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ABSTRACT 

 
Replacement of microglial cells using Clodronate    

liposome and Bone marrow transplantation in the central 

nervous system of SOD1G93A transgenic mice as an in vivo      

model of amyotrophic lateral sclerosis 

 
Jae Chul Lee 

 Medicine (Anatomy) 

The Graduate School 

Seoul National University 

 

Amyotrophic lateral sclerosis (ALS), commonly known as Lou Gehrig's 

disease, is a progressive and fatal adult-onset neurodegenerative disease that is 

characterized by the selective loss of central and peripheral motor neurons in the 

brain and spinal cord. Until now, investigations of ALS patients and the mutant 

SOD1 (mSOD1) transgenic mice models have suggested the existence of several 

pathogenic mechanisms underlying the degenerative processes of ALS. mSOD1 
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expressed in different kinds of cells in the central nervous system promotes 

differential influences on the development and/or progression of the disease, 

mSOD1 in neurons provokes the onset of ALS, whereas mSOD1 in microglia 

leads to ALS progression. Given it would be relatively difficult to prevent the 

onset of ALS, mSOD1 in microglia or activated microglia could be a good 

therapeutic target to delay progression and prolong the overall survival of ALS 

patients.  

In the present study, we used SOD1G93A transgenic mice as an in vivo 

ALS model and replaced microglia expressing mSOD1 with microglia expressing 

wild-type SOD1 (w/tSOD1) to modulate the toxic microenvironment. Stereotactic 

injection of Clodronate liposome, a selective toxin against the 

monocyte/macrophage system, into the fourth ventricle of the brains of 12-week-

old asymptomatic ALS mice reduced the number of microglia effectively in the 

central nervous system. Subsequent bone marrow transplantation (BMT) with 

bone marrow cells (BMCs) expressing w/tSOD1 and GFP leads to replacement of 

the endogenous microglia of the ALS transgenic mice with microglia expressing 

w/tSOD1 and GFP. The expression of mSOD1 in the other neural cells was not 
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influenced by the replacement procedures, and immunological side effects were 

not observed. The replacement of microglia significantly slowed disease 

progression and prolonged survival of the ALS transgenic mice compared with the 

ALS transgenic mice treated by stereotactic injection of PBS-liposome and BMT 

with BMCs expressing mSOD1 or w/tSOD1. These results suggest that 

replacement of microglia would improve the neural cell microenvironment, 

thereby slowing disease progression.  

 

Keywords: Amyotrophic lateral sclerosis (ALS); SOD1G93A transgenic mice; 

Bone marrow transplantation (BMT); Clodronate liposome; Microglia 
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INTRODUCTION 

 

Amyotrophic lateral sclerosis (ALS) is a progressive, fatal 

neurodegenerative disease characterized by the death of upper and lower 

motor neurons (Rowland and Shneider, 2001). The etiologies of sporadic 

(SALS) and familial ALS (FALS) share common mechanisms, and the study 

of FALS cases can provide an understanding of sporadic cases (Al-Chalabi 

and Leigh, 2000). It has been documented that 20-25 % of FALS are linked 

to dominantly inherited mutations in Cu/Zn superoxide dismutase (SOD1) 

(Al-Chalabi and Leigh, 2000). A variety of studies, including investigations 

of mutant SOD1 (mSOD1)-transgenic mice (Gurney et al., 1994; Ripps et 

al., 1995), established that mSOD1 causes motor neuron disease through the 

appearance of one or more toxic properties (Cleveland and Rothstein, 2001; 

Julien, 2001). Until now, investigations of ALS patients and the mSOD1 

transgenic mice models have suggested the existence of several pathogenic 

mechanisms underlying the degenerative processes of ALS, including 
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oxidative stress, excitotoxicity, chronic inflammation, mitochondrial and 

neurofilamental dysfunction, and ultimately activation of a programmed cell 

death pathway (Bruijn et al., 2004; Shaw, 2005). Based on these results, 

several therapeutic approaches have been attempted with ALS model 

animals, such as anti-oxidants, anti-excitotoxics, anti-inflammatories, 

immunomodulators, and neurotrophics, and some amelioration of the 

symptoms in these models has been reported (Benatar, 2007). Nevertheless, 

clinical trials using these therapies with human patients have been extremely 

limited.  

Transgenic (Tg) strains that express mSOD1 in specific neural cells 

further indicated that cell-specific expression of mSOD1 is not sufficient to 

induce progressive motor neuron disease in mice. However, mSOD1 

expressed in different kinds of cells in the central nervous system (CNS) 

promotes differential influences on the development and/or progression of 

the disease; mSOD1 in neurons provokes the onset of ALS, whereas 



  3 

mSOD1 in microglia leads to ALS progression (Boillée et al., 2006; Fig. 1). 

