization of CCR2 and re-arrangements of actin cytoskeleton to allow the cells 

to retract/reorganize the TJP is taking place only in the FL- and K104Stop MCP-1 active 

mutants (Stamatovic et al., 2005).  

The redistribution of TJP, which leads to gap formation between endothelial cells, 

and the reorganization of actin cytoskeleton, which promotes the formation of contractile 

forces, have been shown to cause the compromise of BBB integrity, the mechanisms 

underlying the shift of TJP are not clear. It is thought that a phosphorylation event 

contributes to the translocation of TJP (Farshori and Kachar, 1999, Clarke et al., 2000a, 

Hirase et al., 2001, Ward et al., 2002, Stamatovic et al., 2003, Stamatovic et al., 2006). 

The kinases responsible for the phosphorylation involve members of PKC family and 

Rho (Stamatovic et al., 2003, Stamatovic et al., 2006), although it is not clear how 

phosphorylation of TJP leads to their subcellular redistribution. MCP1 has been shown 

to activate Rho associated kinase via Rho A in endothelial cells (Stamatovic et al., 

2006). A substrate for Rho associated kinase is myosin light chain phosphatase (MLCP), 

whose function opposes that of myosin light chain kinase (MLCK) (Hicks et al., 2010), 

which phosphorylates myosin light chain (MLC) and promotes actin-myosin contraction, 

(Stephan and Brock, 1996, van Nieuw Amerongen et al., 2000, Stamatovic et al., 2003, 

Hicks et al., 2010). Our data clearly show that the presence of MCP1 leads to increased 

phosphorylation of ERM proteins, which subsequently bind to ZO-1 and the actin 

cytoskeleton (Figure 3-11). We think that by binding to CCR2, MCP1 activates 

intracellular kinases, which induce phosphorylation of ERM proteins, leading to their 
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conformation change. The phosphorylated ERM proteins then bind to ZO-1 and actin 

cytoskeleton. In addition, MCP1 also activates RhoA, which further activates Rho 

associated kinase (Stamatovic et al., 2006). The kinase is expected to phosphorylate 

the regulatory subunits of MLCP, and inhibit phosphatase activity. The effect of MLCK 

would outweigh that of MLCP, resulting in increased phosphorylation of MLC, which 

would cause enhanced and prolonged actin-myosin contraction. The contraction pulls 

ZO-1 away from TJ and leads to disruption of BBB integrity. It should be noted, however, 

that the phosphorylated ERM proteins do not interact with occludin upon MCP1 

treatment, suggesting the translocation of occludin is not mediated by ERM proteins. 

Whether there is another ERM-like protein that mediates shift of occludin or if the 

redistribution of occludin is mediated by other mechanisms is unclear. 

Besides MCP1, many other cytokines, including IL-1, IL-4, IL-8, IL-10, IL-13, 

TNF-α, IFN-γ (Ross and Joyner, 1997, Wojciak-Stothard et al., 1998a, Yang et al., 

1999a, Youakim and Ahdieh, 1999, Blamire et al., 2000a, Ahdieh et al., 2001, Coyne et 

al., 2002, Paul et al., 2003) have been shown to change the structure of TJ and promote 

the formation of stress fibers in epithelial and endothelial cells. Whether these 

molecules induce BBB compromise using the same signaling pathways is not clear, 

however, based on the conserved function and high expression level of ERM proteins in 

epithelial and endothelial cells, we would assume the same signaling pathways are 

activated upon the cytokine treatment.  

Our work suggests that: 1. Plasmin-mediated truncation of MCP1 is 

indispensable for MCP1-induced BBB compromise. 2. The mechanisms involve 

reorganization of actin cytoskeleton and redistribution of TJP.  3. The redistribution of 
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ZO-1 is mediated by ERM proteins. However, which kinase(s) phosphorylates ERM 

proteins and what mediates the redistribution of occludin need further investigation. 
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Figure 3-1. MCP1 mutants were non-toxic to mouse BMEC or HBMEC. Mouse 
BMEC or HBMEC were treated with MCP1 mutants or saline for 24 hours. Media were 
collected and used for LDH assays. A. Cytotoxicity of MCP1 mutants to mouse BMEC. 
B. Cytotoxicity of MCP1 mutants to HBMEC. Data are shown as mean ± SD (n=3). 
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Figure 3-2. Truncated MCP1 compromises the integrity of the HBMEC monolayer. 
HBMEC seeded in Transwell inserts were treated with the indicated form of MCP1 (100 
nM; in the lower chamber, abluminal side) in the presence or absence of A2AP. Ctr, 
control (saline). A. Changes in the TEER over time. Results are means ± s.d. (n=3). 
*P<0.05 (analyzed using one-way ANOVA followed by Newman–Keuls multiple 
comparison test) compared with results with FL-MCP1 without A2AP. B. Changes in the 
permeability of Evan Blue over time. Results are means ± s.d. (n=6). *P<0.05 
(comparison with Ctr). 
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Figure 3-3. Truncated MCP1 compromises BBB integrity. 100 nM MCP1 was added 
to the lower chamber of the BMEC-astrocyte co-culture system. FITC-Dextran was 
added to the upper chamber of the co-culture system. In the presence of A2AP, the 
leakage of FITC-Dextran across the co-culture system was determined by quantifying 
the fluorescence intensity in the lower chamber. Values are mean ± SD (n=3). Analysis 
was done by using student’s t-test. Compared with FL, *p<0.05. 
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Figure 3-4. Dose-dependent effect of FL- and K104Stop-MCP1. 10, 50, 100nM FL- 
and K104Stop-MCP1 were added to the lower chamber of the BMEC-Astrocyte co-
culture system. FITC-Dextran was added to the upper chamber of the co-culture system. 
After 1 hour, the leakage of FITC-Dextran across the co-culture system was determined 
by quantifying the fluorescence intensity in the lower chamber. Values are mean ± SD 
(n=3). Analysis was done using Student’s t-test. Compared with FL, *p<0.05. 
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Figure 3-5. Truncated MCP1 compromises BBB integrity. A. The indicated form of 
recombinant MCP1 (100 nM) was added to the lower chamber of the BMEC-astrocyte 
co-culture system. TEER values were determined over time in the presence of A2AP. 
Results are means ± s.d. (n=3). Ctr, control (saline). B. Cells were treated as in A. The 
leakage of Evans Blue across the co-culture system was determined 
spectrophotometrically after treatment with A2AP. Results are means ± s.d. (n=4). 
*P<0.05 (analyzed using one-way ANOVA followed by Newman–Keuls multiple 
comparison test) compared with results with FL-MCP1. C. Infiltration of Evans Blue 
across the compromised BBB into brain parenchyma was assayed 12 hours after a 
single injection of MCP1 (1 µg). Mice injected with saline were used as control. Results 
[OD (optical density; absorbance) per g of body weight] are means + s.d. (n=4). *P<0.05 
(analyzed using one-way ANOVA followed by Newman–Keuls multiple comparison test) 
compared with results with FL-MCP1 without A2AP. 
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Figure 3-6. Truncated MCP1 induces the redistribution of TJP. A. HBMEC were 
treated with the indicated form of MCP1 (100nM). Ctr, control (saline); WT, wild-type. At 
15, 30, 60 and 120 minutes after treatment, the cells were fixed and immunostained for 
occludin and ZO-1. B. Higher magnification of cells incubated with the MCP-1 variants 
and stained for occludin at the 120-minute timepoint. Scale bar: 15 µm. C. Primary 
mouse BMECs were exposed to the MCP1 variants (100nM) for 2 hours. Then, the cells 
were fixed and immunostained for ZO-1 and occludin. Blue, DAPI staining. 
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Figure 3-7. Truncated MCP1 shifts TJP from the Triton-X-100-soluble fraction to 
the Triton-X-100-insoluble fraction. HBMEC were exposed to the indicated form of 
MCP1 (100nM) for different periods of time in the presence or absence of A2AP. Ctr, 
control (saline). The shift of occludin and ZO-1 from the Triton-X-100-soluble fraction (S) 
to the Triton-X-100-insoluble fraction (I) was analyzed by western blotting. Actin was 
used a loading control. A. Representative images of western blots. B. Quantitative data 
from western blots. The intensity of target bands was determined using Scion Image. 
The intensity of occludin and ZO-1 was normalized to that of actin and the ratios were 
further normalized to the zero timepoint. Results are means ± s.d. (n=3). **P<0.01 
(analyzed using one-way ANOVA followed by Newman–Keuls multiple comparison test) 
for K104Stop-MCP1 compared with FL-MCP1 at each timepoint. 
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Figure 3-8. Truncated MCP1 promotes reorganization of the actin cytoskeleton. A. 
HBMEC were treated with the indicated form of MCP1 (100nM) for different times, and 
the actin cytoskeleton was visualized using Alexa-Fluor-647–phalloidin. B. Primary 
mouse BMECs treated with the indicated form of MCP1 (100nM) for 2 hours were 
immunostained to visualize the actin cytoskeleton. C. Quantification of F-actin 
fluorescence intensity. Values are mean + s.d. (n=9). *P<0.05 (analyzed using Student’s 
t tests). 
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Figure 3-9. Truncated MCP1 induces phosphorylation of ERM proteins. Mouse 
BMECs were treated with saline (Ctr, control) or the indicated form of recombinant 
MCP1 proteins (100nM) with or without A2AP over time. The phosphorylated ERM 
proteins (p-ERM) were determined using a phosphorylation-specific antibody for ERM 
proteins. The level of total ERM (t-ERM) proteins is also shown. Quantitative data of 
western blots are shown as mean ± s.d. (n=3). *P<0.05 (compared with the zero 
timepoint control). 
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Figure 3-10. Truncated MCP1 promotes interaction between phosphorylated ERM 
proteins and ZO-1. Mouse BMECs were treated with K104Stop-MCP1 or saline (0 h) 
for 1 hour. Cell lysates were collected and used for co-immunoprecipitation experiments. 
A. Immunoprecipitation (IP) with an anti-phosphorylated ERM antibody (p-ERM) and 
immunoblotting (IB) with anti-ZO-1 and anti-occludin antibodies. B. Immunoprecipitation 
with an anti-ZO-1 antibody and immunoblotting with anti-phosphorylated ERM and anti-
occludin antibodies. C. Immunoprecipitation with an anti-occludin antibody and 
immunoblotting with anti-phosphorylated ERM and anti-ZO-1 antibodies. Anti-mouse 
IgG antibody was used as control (Ctr). 
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Figure 3-11. Proposed model for MCP1-induced BBB compromise. Upon MCP1 
treatment, ERM proteins are phosphorylated by unknown kinases. The phosphorylated 
ERM proteins then bind to ZO-1 and the actin cytoskeleton. By binding to CCR2, MCP1 
also activates RhoA, and Rho-associated kinases, which phosphorylate and inactivate 
MLCP, leading to enhanced phosphorylation of MLC and thus prolonged actin–myosin 
contraction. The contractile forces then pull ZO-1 away from the cell-cell border, 
resulting in a disrupted BBB. 
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Chapter 4 

Mouse MCP1 C-Terminus Inhibits Human MCP1-Induced Chemotaxis And BBB 

Compromise 

 

INTRODUCTION 

 

When a brain injury occurs, microglia become activated and migrate to the site of 

injury. The integrity of BBB becomes compromised and peripheral blood cells infiltrate 

across the disrupted BBB into the brain parenchyma. The activated microglia together 

with the infiltrated immune cells can affect the outcome of the injury. MCP1 (also known 

as CCL2) is involved in the chemotaxis of microglia/monocytes (Sheehan et al., 2007, 

Yao and Tsirka, 2010) and compromise of BBB (Stamatovic et al., 2003, Stamatovic et 

al., 2005, Dimitrijevic et al., 2006, Stamatovic et al., 2006, Yao and Tsirka, 2011).   

Our previous studies revealed that the mouse MCP1 lacking the C-terminus 

(K104Stop-MCP1) has a much higher chemotactic potency than the full length one (FL-

MCP1) (Sheehan et al., 2007, Yao and Tsirka, 2010). Although the C-terminal extension 

promotes oligomerization of MCP1, it decreases the affinity between MCP1 and its 

receptor CCR2, inhibits the activation of Rac1 and formation of lamellipodia in microglia 

(Yao and Tsirka, 2010). In addition, the plasmin-truncated MCP1 disrupted more 

effectively the integrity of BBB (Yao and Tsirka, 2011). The redistribution of occludin 

and ZO-1 and reorganization of actin cytoskeleton as well as phosphorylation of ERM 

proteins are responsible for the compromise of BBB integrity (Stamatovic et al., 2003, 
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Stamatovic et al., 2006, Yao and Tsirka, 2011). These data suggest that mouse MCP1 

is regulated via auto-inhibition by its C-terminus.  

In this study we assessed whether the mouse C-terminal extension can exert a 

regulatory function on human MCP1 by evaluating the functions of a chimeric protein 

carrying the human N-terminus fused to the mouse C-terminal extension. Our results 

indicate that such function is indeed mediated by the mouse C-terminal extension, 

raising the possibility that in the human system another protein or protein complex 

functions to inhibit a constitutive activity of MCP1.  
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MATERIALS AND METHODS 

 

Cell Culture 

N9 cells (originally provided by Dr. S. Barger at University of Arkansas, 

Fayetteville and Dr. P. Ricciardi-Castagnoli at University of Milano-Bicocca, Milan) were 

cultures as described in Chapter 2. CHME3 cells (a human microglial cell line kindly 

provided by Dr. M. Naghavi, Columbia University, New York) were cultured as 

described (Haedicke et al., 2009). 

Mouse BMEC (CRL2299) and mouse astrocytes (CRL2541) were purchased 

from ATCC and cultured as in Chapter 3. 

Primary microglia were collected from mixed cortical cultures as described 

previously (Giulian and Baker, 1986, Yao and Tsirka, 2010). The microglia were used 

immediately (migration assays) or maintained in DMEM with 1% FBS for 2 days (for 

other experiments).  

Primary mouse BMEC were isolated and cultured as described previously (Deli 

et al., 2003, Calabria et al., 2006, Yao and Tsirka, 2011). The cells were maintained in 

complete culture medium (DMEM supplemented with 20% bovine pletelet-poor plasma-

derived serum (Biomedical Technologies Inc.), 100µg/ml heparin, 1ng/ml basic 

fibroblast growth factor, 4µg/ml puromycin, 100U/ml penicillin and 100µg/ml 

streptomycin) and plated on type IV collagen (400µg/ml) and fibronectin (100µg/ml) pre-

coated plates or coverslips. The culture medium was changed every 24 h after initial 

plating. From day 3, complete culture medium without puromycin was used. 
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Generation of 6xHis-tagged MCP1 proteins  

Human-MCP1 (h-MCP1) and human MCP1 with C-terminal extension of mouse 

MCP1 (hc-MCP1) were subcloned without the signal peptide into pET vectors with an 

N-terminal 6xHis tag. The constructs were transformed into BL21 cells and expression 

of the target proteins was induced using IPTG for 5 hours. Recombinant proteins were 

purified utilizing a cobalt affinity resin (Clontech, Cambridge, UK). The collected 

fractions were analyzed on 16% Tris-Tricine SDS-PAGE by coomassie blue staining. 

The purified proteins were confirmed by immunoblotting using 1:1000 anti-MCP1 

antibodies (Serotec and Cell Sciences) or 1:1000 anti-6xHis antibody (Santa Cruz 

Biotechnology). 

 

Western Blot Analysis and Immunoblotting  

RIPA buffer (50mM Tris-HCl pH 7.4, 150mM NaCl, 1% NP40, 0.25% sodium 

deoxycholate, 1mM PMSF, 1x protease inhibitor cocktail, 1x Na3VO4) was used to lyse 

cells. Lysates containing equal amounts of proteins were resolved in 10% or 15% SDS-

PAGE and transferred to Immobilon-P transfer membranes (Millipore). The target 

proteins were visualized using 1:1000 anti-CCR2, 1:1000 anti-tubulin, 1:1000 anti-Rac1, 

1:1000 anti-pERM, 1:1000 anti-pERK, 1:1000 anti-ERK antibodies. 

 

Competitive Binding Assay 

The competitive binding assay was performed as previously described (Biber et 

al, 2003) with minor modifications: CHME3 cells were plated in 96-well plate and 

incubated with LPS (100ng/ml) for 12 hours. Then, the cells were incubated with 50nM 
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biotinylated human MCP1 (R&D Fluorokine) with or without increasing concentrations of 

unlabeled h- or hc-MCP1 for 1 hour at 4°C. This was f ollowed by a 30-minute incubation 

with FITC-Avidin at 4°C. After extensive wash, the cel l-surface FITC signal was 

captured and quantified by a plate reader (Fluoroskan Ascent, Thermo Electron 

Corporation). The FITC signaling was then normalized to total protein concentration and 

expressed as percentage of fluorescence in the absence of unlabeled MCP1.  

 

Rac Activition Assay 

Activated Rac was pulled down as previously described (Yao and Tsirka, 2010). 

Rac activation in stimulated cells was normalized to the amount of activated Rac in 

control microglia. 

 

Membrane Sheet Assay   

This assay was performed as previously described (Yao and Tsirka, 2010).  

 

Immunofluorescent imaging of the F-actin cytoskeleton  

To mimic endogenous chemoattractant gradient, a point source of MCP1 was 

created as previously described (Yao and Tsirka, 2010). In brief, heparin was spotted at 

the edge of 12-well plates. 15µl of h- or hc-MCP1 was then added directly onto the dried 

heparin spot. After 1h, primary microglia attached to coverslips were placed in the well. 

At each time point, the cells were washed and fixed with 4% paraformaldehyde. After 

washing, the cells were incubated with 1:500 Alexa-488 phalloidin overnight at room 
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temperature, washed, mounted using FluorMount with DAPI, and imaged using confocal 

microscopy. 

 

Migration Assay  

Migration assays were performed using chemotactic chambers (Boyden; 

NeuroProbe) as described previously (Yao and Tsirka, 2010). Recombinant h- or hc-

MCP1 was suspended in MEM with or without the Rac inhibitor, NSC23766 and added 

to the bottom chamber. Microglia suspended in MEM (2 x 105/ml) with or without the 

Rac inhibitor were added to the upper chamber, with a 5.0µm filter inserted between the 

chemoattractants and microglial cells. Migration was allowed to proceed for 2.5 h at 

37°C. After wiping off cells that failed to migrate, the cells that migrated into or through 

the membrane were fixed and stained with hematoxylin. The membranes were 

photographed at 100X magnification. Total migration was quantified by counting stained 

cells. The background for random cell movement (cells responding to MEM only) was 

subtracted.  

 

TEER Assay 

The BMEC-astrocyte co-culture system was constructed as described in Chapter 

3 (Stamatovic et al., 2005, Dimitrijevic et al., 2006, Yao and Tsirka, 2011). In brief, 

astrocytes were seeded on the lower side of the 0.4µm Transwell inserts. After 4 h, the 

inserts were inverted and BMEC were plated in the upper chamber. 5 days later, 100nM 

h-, and hc-MCP1 were added to the lower chambers. At each time point, TEER values 

were measured using the EVOM Epithelial Volt-ohm-meter (World Precision 
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Instruments). The resistance of empty inserts were also measured and subtracted for 

calculation of final TEER values (Ω•cm2).  

 

In vitro Permeability Assay 

The leakage of BBB was assessed in vitro as described previously in Chapter 3 

(Stamatovic et al., 2003, Stamatovic et al., 2005, Stamatovic et al., 2006, Yao and 

Tsirka, 2011). Briefly, the co-culture system was prepared as described above. Sterile 

FITC-Dextran (Mw 3000-5000 Dalton) was added into the upper chamber and 100nM h-, 

and hc-MCP1 were added to the lower chambers. At each time point, 100µl sample 

from the lower chamber was withdrew and 100µl fresh medium with 100nM MCP1 was 

added back to the lower chamber. The amount of dextran in the lower chamber was 

quantified by reading the collected samples at 480nm. The OD values were converted 

to the concentration of FITC-Dextran in the lower chamber based on a standard curve. 