Given it would be relatively difficult to prevent the onset of ALS, mSOD1 

in microglia or activated microglia could be a good therapeutic target to 

delay progression and prolong the overall survival of ALS patients.  

Since microglia originate from bone marrow cells (BMCs) 

embryonically, bone marrow transplantation (BMT) could alter the genetic 

and/functional properties of microglia cells specifically in the CNS. BMT of 

mSOD1-Tg mice with BMCs expressing wild type (w/t) SOD1 altered the 

genetic and/or functional properties of microglia and prolonged the survival 

of the mice (Beers et al., 2006). However, the influences of BMT would not 

be efficient enough since microglia are replaced by tissue-resident microglia 

rather than BMCs (Ohnishi et al., 2009). Therefore, elimination of mSOD1-

expressing microglia followed by BMT with w/tSOD1 BMCs would have 

more profound therapeutic effects in mSOD1-Tg mice. Clodronate 

(Cl2MBP)-liposome is a compound specifically targeting the 
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Figure 1. Selective Cre-mediated gene inactivation shows that mutant 

SOD1 action within motor neurons is a primary determinant of 

an early disease phase and selective gene excision shows that 

mutant SOD1 action within the microglial and macrophage 

lineages is a primary determinant of a late phase of disease 

progression. Ages of (A) disease onset, (B) progression through an 

early disease phase (to 10 % weight loss), and (C) disease end stage 

of (red) LoxSOD1G37R/Isl1Cre+ mice and (blue) LoxSOD1G37R 

littermates. Insets show ventral root motor axons (stained with 

toluidine blue) in LoxSOD1G37R mice at (A) onset, (B) early disease, 

and (C) end stage. (D) Survival times of LoxSOD1G37R/CD11b-Cre+ 

(Cre+) and littermate LoxSOD1G37R (Cre–) mice. 
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monocyte/macrophage system, including microglia. Selective depletion of 

microglia is a widely accepted approach to investigate their functional 

aspects in vivo (Polfliet et al., 2001). Selective elimination of macrophages 

by intravenous injection of Cl2MBP-liposomes has been described (van 

Rooijen and Sanders, 1994). Macrophages ingest the liposomes by 

phagocytosis, the phospholipid bilayers of the liposomes are disrupted under 

influence of lysosomal phospholipases, and the intracellular released 

Clodronate induces apoptosis (van Rooijen et al., 1996; van Rooijen and 

Sanders, 1997). Free Clodronate has an extremely short half-life, explaining 

the fact that nonphagocytic cells are not affected (van Rooijen and Sanders, 

1996). Since macrophages are present in nearly every organ of the body 

have important immunoregulatory functions, the liposome depletion method 

is widely used. Organ-specific macrophage depletion is possible, depending 

on the administration route of the liposomes. For example, selective in vivo 

elimination of alveolar macrophages can be achieved after intratracheal 
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injection of Cl2MBP-liposomes (Thepen et al., 1989; Wijburg et al., 1997). 

Another example is the in vivo manipulation of testicular macrophages by 

local injection, to investigate their regulatory capacity on the Leydig cell 

steroidogenesis (Gaytan et al., 1996). 

Accordingly, we applied stereotactic injection of Cl2MBP-liposome 

into the brain followed by BMT with w/tSOD1 BMCs to ALS Tg mice 

expressing mSOD1 (SOD1G93A), and traced disease onset and progression 

carefully.   
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MATERIALS AND METHODS 

 

Chemicals, reagents, and preparation of liposomes Phosphate-buffered 

saline (PBS)-liposome and Dichloromethylenediphosphonic acid disodium 

salt (Cl2MBP, Sigma-Aldrich. D4434)-liposome were prepared as described 

previously (Van Rooijen and Sanders, 1994). Briefly, a mixture of 8 mg 

cholesterol (Sigma Chemical Co., St. Louis, MO) and 86 mg egg-

phosphatidylcholine (dioleoyl-phosphatidylcholine, Avanti, Alabaster, AL) 

was dissolved in chloroform, and then chloroform was evaporated under 

nitrogen to prepare liposomes. Chloroform was further removed by placing 

the Savant concentrator under low vacuum in a Speedvac (Thermo Electron 

Corp., Holbrook, NY). The Cl2MBP solution was prepared by dissolving 

1.2 g dichloromethylene diphosphoric acid (Sigma Chemical Co.) in 5 ml 

sterile PBS. The Cl2MBP solution (5 ml) was added to the liposome 

preparation and mixed thoroughly. The solution was sonicated and 

centrifuged at 10,000 g for 1 h at 4°C. The liposome pellet was removed, re-

http://www.sigmaaldrich.com/catalog/product/sigma/d4434
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suspended in 5 ml PBS, and centrifuged at 10,000 g for 1 h at 4°C. 