 

Immunofluorescent Staining  

Primary BMEC were plated on coverslips and treated with 100 nM h- or hc-MCP1 

for 2 hours. After fixing in 4% formaldehyde for 20min, the cells were incubated with 

1:300 rabbit anti-ZO-1 antibody (ZYMED) followed by 1:1000 fluorescent secondary 

antibodies (Invitrogen). For phalloidin staining, the cells were fixed with 4% 

formaldehyde and stained with 1:1000 Alexa-488 phalloidin overnight at 4°C. The 

staining was examined using Zeiss LSM510 confocal microscopy.  

 

Statistics  
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Results are shown as Mean ± SD. The Student’s t-test was used to analyze 

difference between two groups. *p<0.05 was considered significant.   
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RESULTS 

 

Plasmin cleaves off the mouse MCP1 C-terminus from the chimeric MCP1 protein 

A recombinant human MCP1 (h-MCP1) and a chimeric protein consisting of the 

human MCP1 sequence fused with the C-terminal extension of the mouse MCP1 (hc-

MCP1) were generated. To test whether these MCP1 proteins can be cleaved by 

plasmin, they were incubated with the protease for 2h at 37˚C. Treatment of hc-MCP1 

with plasmin led to degradation of the 18kD intact protein and detection of a 13kD 

fragment corresponding to h-MCP1. h-MCP1 remained intact despite the treatment with 

plasmin (Figure 4-1). 

 

The mouse MCP1 C-terminus interferes with the interaction between human 

MCP1 and CCR2. 

We have previously reported that the C-terminus of mouse MCP1 affects the 

interaction of the rodent chemokine with its receptor CCR2 (Yao and Tsirka, 2010). 

Similarly we explored whether the C-terminus of mouse MCP1 could also affect the 

interaction of human MCP1 with CCR2. We assessed the chemokine effect on the total 

cellular level of CCR2 expressed by mouse and human microglial cells. Our data 

showed that although h-MCP1 or hc-MCP1 treatment did not affect the total cellular 

CCR2 levels (Figure 4-2), both recombinant proteins decreased membrane bound 

CCR2 (using the membrane sheet assay); however the effect of h-MCP1 was much 

more potent than that of hc-MCP1 (Figure 4-3A), suggesting that the C-terminus of 

mouse MCP1 interferes with the h-MCP1-CCR2 interaction. This is consistent with the 
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effect of the C-terminus on the affinity between mouse MCP1 and CCR2 (Yao and 

Tsirka, 2010).  

To further examine the affinity of these recombinant MCP1 proteins for CCR2, 

we performed a competitive binding assay, as previously described (Biber et al., 2003). 

We found a significant decrease of FITC signaling in the presence of increasing 

concentration of h-MCP1 (Figure 4-3B), suggesting replacement of biotinylated MCP1 

by unlabeled h-MCP1. On the contrary, hc-MCP1, was not able to replace the bound 

biotinylated MCP1 even at 25µM (500X) (Figure 4-3B). These data reveal that h-MCP1 

has a much higher affinity for CCR2 than hc-MCP1. 

 

The mouse MCP1 C-terminal extension decreases the chemotactic potency of 

human MCP1 

To test whether addition of the C-terminus to human MCP1 affects the 

chemokine’s potency, we performed Boyden chamber migration assays using 

recombinant h- and hc-MCP1. As shown in Figure 4-4A, h-MCP1 elicited a strong 

chemotactic response (584±101 cells), whereas hc-MCP1 had only a moderate 

response (98±41 cells), indicating that the C-terminal tail inhibits the chemotaxis 

initiated by human MCP1. A similar trend was obtained when the human microglial cell 

line CHME3 was used to assess the chemotactic potency of the two recombinant 

proteins (Figure 4-4A right panel). 

In the presence of NSC23766, a Rac1 specific inhibitor, on the other hand, 

neither h- or hc-MCP1 was able to induce the migration of microglia (Figure 4-4A left), 

thus confirming that Rac is a key player in MCP1-induced migration. The effect of h-
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MCP1 vs hc-MCP1 on activated Rac was directly assessed using a Rac activation 

assay. h-MCP1 treatment led to a transient but dramatic activation of Rac (Rac-GTP), 

whereas hc-MCP1 was slower in activating Rac, and that only to low levels (Figure 4-

4B). This piece of data is consistent with our previous data that mouse MCP1 lacking 

the C-terminus is able to activate Rac whereas intact mouse MCP1 fails to activate Rac 

(Yao and Tsirka, 2010). When the activation assay was repeated with the human 

microglia (Figure 4-4C), once again h-MCP1 activated Rac dramatically, although the 

activation rate appeared to be slower. 

 

Mouse MCP1 C-terminal extension prevents the formation of lamellipodia 

The next step in the migration process following activation of Rac is the formation 

of lamellipodia (Maghazachi, 2000, Pankov et al., 2005, Terashima et al., 2005). Since 

mouse MCP1 C-terminus affects human MCP1-induced microglial migration and Rac 

activation, we further investigated its effect on the formation of lamellipodia. Using the 

method we described before (Yao and Tsirka, 2010), we created a point source of h- 

and hc-MCP1 and quantified the percentage of unipolar cells (the cells that are able to 

migrate). Our data showed that h-MCP1 was able to increase the number of unipolar 

cells since 15 minutes after treatment and up to 2 hours (Figure 4-5A). This effect 

diminished over time, although it was still significantly higher than Ctr at 2h time point 

(Figure 4-5A). It should be noted that this pattern is similar to that of commercial human 

MCP1 (without 6His tag) (Yao and Tsirka, 2010), suggesting that our recombinant 

MCP1 proteins are biologically active. Unlike h-MCP1, the effect of hc-MCP1 did not 

decay over time (Figure 4-5A). Although hc-MCP1 had a much lower effect than h-
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MCP1 at 15-minute time point, no difference was found at other time points (Figure 4-

5A). Similar to h-MCP1, hc-MCP1 significantly enhanced the number of unipolar cells, 

compared with ctr (Figure 4-5A). The effect of hc-MCP1 is comparable to that of mouse 

full length-MCP1 (approximately 20% of unipolar cells) (Yao and Tsirka, 2010), 

suggesting that the C-terminus of mouse MCP1 affects human MCP1 in the same 

manner as it does in mouse system. These data suggest that human MCP1 may be 

regulated in the same way as mouse MCP1---by an unknown protein or protein complex 

functioning just like the C-terminus of mouse MCP1. We tried to pull down the protein or 

protein complex using anti-human MCP1 antibody or anti-6His antibody via 

immunoprecipitation, but it did not work, probably due to the sensitivity of the 

immunoprecipitation method.  

 

Mouse MCP1 C-terminus promotes a delayed but dramatic activation of ERK 

Previous studies in our lab have shown that the C-terminal extension affects 

mouse MCP1-induced activation of MAPK pathway in microglial cells (Yao and Tsirka, 

2010). Thus, we further studied whether it was the same case for human MCP1. Similar 

to K104Stop-MCP1, h-MCP1 promoted an early but fast activation of ERK (Figure 4-5B). 

Like mouse FL-MCP1, hc-MCP1 induced a prolonged activation of ERK (starting at 30 

minutes and up to 2 hours) (Figure 4-5B). Surprisingly, the effect of hc-MCP1 was much 

higher than that of h-MCP1 or FL-MCP1 (Yao and Tsirka, 2010), suggesting hc-MCP1 

and FL-MCP1 have different functions. 

   

Mouse MCP1 C-terminus abrogates the BBB-disrupting activity of human MCP1 
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 In addition to the chemotactic activity, we also investigated the activity of these 

recombinant MCP1 proteins to compromise BBB integrity. We used an in vitro BBB 

model by co-culturing BMEC and astrocytes as described previously (Yao and Tsirka, 

2011). Since BMEC have endogenous plasmin activity and plasmin cleaves the C-

terminus off from the chimeric protein, α2-antiplasmin, a specific plasmin inhibitor, is 

used in our co-culture system to block the endogenous plasmin activity. Our data 

showed that h-MCP1 significantly lowered the TEER value (Figure 4-6A), indicating a 

disruption of BBB integrity. hc-MCP1, however, failed to decrease the TEER (Figure 4-

6A). Consistently, h-MCP1 dramatically enhanced the permeability of FITC-Dextran 

across the in vitro BBB, whereas hc-MCP1 failed to do so (Figure 4-6B). These data 

suggest that the C-terminus of mouse MCP1 is inhibitory to MCP1-induce BBB 

disruption in human system. 

 

Mouse MCP1 C-terminus prevents the redistribution of ZO-1 and reorganization of 

actin cytoskeleton induced by human MCP1 

It has been reported that mouse MCP1 promotes the compromise of BBB 

through activation of ERM proteins, which bind to ZO-1 and actin cytoskeleton, and 

reorganization of actin cytoskeleton, which pulls TJP away from cell-cell border (Yao 

and Tsirka, 2011). Here we showed that h-MCP1 induced disruption of ZO-1 staining at 

the cell-cell border of primary BMEC, whereas hc-MCP1 did not changed the staining 

pattern of ZO-1 (Figure 4-6C upper panels). It has been shown that MCP1 treatment 

promotes the association of TJP with actin cytoskeleton (Stamatovic, et al, 2003, 2005, 

2006, Yao and Tsirka, 2011). We thus extracted Triton X-100 soluble (contains free TJP) 
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and insoluble (includes actin associated TJP) fractions and performed semiquantitative 

western blot for ZO-1 and occludin. As shown in Figure 4-7, h-MCP1 induced the shift of 

ZO-1 and occludin from Triton X-100 soluble fraction to insoluble fraction, suggesting 

increased interaction between TJP and actin cytoskeleton. hc-MCP1, on the other hand, 

did not change the distribution of TJP. Consistently, h-MCP1 significantly increased the 

F-actin in primary BMEC, suggesting reorganization of actin cytoskeleton (Figure 4-6C 

lower panels). hc-MCP1, on the contrary, had no or little effect on F-actin (Figure 4-6C 

lower panels). The effect of h- and hc-MCP1 was similar to that of K104Stop-MCP1 and 

K104A-MCP1 (plasmin non-cleavable mouse MCP1), respectively (Yao and Tsirka, 

2011), again suggesting that the C-terminus of mouse MCP1 is inhibitory to human 

MCP1. 

 

Mouse MCP1 C-terminus inhibits the human MCP1-induced phosphorylation of 

ERM proteins   

Phosphorylation of ERM proteins contributes to the redistribution of TJP induced 

by mouse MCP1. Previous studies in our lab showed that in the mouse system FL-

MCP1 and K104Stop-MCP1 significantly promoted the phosphorylation of ERM proteins, 

whereas full length MCP1 failed to do so in the presence of A2AP (Yao and Tsirka, 

2011), suggesting that the C-terminus of mouse MCP1 prevents the activation of ERM 

proteins induced by mouse MCP1. Here we showed that in the presence of A2AP, h-

MCP1 dramatically enhanced the intensity of p-ERM, whereas hc-MCP1 did not change 

the intensity of p-ERM bands at various time points (Figure 4-6D). Our data suggest that 
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the C-terminus of mouse MCP1 is inhibitory to human MCP1-induced activation of ERM 

proteins. 
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DISCUSSION 

 

In this set of experiments we find that appending the mouse C-terminus to the 

human MCP1 protein results in a decrease of the chemotactic potency of human MCP1 

and an attenuation of all the signaling events and cellular changes that accompany the 

chemotactic stimulation. Moreover we find that the ability of the chimeric chemokine to 

compromise the BBB is decreased as well.  

It is puzzling why the human MCP1 lacks this highly glycosylated C-terminus 

Search of the databases reveals that only the mouse and rat MCP1 carry this C-

terminal extension. One possibility is that the function that the rodent MCP1 C-terminus 

exerts is no longer needed in human system. It has been shown that the mouse MCP1 

C-terminus promotes the oligomerization of the chemokine and thus formation of 

chemoattractant gradient (Hoogewerf et al., 1997, Lau et al., 2004, Wang et al., 2005, 

Yao and Tsirka, 2010). Mouse MCP1 without the C-terminus, however, is unable to 

oligomerize (Yao and Tsirka, 2010). Human MCP1, on the other hand, has been 

demonstrated to form homodimers in physiological concentrations (Zhang and Rollins, 

1995). This finding that human MCP1 does not need a C-terminal fragment to form 

oligomers may be the reason of the absence of this fragment in human MCP1.  

Previous studies in our lab have shown that plasmin cleaves the C-terminal 

extension off mouse MCP1 in the proximity of the MCP1-generating neurons, 

generating a fragment highly homologous to human MCP1. This cleaved protein, 

lacking the C-terminus, has increased chemotactic potency towards microglia (Yao and 

Tsirka, 2010), and enhances MCP1-induced BBB disruption (Yao and Tsirka, 2011), 
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suggesting that MCP1 activities are finely regulated by plasmin-mediated truncation in 

mouse system. Since the human MCP1 lacks the C-terminus, it is unclear whether 

regulation of human MCP1 is necessary, or whether another protein or protein complex 

may be responsible for such regulation of human MCP1 activities.  

Studies on the MCP1 receptor, CCR2, reveal that only one isoform of CCR2 is 

found in rodent, but two alternatively spiced isoforms exist in human. The two isoforms 

of human CCR2, CCR2A and CCR2B, have different C-terminal tails (Charo et al., 

1994), suggesting that they may activate different intracellular signaling pathways and 

thus have different functions, although the molecular cascades downstream of CCR2A 

and CCR2B are still elusive. So it is conceivable that the regulation of the human MCP1 

chemotactic potency is mediated by the CCR2 receptor, rather than the chemokine. 

It is not uncommon for chemotactic ligands and receptors to exist in different 

isoforms: two alternatively spliced variants of EphA7 receptor have different C-termini 

and show distinct activities in the regulation of cell adhesion (Holmberg et al., 2000). 

Splicing variants of Robo3, which are different in the C-terminus, have also been 

reported to exert distinct functions (Chen et al., 2008). Therefore it is likely that the 

regulation of MCP1/CCR2 interaction and chemoattraction in humans lies with receptor 

CCR2 or an as-for-now unknown regulatory factor.  
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Figure 4-1. Plasmin cleaves hc-MCP1. Recombinant h- and hc-MCP1 were treated 
with plasmin for 2 hours at 37°C, then the integrity of these proteins were assessed by 
western blotting. Experiments were performed in triplicate. Representative experiment 
shown. 
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Figure 4-2. Recombinant MCP1 proteins do not change total cellular CCR2 level 
on microglia over short time periods. Primary microglial cells (top) or the human 
microglial cell line CHM3 (bottom) were treated with recombinant h- or hc-MCP1 over 
time and at each time point, cell lysates were collected and assessed for CCR2 and 
tubulin by western blotting. Experiments were performed in triplicate. Results are shown 
in the graph for primary microglia as mean ± SD. Representative experiment shown.  
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Figure 4-3. Mouse MCP1 C-terminus decreases the affinity of human MCP1 to 
CCR2. A. h-MCP1 decreased membrane-bound CCR2 on microglia. Primary microglia 
activated overnight with 100ng/ml LPS were treated with saline (Ctr) or 10nM 
recombinant hMCP1 or hc-MCP1 for 1 h and then swelled in hypotonic buffer for 20 min 
to cause cell lysis. The plasma membrane sheets that adhered to the coverslips were 
stained for Mac-2 (Green) to visualize the membrane sheets and CCR2 (Red). Microglia 
immunostained with secondary antibodies only showed no fluorescence. Scale bar = 5 
µm. The fluorescent intensity was quantified using ImageJ program and the fluorescent 
intensity was normalized to plasma membrane area. 20 cells per condition were used 
and 3 separate experiments were performed. The results were analyzed using student’s 
t-test. *p<0.05. B. h-MCP1 has higher affinity for CCR2. Microglia cells (CHME3) were 
incubated with 50nM biotinylated human MCP1 in the presence or absence of a 
gradient concentration of unlabeled h- or hc-MCP1 for 1 hour at 4°C. After further 
incubation with FITC-Avidin for 30 minutes at 4°C, t he cells were washed and FITC 
signal was quantified using a plate reader. Background signal was measured using 
biotinylated soybean trypsin inhibitor (supplied by R&D) and subtracted from the 
experimental raw data. Then the FITC signal was normalized to total protein 
concentration. The final data were expressed as percentage of fluorescence in the 
absence of unlabeled MCP1. The data were expressed as Mean ± SD (n=4). *p<0.05, 
compared with Ctr; #p<0.05, comparison between h-MCP1 and hc-MCP1. 
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Figure 4-4. Mouse MCP1 C-terminal extension decreases the chemotactic potency 
of human MCP1 and the chemotactic activity depends on Rac1. A. Primary mouse 
microglia (left) or the CHME3 human microglial line (right) were plated and evaluated for 
chemotaxis in response to recombinant hMCP1 or hc-MCP1, in the presence or 
absence of the Rac1 inhibitor NSC23766. Each experimental condition was assayed in 
triplicate. Data are expressed as mean ± SD. **, p<0.01. B. N9 microglial cells or C. 
CHME3 human microglial cells were treated with 10nM MCP1 over time. The activated 
Rac1 was immunoprecipitated using GST-PBD beads. At each time point, the activated 
and total Rac1 were detected by western blotting. Western blots of activated and total 
Rac1 and quantification of the blots for hMCP1 and hc-MCP1. The blots were 
normalized to the 0 time point. Each experimental condition was assayed in triplicate 
and the data were expressed as mean ± SD. *p<0.05, **p<0.01, compared to 0 time 
point. 
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Figure 4-5. Mouse MCP1 C-terminus inhibits the formation of lamellipodia 
induced by human MCP1. A. Primary microglia plated on coverslips were incubated 
with a point source of recombinant MCP1 proteins for different periods of time. At each 
time point, the cells were washed, fixed, and stained for actin cytoskeleton using Alexa-
Phalloidin. Scare bar = 10 µm. The percentage of unipolar cells (migrating towards the 
focal point of MCP1 protein) was quantified. Data are expressed as mean ± SD. N=9. 
*p<0.05. B. Mouse MCP1 C-terminus changes the activation pattern of ERK on 
microglia. Primary microglial cells were treated with h- or hc-MCP1 over time. At each 
time point, cell lysates were collected and analyzed for phosphorylated and total 
ERK1/2 by western blotting. Experiments were performed in triplicate. Representative 
experiment shown. Data are expressed as mean ± SD. *p<0.05, compared to 0 time 
point. 
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Figure 4-6. Mouse MCP1 C-terminus inhibits human MCP1-induced BBB 
compromise.  A. 100 nM h- or hc-MCP1 was added to the lower chamber of the 
bEND.3-Astrocyte co-culture system. TEER values were determined over time in the 
presence of A2AP. Values are mean ± SD (n=4). B. Cells were treated as in A. The 
leakage of FITC-Dextran across the in vitro BBB was determined by a fluorescence 
plate reader in the presence of A2AP. The concentration of FITC-Dextran in the lower 
chamber was calculated based on a standard curve. Values are mean ± SD (n=4). 
Analysis was performed using student’s t-test. Comparison with Ctr, *p<0.05 and 
comparison with hc-MCP1, #p<0.05. C. Mouse MCP1 C-terminus inhibits human 
MCP1-induced redistribution of TJP. Primary BMEC were treated with 100 nM h- or hc-
MCP1 for 2 hours in the presence of A2AP. The cells were then fixed and 
immunostained for ZO-1 (upper panels) and F-actin (lower panels).  D. Mouse MCP1 C-
terminus is inhibitory to human MCP1-induced phosphorylation of ERM proteins. 
bEND.3 cells were treated with saline or 100nM h- or hc-MCP1 proteins in the presence 
of A2AP over time. The phosphorylated ERM proteins were determined using anti-
phosphor-ERM antibody. Quantitative data of western blots are shown as mean ± SD 
(n=3). Comparison with control, *p<0.05 and comparison with hc-MCP1, #p<0.05.   
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Figure 4-7. h-MCP1 shifts occludin and ZO-1 from Triton X-100 soluble fraction to 
insoluble fraction. bEnd.3 cells were treated with recombinant h- or hc-MCP1 over 
time and at each time point, Triton X-100 soluble fraction (S) and insoluble fraction (I) 
were collected and assessed for occludin and ZO-1 by western blotting. Experiments 
were performed in triplicate. Representative experiment shown.   
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Chapter 5 

MCP1-CCR2 Axis Affects The Progress Of Intracerebral Hemorrhage (ICH)    

 

INTRODUCTION 

  

Stroke, the second most common cause of death and a leading cause of 

disability, includes ischemic stroke and intracerebral hemorrhage (ICH) (Ribo and 

Grotta, 2006, Wang and Dore, 2007a). ICH is a severe clinical event with poor 

prognosis, but it has received less research attention than ischemic stroke (2005, 

Donnan et al., 2010). Although the pathogenesis after ICH is still elusive, accumulating 

evidence suggests that apoptosis (Matsushita et al., 2000, Gong et al., 2001, Qureshi et 

al., 2003) and inflammation (Castillo et al., 2002, Wang et al., 2003, Aronowski and Hall, 

2005, Xi et al., 2006, Wang and Dore, 2007b, Wang, 2010) play important roles. When 

ICH occurs, microglia, brain resident immune cells, become activated and secrete 

inflammatory cytokines and chemokines. In addition, the BBB is also disrupted and 

peripheral leukocytes infiltrate into the brain parenchyma via chemokine gradients. The 

activated microglia and infiltrating leukocytes can modulate the disease progression of 

ICH.  

By binding to its receptor CCR2, MCP1 induces the migration and accumulation of 

monocytes/microglia around lesion sites in many CNS injuries, including excitotoxicity 

and hemorrhage (Dimitrijevic et al., 2006, Frangogiannis et al., 2007, Hanisch and 

Kettenmann, 2007, Sheehan et al., 2007, Yan et al., 2007, Capoccia et al., 2008, Kim et 

al., 2008, Morimoto et al., 2008). In the brain, MCP1 is expressed by neurons, 
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astrocytes, microglia and BMEC (Ransohoff et al., 1993, Horuk et al., 1997, Andjelkovic 

et al., 1999a, Andjelkovic et al., 1999b, Boddeke et al., 1999, Mennicken et al., 1999, 

Andjelkovic and Pachter, 2000, Mahad and Ransohoff, 2003, Dicou et al., 2004, 

Kalehua et al., 2004, Wittendorp et al., 2004, Banisadr et al., 2005, Mahajan et al., 2005, 

Meeuwsen et al., 2005, Storer et al., 2005, Zeng et al., 2005) and CCR2 is expressed 

by microglia, astrocytes and BMEC (Banisadr et al., 2002, Ge et al., 2008). Previous 

studies in our lab (Sheehan et al., 2007) have suggested MCP1 may contribute to 

neuronal death via recruitment of microglia. In addition, we and others have shown that 

MCP1 also promotes BBB compromise (Stamatovic et al., 2003, Stamatovic et al., 2005, 

Dimitrijevic et al., 2006, Stamatovic et al., 2006, Yao and Tsirka, 2011), which may 

enhance leukocyte infiltration into the brain. Due to the fact that (1) MCP1 is a potent 

chemokine for microglia/monocytes, (2) MCP1 promotes the compromise of BBB 

integrity, (3) inflammation plays an important role in ICH, and (4) BBB is disrupted in 

ICH, it is interesting to examine the role of MCP1 or CCR2 on the pathogenesis of ICH. 

We hypothesize that lack of MCP1 or CCR2 may cause either less severe injury 

resulting from less secreted cytotoxic cytokines or prolonged recovery due to insufficient 

clearance.   
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MATERIALS AND METHODS   

 

Animals 

C57BL/6 (wild-type) and MCP1-/- and CCR2-/- mice were obtained from the 

Jackson Laboratories. These mice were maintained in the Department of Laboratory 

Animal Research at Stony Brook University with free access to water and food ad 

libitum. MCP1-/- and CCR2-/- mice have already been backcrossed for 12 generations to 

the C57BL/6 background. All experimental procedures were in accordance to the 

National Institutes of Health guide for the care and use of laboratory animals and the 

institutional guidelines established by the Institutional Animal Care and Use Committee 

at Stony Brook University.  

 

 ICH Model 

ICH was induced as previously described (Wang et al., 2003, Wang and Tsirka, 

2005). Briefly, mice weighting 25-35 g were anesthetized by injecting atropine (0.6ug/g 

of body weight) and avertin (0.02ml/g of body weight) intraperitoneally. Then, 

collagenase (0.18U in 500nl saline) with or without recombinant MCP1 proteins (150ng) 

was injected unilaterally into the caudate putamen at stereotactic coordinates: -0.5mm 

posterior to bregma, 3.0mm lateral from midline, and 4.0mm in depth. Collagenase was 

delivered over 3 minutes and the needle was kept in place for 5 minutes to prevent 

reflux. Mice were put on a warm plate for 3 hours to allow them recover from surgery. At 

day 1, 3, and 7 post surgery, mice were anesthetized again followed by transcardiac 

perfusion. The brain were then removed, post fixed in 4% paraformaldehyde over night 
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at 4°C, and dehydrated in 30% sucrose for 24 hours at room temperature. Next the 

brains were subjected to serial section. 

 

Histology 

H&E staining was performed to visualize the hematoma. Briefly, sections were 

washed twice in PBS and kept in hematoxylin for 15 min at room temperature. After 

washed in tap water twice, the slides were washed in 70% ethanol with 1% 

hydrochloride acid for 3 sec, followed by 3 washes in tap water. Then the slides were 

stained in eosin for 5 sec and washed in PBS, dehydrated in gradient ethanol and 

mounted. 

Fluoro-Jade C staining was performed according to a standard protocol 

(Schmued and Hopkins, 2000). Briefly, slides were first incubated in basic alcohol 

solution (1% sodium hydroxide in 80% ethanol) for 5 min. After washed in 70% ethanol 

and distilled water for 2 min, the slides were incubated in 0.06% potassium 

permanganate solution for 10 min. Then the slides were washed in water for 2 min and 

transferred to 0.0001% Fluoro-Jade C solution (in 0.1% acetic acid) for 10 min. Next, 

the slides were rinsed in water for 3 times and dried at 56℃ for 5 min. After cleared in 

xylene for 2 min, the slides were mounted with DPX. Fluoro-Jade C positive cells were 

counted in three fields immediately adjacent to the hematoma at 400X magnification 

over a microscopic field of 0.01mm2. Three sections were counted per mouse. Large 

blood vessels were avoided. The numbers of generating cells were expressed as 

cells/mm2. 
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Hemorrhagic Injury Analysis 

The injury volumes were quantified as described previously (Clark et al., 1998, 

Wang et al., 2003, Thiex et al., 2004, Wang and Tsirka, 2005). Briefly the slides stained 

with H&E were examined under microscope (Nikon ECLIPSE-E600). The injury 

volumes from wt, MCP1-/-, and CCR2-/- mice were digitally quantified using the NIS-

Elements software D 3.0 on 30µm coronal sections. The hemorrhagic injury areas were 

summed up from the serial coronal slices and the injury volumes (mm3) were calculated 

as below: Injury Volume=measured area X slice thickness (30µm). 

 

Immunofluorescence 

Activated microglia were visualized by Iba-1 staining as described below. Briefly, 

after washed in PBS for 5 min, the slides were incubated in 3% H2O2 in PBS for 5 min. 

Then the slides were washed in PBS extensively, followed by incubation with blocking 

buffer (1% BSA and 0.2% Triton X-100 in PBS) for 1 hour at room temperature. Next, 

the slides were incubated with 1:500 Iba-1 antibody (Wako) in blocking buffer over night 

at 4°C. After extensive wash in PBS, the slides were i ncubated in 1:200 biotinylated 

anti-Rabbit antibody for 1 hour at room temperature. The slides were then stained with 

the ABC kit (Vector Labs), followed by incubation in Diaminobenzidine (DAB) solution 

(0.05% DAB and 0.02% H2O2 in PBS) for 10 min. Finally, the slides were rinsed in PBS, 

dehydrated in gradient ethanol, cleared in xylene, and mounted. 

Infiltration of leukocytes were visualized by CD45 immunohistochemistry.  Briefly, 

the slides were blocked with blocking buffer for 1 hour at room temperature, followed by 

incubation with 1:1000 anti-CD45 antibody (BD Pharmingen) overnight. Then, the slides 
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were incubated with 1:200 Alexa-488 anti-rat secondary antibody for 1 hour at room 

temperature and mounted with FluorMount. 

 

Brain Edema Measurement 

Brain edema was measured as described previously (Wang 2003, Wang 2007). 

Briefly, mice were injected with collagenase as described above. At days 1 and 7 post 

injection, the mice were euthanized by cervical dislocation. The brains were collected 

and cut into two hemispheres. Cerebellum was also collected and used to serve as the 

internal control. The wet weights were obtained by weighting the two hemispheres and 

cerebellum using an analytical balance (Denver Instrument Co) immediately after 

collecting the samples. Then, the samples were dried using the speed vacuum 

concentrator (Savant Instruments) for 24 hours and weighted (dry weight). Brain edema 

was calculated using the equation below: Brain Edema=(Wet Weight-Dry Weight)/Wet 

Weight X100. 

 

Neurological Deficit 

All mice were scored for neurological deficit 1, 3, and 7 days after collagenase 

injection using a modified 28 point neurological scoring system as described previously 

(Clark et al., 1998, Wang et al., 2003, Thiex et al., 2004, Wang and Tsirka, 2005). This 

system includes 6 aspects: body symmetry, gait, climbing, circling behavior, front limb 

symmetry, and compulsory circling. Each aspect can be graded from 0 to 4, establishing 

a maximum score of 24. The investigator scoring the deficit was blinded to the 

genotypes. 
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RESULTS 

 

Effects of MCP1-CCR2 axis on hematoma volume  

Because the MCP1-CCR2 axis plays an important role in microglia recruitment 

(Sheehan et al., 2007, Yao and Tsirka, 2010) and microglia exhibit both detrimental and 

beneficial roles during ICH (Wang et al., 2003, Wang and Tsirka, 2005, Wang and Dore, 

2007b), we first examined whether lack of MCP1 or CCR2 affected the size of 

hematoma. We induced hemorrhage in wt mice and mice deficient for MCP1 or CCR2 

by injecting collagenase into the caudate putamen and examined the outcome at day 1, 

3, and 7 post injury. As shown in Figure 5-1, for wt mice the hematoma reached its 

maximal size (28.42mm3) at 1 day post injury (1 dpi) and started decreasing at 3 dpi 

(22.2 mm3). By 7 dpi, the hematoma was almost resolved (4.26 mm3). On the contrary, 

for MCP1-/- and CCR2-/- mice, the hematoma size followed a different course: The 

volumes of hematoma were much smaller at 1 dpi in these knockout mice (9.22 and 

7.27 mm3, respectively). They peaked at 3 dpi (14.73 and 20.2 mm3) and maintained at 

a similar size at 7 dpi (10.78 and 16.24 mm3). These data suggested that MCP1-CCR2 

signaling contributes to the pathological development/clearance of ICH.  

 

Effects of MCP1-CCR2 axis on microglia recruitment and leukocyte infiltration 

during ICH 

One of the major functions of MCP1 is to recruit mononuclear cells (Mennicken et 

al., 1999, Sheehan et al., 2007, Yao and Tsirka, 2010). It has been shown that MCP1 

induces microglial migration in vitro and recruits microglia in kainate-induced 
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excitotoxicity (Sheehan et al., 2007, Yao and Tsirka, 2010), but its chemotactic effect 

has not been studied in ICH. Here, we visualized the recruitment of microglia to the 

injury site by immunostaining against Iba-1, a microglia marker. As shown in Figure 5-

2A, there is no difference in baseline microglia staining among different genotypes. 

Consistent with previous reports (Wang et al., 2003, Wang and Tsirka, 2005, Wang and 

Dore, 2007b), collagenase-induced hemorrhage significantly recruited microglia to the 

injury site 1 dpi in wt mice and these microglia had large cell bodies and short 

processes (Figure 5-2B), indicating that they were activated. As expected, mice 

deficient for MCP1 or CCR2 presented lower numbers of microglia around the 

hematoma 1dpi (Figure 5-2B), suggesting that MCP1-CCR2 axis was a major signaling 

pathway that recruits microglia at early time point after ICH. The density of Iba-1-

positive cells increased at 3 dpi in wt mice (Figure 5-2B). Surprisingly, in MCP-/- or 

CCR2-/- mice, there were more activated microglia accumulated in the hematoma border 

3 dpi (Figure 5-2B), suggesting that alternative (MCP1 and CCR2 independent) 

signaling cascades were responsible for the accumulation of microglia. By 7 dpi, wt 

mice had decreased numbers of microglia in the penumbra, and the Iba-1 signal was 

weaker (Figure 5-2B), reminiscent of microglia in a recovering state. Mice deficient for 

MCP1 or CCR2 by 7 dpi, on the contrary, showed high density and strong staining of 

microglia (Figure 5-2B), suggesting the alternative signaling pathway(s) activated in 3 

dpi was still functional by 7 dpi. Together with the injury size data, our Iba-1 staining 

suggests that microglia may play a detrimental role at early time point (1 day after injury 

in collagenase induced ICH model), although their role at later time point is unclear due 

to the activation of alternative signaling cascades.  
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Another function of MCP1 is to compromise the integrity of BBB (Stamatovic et 

al., 2003, Stamatovic et al., 2005, Dimitrijevic et al., 2006, Stamatovic et al., 2006, Yao 

and Tsirka, 2011). We examined the extent of infiltration of leukocytes into the brain by 

immunostaining against CD45, a pan leukocyte marker. As shown in Figure 5-3, wt 

mice had similar numbers of infiltrating CD45-positive cells around the hematoma at 

early time points (1 and 3 dpi) as MCP1-/- and CCR2-/- animals. By 7 dpi, there was an 

increase of CD45-positive signals, although the hematoma size was smaller, suggesting 

the presence of a compromised BBB and infiltration of peripheral blood cells. MCP1-/- 

and CCR2-/- mice, however, displayed CD45 level comparable to the previous 

timepoints, suggesting an intact BBB and very limited infiltration of leukocytes. These 

data are consistent with our previous observation that MCP1 compromises the integrity 

of BBB in a CCR2-dependent manner (Yao and Tsirka, 2011). We have shown that 

there is no difference in baseline BBB leakage among wt mice and mice deficient for 

MCP1 or CCR2 under physiological conditions (Yao and Tsirka, 2011). Here, we 

reported that MCP1-/- and/or CCR2-/- mice had a relatively intact BBB even in 

pathological conditions, at least as evident in the collagenase-induced ICH model. 

Together with the injury volume and Iba-1 data, the CD45 staining indicated that the 

prolonged recovery time in MCP1-/- and CCR2-/- mice may be due to the lack of 

infiltrating leukocytes at later times after ICH. 

 

Effects of MCP1-CCR2 axis on edema, neuronal death, and neurobehavial deficits  

Brain edema, as an important clinical complication, significantly affects the 

outcome of ICH. Thus, we quantified the water content in the collagenase-induced ICH 
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model. As shown in Figure 5-4A, collagenase injection induced a significant increase of 

brain water in the ipsilateral hemisphere in wt mice 1 dpi. Mirrored by the hematoma 

volume, the water content in the ipsilateral side decreased at later time points (3 and 7 

dpi), suggesting the recovery of ICH. Compared to wt mice, MCP1-/- and CCR2-/- mice 

showed a reverse pattern of water content in the ipsilateral side. The water content was 

high (77.87% for MCP1-/- mice and 78.11% for CCR2-/- mice) in the ipsilateral 

hemisphere at 1 dpi. These numbers increased to 78.52% and 78.63% at 3 dpi and 

reached 78.90% and 79.73% at 7 dpi for MCP1-/- and CCR2-/- mice, respectively, 

floowing the progression of ICH. Water content in the contralateral hemisphere, 

however, was not changed dramatically. Water content in the cerebellum, the internal 

control, was not affected by collagenase injection, indicating that the difference in the 

ipsilateral side was not due to different genotypes nor the experimental procedures. 

Next we quantified the extent of neuronal death at the site of hemorrhage using 

Fluoro-Jade C histological staining, which specifically labels degenerating neurons 

(Bian et al., 2007). We found that wt mice had a large number of FJC-positive cells 

(387/mm2) at 1 dpi and the number decreased to 142/mm2 at 7 dpi (Figure 5-4B and C), 

suggesting that neurons were degenerating early after injury and but were recovering 

later. MCP1-/- mice, on the contrary, exhibited less cell death (229/mm2) at 1 dpi, but 

more death (295/mm2) at 7 dpi (Figure 5-4B and C), indicative of the progression of 

disease. Similarly to MCP1-/- mice, CCR2-/- mice followed the same trend. We measured 

200 and 303 FJC-positive cells per mm2 at 1 dpi and 7 dpi, respectively, in CCR2-/- mice 

(Figure 5-4B and C). These data suggested that neuronal death was evident at the ICH 

site and that the number of degenerating neurons correlated with the size of hematoma. 
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ICH is classically followed by behavioral deficits. To study whether the observed 

pathological events were accompanied by neurobehavioral changes, we performed a a 

battery of behavior tests on these animals. For wt mice, the neuronal deficit score was 

high early after injury (10.9 and 10.1 at 1 and 3 dpi, respectively). It decreased to 4.7 at 

7 dpi (Figure 5-4D), correlating with recovery after injury. MCP1-/- mice, on the other 

hand, showed low neuronal deficit score at 1 dpi (7.3) and high scores at 3 dpi (9) and 7 

dpi (10.2) (Figure 5-4D), indicating a mild injury early after collagenase injection and 

continuous progression of disease. Like MCP1-/- mice, CCR2-/- mice showed the same 

trend (Figure 5-4D). When comparing the neuronal deficit scores among different 

genotypes at the same time points after injury, we found that both knockout mice had 

smaller score at 1 dpi and larger score at 7 dpi (Figure 5-4D). These data suggested 

that the progress of disease was delayed in mice lacking MCP1 or CCR2. 

 

Infusion of plasmin-truncated MCP1 restores wt-phenotype in MCP1-/- mice  

To investigate whether plasmin-mediated truncation of MCP1 plays a role in 

pathological conditions, specifically collagenase-induced ICH model, we infused 

different recombinant MCP1 proteins into the brains of MCP1-/- mice and examined the 

outcome. First, we incubated recombinant FL-MCP1 with collagenase at 37°C for 24 

hours and performed a western blot against MCP1 on tissue extracts from these 

animals. We found only one 18kD band corresponding to FL-MCP1 (Figure 5-5), 

suggesting that collagenase does not cleave MCP1. To evaluate whether the effect of 

MCP1 could last for 7 days, we incubated recombinant FL- and K104Stop-MCP1 at 

37°C for 0, 3, and 7 days and quantified their chemot actic activity for MCP1-/- primary 
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microglia using the Boyden chamber assay. These proteins maintained their 

chemotactic potency (Figure 5-6), suggesting that one single injection of MCP1 would 

be sufficient during the course of the experiment. Thus we injected MCP1 together with 

collagenase into the brains at day 0 and studied the pathological changes at 1, 3, and 7 

days post injury. As shown in Figure 5-7, infusion of K104Stop-MCP1 (the constitutively 

active MCP1) into MCP1-/- mice reversed the progression of the hematoma size shown 

in MCP1-/- mice. We observed a larger hematoma at 1 dpi (34.35mm3) and smaller 

hematoma at 3 and 7 dpi (6.08 and 3.21mm3, respectively), similar to wt mice after 

collagenase injection. Infusion of K104A-MCP1 (MCP1 non-cleavable by plasmin) into 

MCP1-/- brains, on the contrary, did not affect the hematoma pattern found in MCP1-/- 

mice---gradual increase of the injury volume. Like K104Stop-MCP1, FL-MCP1 infusion 

induced a large hematoma (12.98mm3) at 1 dpi and the volume decreased to 1.01mm3 

at 7 dpi. It should be noticed that FL-MCP1-infused mice resulted in a much smaller 

hematoma at 1 dpi, compared to K104Stop-MCP1-induced mice, suggesting a higher 

potency of K104Stop-MCP1 than FL-MCP1. These data suggest that the truncated 

MCP1 is responsible for change of pathological progress of ICH in MCP1-/- mice, 

indicating that plasmin-mediated truncation of MCP1 is a necessary step to activate 

MCP1 in vivo. 

 

Infusion of FL- or K104Stop-MCP1 changes the pattern of microglia recruitment 

and enhances leukocyte infiltration 

Next, we also examined how infusion of the recombinant MCP1 proteins would 

affect the activation of microglia after ICH. Infusion of FL-MCP1 significantly increased 
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the density of microglia in the peri-injury site at 1 dpi (Figure 5-8). The microglia 

presented morphology characterized by long processes and lightly stained cell body 

(Figure 5-8), indicating that the majority of the cells were at resting state. Infusion of 

K104Stop-MCP1, as expected, led to even higher density of microglia immediately 

adjacent to the hematoma at 1 dpi (Figure 5-8). Although not showing an amoeboid 

morphology, the cells had an intensely Iba1+ cell body, indicating a semi-activated state. 

K104A-MCP1, however, did not significantly change the density of microglia in the peri-

hematoma region at 1 dpi (Figure 5-8). 3 days after injury, microglia became fully 

activated (amoeboid morphology with short processes and intensity cell body) and the 

density of activated microglia increased significantly, no matter which MCP1 was 

infused (Figure 5-8). This is consistent with our previous observation that microglia were 

fully activated in MCP1-/- or CCR2-/- at 3 dpi (Figure 5-8). By 7 dpi, mice infused with 

K104A-MCP1 showed consistent activation of microglia and high density of microglia 

around the injury site (Figure 5-8). Mice injected with FL- and K104Stop-MCP1, on the 

other hand, showed dramatic drop of microglia number at site of injury and the 

morphology of microglial cells returned to a resting or semi-activated state (Figure 5-8), 

indicating recovery. Together with our previous findings that MCP1-/- mice showed 

continuous activation of microglia 7 day after collagenase injection (Figure 5-2B), these 

data suggested that infusion of FL- or K104Stop-MCP1, but not K104A-MCP1, was able 

to restore the phenotype noted in mice deficient for MCP1 or CCR2. These data further 

indicate that plasmin-mediated truncation of MCP1 may be an indispensable step to 

fully activate MCP1 in vivo. 
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Since MCP1-/- or CCR2-/- mice exhibited very limited leukocyte infiltration after 

ICH (Figure 5-3), we also examined the infiltration of leukocytes in MCP1-/- after 

recombinant MCP1 infusion. As shown in Figure 5-9, infusion of FL-MCP1 led to 

infiltration of CD45-positive cells at 7 dpi in MCP1-/- mice. Mice injected with K104Stop-

MCP1 showed leukocyte infiltration at 3 dpi and the effect was more dramatic at 7 dpi, 

suggesting a higher activity of K104Stop-MCP1 than FL-MCP1. K104A-MCP1, on the 

other hand, did not induce the infiltration of CD45-positive cells at any time point 

examined, suggesting that K104A-MCP1 is inactive in leukocyte infiltration in vivo in our 

experimental system. 

 

Infusion of plasmin-truncated MCP1 changes edema, neuronal death, and 

neurobehavior patterns 

Because infusion of K104Stop-MCP1 reversed the pattern /size of hematoma 

formed in MCP1-/- mice, we further explored whether this change was paralleled by 

edema, neuronal death and neurobehavior. We found the water content in the ipsilateral 

hemisphere correlated well with the hematoma volume. Infusion of FL- or K104Stop-

MCP1 into the brains of MCP1-/- mice led to a significant increase of water content in the 

ipsilateral hemisphere at 1 and 3 dpi and the water content decreased to level 

comparable to contralateral at 7 dpi (Figure 5-10A). On the contrary, we found that the 

water content continuously increased with time and peaked at 7 dpi in K104A-MCP1 

infused mice (Figure 8A), confirming that the edema also contributed to disease 

progression after ICH. 
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Similarly, we also examined the death of neurons at the border of hematoma 

after injection of recombinant MCP1 proteins. Compared with MCP1-/- mice, infusion of 

FL- or K104Stop-MCP1 significantly enhanced the number of degenerating neurons at 1 

dpi but not at 7 dpi (Figure 5-10B and C). It should be noted that the effect of K104Stop-

MCP1 was more dramatic than that of FL-MCP1 at 1 dpi (Figure 5-10B and C), 

suggesting a higher activity of K104Stop-MCP1. Infusion of K104A-MCP1, however, did 

not change the number of degenerating neurons significantly at either time point (Figure 

5-10B and C), suggesting that K104A-MCP1 was inactive. These data indicated that 

plasmin-mediated truncation of MCP1 is a necessary step, and it is the truncated fully 

active MCP1 that rescued the phenotype found in MCP1-/- mice.  

In addition, we found K104Stop-MCP1-infused mice showed a higher neural 

deficit score (11.73) at 1dpi and the score decreased to 8.67 and 4.33 at 3 and 7 dpi, 

respectively (Figure 5-10D). FL-MCP1 infusion also led to a high neural deficit score at 

early time points (10.25 at 1 dpi) after injury and low score at later time point (5.67 at 7 

dpi) (Figure 5-10D). K104A-MCP1, on the contrary, did not change the neural deficit 

score found on MCP1-/- mice. The score was low at 1 dpi (5.78) and increased to 7.67 at 

3 dpi and peaked at 7 dpi (9.75) (Figure 5-10D). Collectively, our data suggested that 

the infusion of FL- or K104Stop-MCP1 reversed the behaviors of MCP1-/- mice to those 

of wt mice after ICH, again underscoring the crucial role of plasmin-mediated truncation 

of MCP1 on its biological activities in vivo. 
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DISCUSSION 

 

Hemorrhagic stroke, which represents about 10-20% of all strokes (Qureshi et al., 

2001, Ribo and Grotta, 2006), is an acute clinical event. Accumulating evidence shows 

that inflammation is critical in the pathogenesis of this disease (Gong et al., 2001, Wang 

et al., 2003, Wang and Tsirka, 2005, Xi et al., 2006, Wang, 2010). Activated microglia 

and infiltrated macrophages have been shown to accumulate in the peri-hematoma 

region (Wang et al., 2003, Wang and Tsirka, 2005). Although the MCP1-CCR2 system 

has been shown to induce the migration of microglia/macrophages and regulate the 

integrity of BBB in vitro and in vivo (Sheehan et al., 2007, Yao and Tsirka, 2010, 2011), 

its role in ICH has not been investigated. In the experiments described in this chapter 

we find that lack of MCP1 or CCR2 significantly decreased hematoma size at early time 

points but delayed the recovery of the animals from ICH. The size of hematoma was 

paralleled by the water content in the ipsilateral hemisphere and neuronal death at peri-

hematoma region. Consistently, neurobehavioral deficit score was mirrored by 

hematoma size. These data suggest that mice deficient for MCP1 or CCR2 have a 

milder but long-lasting injury after ICH. This is, to our understanding, the first evidence 

showing the role of MCP1-CCR2 axis on ICH. 

Microglia have been shown to play a dual role during brain injury. On one hand, 

they can promote neuronal death by secreting a variety of cytotoxic factors, such as 

TNF-α and IL-1β (Aloisi, 2001, Kim and de Vellis, 2005, Hanisch and Kettenmann, 

2007). On the other hand, they can also phagocytose cell debris and injured neurons to 

enhance recovery (Elkabes et al., 1996, Rabchevsky and Streit, 1997, Nakajima et al., 
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2002, Nakajima and Kohsaka, 2004). Which role they take after ICH is dependent on 

the time after injury, and this temporal pattern is unknown. The immunochemistry 

staining revealed decreased numbers of microglia around the hematoma at 1 dpi in 

MCP1-/- or CCR2-/- mice, suggesting that microglia may play a detrimental role at 1 dpi 

in collegenase-induced ICH. Unexpectedly, at 3 and 7 dpi, the knockout mice showed 

higher density of microglia in the peri-hematoma region, suggesting that other signaling 

pathways may function to attract microglia. It is thus unclear whether microglia are 

beneficial or neurotoxic at 3 or 7 dpi after ICH. Consistent with our previous report that 

mice lacking MCP1 or CCR2 have a tighter BBB, infiltration of leukocytes was not 

detectable in mice lacking MCP1 or CCR2 at any time point examined. Ongoing 

projects in the lab involve the identification of chemokines or chemokine receptors that 

are upregulated at 3 and 7 dpi in the knockout mice.  

Our rescue experiment showed that FL- and K104Stop-MCP1 proteins were able 

to restore the wt phenotype in MCP1-/- mice, whereas plasmin-resistant K104A-MCP1 

failed to do so, suggesting that plasmin-mediated truncation may be an indispensable 

step to fully activate MCP1 in vivo. This is consistent with the in vitro data that plasmin-

truncated MCP1 has higher biological activities (Yao and Tsirka, 2010, 2011). 

Collectively, our data indicate that inhibiting plasmin activity may be an alternative way 

to regulate the MCP1-CCR2 system and microglia/monocyte activities after injury. In 

addition, our data also support a beneficial role of inhibiting MCP1-CCR2 axis early after 

ICH. However, it should be noted that complete or long-lasting inhibition of MCP1-CCR2 

activity may be detrimental, because MCP1-/- or CCR2-/- mice showed delayed recovery. 
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Future research should focus on methods to detect ICH right after its onset and to 

inhibit the MCP1-CCR2 system transiently. 
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Figure 5-1. The effect of MCP1 or CCR2 on injury volume. A. Wild-type, MCP1-/-, 
and CCR2-/- mice were co-injected with collagenase into the brain and the injury volume 
was examined by H&E staining 1, 3, 7 days after injection. B. Quantitative data of injury 
volume are shown as mean ± SD (n=3-7). Comparison with day 1 within the same 
genotype, *p<0.05 and comparison with wild-type at the same time points, #p<0.05.   
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Figure 5-2. The effect of MCP1 or CCR2 on microglia activation. A. Wild-type, 
MCP1-/-, and CCR2-/- mice without collagenase injection were perfused and the 
activation of microglia was examined by Iba-1 DAB-staining. B. Wild-type, MCP1-/-, and 
CCR2-/- mice were injected with collagenase into the brain and the activation of 
microglia was examined by Iba-1 DAB-staining 1, 3, 7 days after injection. 
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Figure 5-3. The effect of MCP1 or CCR2 on leukocyte infiltration. A. Wild-type, 
MCP1-/-, and CCR2-/- mice were injected with collagenase into the brain and the 
infiltration of leukocytes was examined using CD45 immunostaining 1, 3, 7 days after 
injection. B. The infiltration of leukocytes was expressed as mean pixel intensity (the 
ratio of CD45 intensity over the area). Data are shown as mean ± SD (n=3-7). 
Comparison with day 1 within the same genotype, *p<0.05.   
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Figure 5-4. The effect of MCP1 or CCR2 on brain edema, neuronal death, and 
neurobehavior. A. Wild-type, MCP1-/-, and CCR2-/- mice were injected with collagenase 
into the brain and water content was calculated as described in Materials and Methods. 
Data are shown as mean ± SD (n=6). B. Mice were treated as described above. 
Degenerating neurons were visualized using Fluoro-Jade C staining on day 1 and day 7 
post injury. C. Quantification of the number of degenerating neurons on day 1 and day 7 
post injury in these mice. Data are shown as mean ± SD (n=3-4). D. Mice were treated 
as described above. Neurological scores were evaluated at 1, 3, and 7 days after injury. 
Values are shown as mean ± SD (n=5-17). For A, C, and D, comparison with day 1 
within the same genotype, *p<0.05 and comparison with wild-type at the same time 
points, #p<0.05.   
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Figure 5-5. Collagenase does not cleave mouse MCP1. Recombinant FL-MCP1 was 
incubated with collagenase for 24 hours at 37°C . The mixture was then resolved on 
15% SDS-PAGE and visualized using anti-6His and anti-MCP1 antibodies. 
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Figure 5-6. Recombinant MCP1 proteins are still active after 7 days at 37°C . A. FL- 
and K104Stop-MCP1 were incubated at 37°C  for 0, 3, and 7 days. Then, a Boyden 
chamber migration assay was performed. B. Quantification of migrated microglia. Data 
are shown as mean ± SD (n=3). 
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Figure 5-7. The effect of recombinant MCP1 proteins on injury volume. A. MCP1-/- 
mice were injected with collagenase together with FL-, K104A-, or K104Stop-MCP1 and 
the injury volume was examined by H&E staining 1, 3, 7 days after injection. B. 
Quantitative data of injury volume are shown as mean ± SD (n=3-4). Comparison with 
day 1 within the same genotype, *p<0.05 and comparison with MCP1-/- mice injected 
with FL-MCP1 at the same time points, #p<0.05.   
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



128 
 

Figure 5-8. The effect of different recombinant MCP1 proteins on microglia 
activation in MCP1-/- mice. MCP1-/- mice were injected with collagenase and FL-, 
K104A-, or K104Stop-MCP1. 1, 3, 7 days after injection, the brains were collected and 
DAB-stained with Iba-1 antibody.  
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Figure 5-9. The effect of different recombinant MCP1 proteins on leukocyte 
infiltration in MCP1-/- mice.  A. MCP1-/- mice were injected with collagenase and FL-, 
K104A-, or K104Stop-MCP1. 1, 3, 7 days after injection, the infiltration of leukocytes 
was examined using CD45 immunostaining. B. The infiltration of leukocytes is 
expressed by mean pixel intensity (the ratio of CD45 intensity over the area). Data are 
shown as mean ± SD (n=3-4). Comparison with day 1 within the same genotype, 
*p<0.05 and comparison with MCP1-/- mice injected with FL-MCP1 at the same time 
points, #p<0.05.   
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Figure 5-10. The effect of recombinant MCP1 proteins on brain edema, neuronal 
death, and neurobehavior in MCP1-/- mice. A. MCP1-/- mice were injected with 
collagenase and FL-, K104A-, or K104Stop-MCP1. The water content was calculated at 
days 1, 3 and 7 post injury. Data are shown as mean ± SD (n=3). B. Mice were treated 
as described above. Degenerating neurons were visualized using Fluoro-Jade C 
staining on days 1 and 7 post injury. C. Quantification of the number of degenerating 
neurons on days 1 and 7 post injury. Data are shown as mean ± SD (n=3). D. Mice 
were treated as described above. Neurological scores were evaluated at 1, 3, and 7 
days after injury. Values are shown as mean ± SD (n=3-11). For A, C, and D, 
comparison with day 1 within the same genotype, *p<0.05 and comparison with MCP1-/- 
mice injected with FL-MCP1 at the same time points, #p<0.05.   
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Chapter 6 

Conclusions And Future Directions 

 

CONCLUSIONS   

 

We found that plasmin-mediated cleavage of MCP1 enhanced its chemotactic 

potency by increasing MCP1-CCR2 interaction, activating Rac1 and promoting 

formation of lamellipodia in microglia. 

In addition, we also showed that plasmin-mediated truncation of MCP1 was 

indispensable for MCP1-induced BBB disruption. The mechanisms underlying the 

compromise of BBB included activation of ERM proteins, which connected TJP to actin, 

and reorganization of actin cytoskeleton, which pulled TJP away from the cell-cell 

borders. 

Next, we also found that the extra C-terminal fragment of mouse MCP was 

inhibitory when appended to the human MCP1 protein, which lacks the heavily 

glycosylated C-terminus. 

Last, using the collagenase-induced ICH model, we demonstrated that lack of 

MCP1 or CCR2 decreased hematoma size, water content, neuronal death at peri-

hematoma region and neurobehavioral deficit score early after injury, but prolonged the 

disease progression, leading to a delay in recovery. Consistent with our previous 

studies, we found that the K104Stop-MCP1 was more active than FL-MCP1 in this 

model. 

The work shown here not only broadens our knowledge on glia biology, but also 
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paves the way to the development of novel inhibitors to MCP1-CCR2 axis, which could 

be of clinical values in treating inflammatory diseases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



133 
 

FUTURE DIRECTIONS    

 

Because human MCP1 lacks the heavily glycosylated C-terminus, which is 

inhibitory to MCP1’s functions, future studies should focus on how human MCP1 

(always active) is regulated. The first hypothesis is that another protein or protein 

complex inhibits its activity, just as the C-terminus does. I tried to pull down proteins that 

interact with human MCP1, however, I was not successful, probably due to the 

sensitivity of the pull-down assay. An alternative hypothesis is that human MCP1 is 

regulated at other levels, such as protein turnover rate, binding affinity for CCR2, and 

signaling diversity. It should be noted that mouse MCP1 has only one CCR2 receptor, 

whereas the human MCP1 interacts with two receptors, CCR2A and CCR2B, which 

differ only in the intracellular C-terminus. It is thus likely that the signaling of MCP1 is 

tight regulated at the receptor-binding/signaling level. It would be interesting to 

investigate the differential expression of these receptors on different cells and the 

intracellular signaling cascades following receptor activation. In addition, it is also very 

interesting to examine the turnover rate of human MCP1 and mouse MCP1 as well as 

their affinity for CCR2 in vivo. 

Next, the role of glycosylation should also be investigated. We have shown that 

absence of the heavily glycosylated C-terminus abrogated the homodimerization/ 

oligomerization of MCP1. However, how glycosylation affects the functions of MCP1 in 

vivo is still elusive. 

We and others have shown that MCP1 disrupts the BBB integrity and BMEC is 

the major target of MCP1. Does MCP1 affect the integrity of BBB through cells other 
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than BMEC, such as pericytes, neurons, and microglia? I believe the answer is yes. 

However, due to underestimated roles of these cells, there are very limited research 

data on the roles of these cells. Recent studies suggest that pericytes play very 

important roles in regulation of BBB integrity (Armulik et al., 2010, Daneman et al., 

2010). Thus, further studies on BBB should include these cells, such as using BMEC-

Astrocyte-Pericyte triple co-culture or BMEC-Astrocyte-Pericyte-Microglia tetra co-

culture, instead of BMEC-Astrocyte double co-culture. 

We found that MCP1-/- or CCR2-/- mice have more activated microglia 

accumulated in the peri-hematoma region 3 or 7 days after collagenase injection, 

suggesting that other signaling pathways, besides MCP1-CCR2, may be responsible for 

the recruitment of microglia. Using a chemokine-chemokine receptor PCR array, I found 

that three genes were upregulated in both knockout mice at 3 dpi. The up-regulation of 

these genes was confirmed by RT-PCR. Thus, future studies should concentrate on the 

roles of these genes in the recruitment of microglia both in vitro and in vivo. Additionally, 

our data also showed that mice deficient for MCP1 or CCR2 had lower numbers of 

microglia at the peri-hematoma region and these mice had smaller hematoma, lower 

edema and neuronal death, and smaller neurobehavioral deficit score, suggesting that 

microglial activation/accumulation at 1 dpi may be neurotoxic. It is, however, unclear 

what role they have at later time points, probably due to the activation of alternative 

signaling pathways, which lead to accumulation of microglia in MCP1-/- or CCR2-/- mice 

at 3 or 7 dpi. To answer this question, it would be necessary to knockdown or knockout 

the genes that attract microglia to the hematoma. Once we figure out when and at what 

condition microglial activation is neurotoxic or neuroprotective, we could manipulate the 
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activation or inhibition of microglial activation (using specific agonists/antagonists of 

microglia activation (Zhai et al., 2011) or MCP1-CCR2 axis) at specific time and 

conditions to achieve better recovery. 

Another interesting point to work on in the future is to screen for specific plasmin 

inhibitors. It has been shown that plasmin-mediated truncation of MCP1 is critical for its 

biological activities. Thus, inhibiting plasmin activity could be a potential therapeutic 

target. However, it should be noted that this type of inhibitors may not be functional in 

humans, because plasmin does not cleave human MCP1, the constitutively active 

MCP1. 
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