Cl2MBP-liposome were resuspended in 5 ml PBS and used within 48 h. The 

final concentration of the Cl2MBP-liposome solution (Encapsula Nano 

Sciences) was 5 mg/ml.  

 

Toxic effects of Cl2MBP-liposome against the monocyte/macrophage 

system All animal experiments were approved by the appropriate 

Institutional Review Boards of the Samsung Medical Center (Seoul, Korea). 

The animals used in this experiment were treated according to the 

`Principles of Laboratory Animal Care' (NIH publication No. 86-23). To 

evaluate the specific toxic effects of Cl2MBP-liposome on the 

monocyte/macrophage system, spleens were recovered from 12-week-old 

male w/tSOD1 Tg mice (Orient Bio Inc., Seongnam, Korea) that had 

intraperitoneal (i.p.) injection of PBS, PBS-liposome, or Cl2MBP-liposome 

(40 mg/kg, i.p.) at 3 days after the injection (n = 10 for each group). This 

protocol was based on previous publication (Popovish et al., 1999), as well 
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as discussions through the Web site www.Clodronate-Liposomes.org. To 

evaluate the effects of Cl2MBP-liposome treatment on peripheral leukocytes, 

blood smears were prepared from the foot vein for all of the experimental 

animals; the smears were stained with the Wright stain; 100 cells per slide 

and two slides per animal were counted. There was no difference, 

measurable by this method, in the leukocyte counts between the two 

treatments at any time point (the average count was 87 ± 5 % lymphocytes, 

12 ± 5 % neutrophils, and < 2 % monocytes). Spleens were dissociated into 

single cells, and red blood cells were lysed with 0.15 M NH3Cl. Resulting 

leukocytes were stained with PE-conjugated anti-mouse CD11b antibody 

(BD Bioscience Pharmingen, San Jose, CA) and Cych-conjugated anti-

mouse TCR antibody (BD Bioscience Pharmingen) and then analyzed by 

flow cytometry (BD Biosciences). 

 

Stereotactic injection of Cl2MBP-liposome into the fourth ventricle To test 

specific toxic effects of Cl2MBP-liposome against microglia in the brain, 
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12-week-old male w/tSOD1 Tg mice (Orient Bio Inc.) were anesthetized 

with isoflurane (5 % induction, 3 % maintenance), and body temperature 

was maintained with a heated pad. PBS-liposome or Cl2MBP-liposome (2 

mg/kg) was stereotactically injected into the fourth ventricle of mice brains 

(2 mg/kg, n = 10 in each group) using the following coordinates: 

anteroposterior (AP) = -5.88 mm, mediolateral (ML) = +0 mm, dorsoventral 

(DV) = -3.8 mm. 

 

Bone marrow transplantation To examine whether microglia could be 

replaced by the stereotactic Cl2MBP-liposome injection and BMT, PBS-

liposome or Cl2MBP-liposome was stereotactically injected into the fourth 

ventricle of 12-week-old male w/tSOD1 Tg mice (2 mg/kg, n = 10 for each 

group), and then the mice were exposed to radiation from a 137Cs source 

(Gamma cell 40 Exactor; MDS Nordion International Inc., Ottawa, Canada), 

a total radiation dose = 4 Gy × 2 with a 4 hour (hr) interval (Cui et al., 2002). 

For the pretreatment of recipient mice, we irradiated mSOD1 Tg mice at 4 
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Gy × 2 with a 4 hr interval, since we have found that fractionated irradiation 

provides better results than single irradiation (Cui et al., 2002; Kushida et 

al., 2001; Takeuchi et al., 1998), and that 4 hr is the optimal interval for 

fractionated irradiation in mice (Cui et al., 2002). At 1 day after total body 

irradiation, 2.0 × 106 BMCs isolated from a 12-week-old male green 

fluorescent protein (GFP) Tg C57BL/6 mouse [C57BL/6-Tg (UBC-GFP) 

30Scha/J, The Jackson Laboratory, Bar Harbor, ME] were intravenously 

(i.v.) transplanted into the recipient male. 

 

Therapeutic effects of stereotactic Cl2MBP-liposome injection and BMT 

against ALS Forty-seven mSOD1 Tg ALS mice developed by Gurney et al. 

(Gurney et al., 1994) were used for the experiments. They were bred by the 

Jackson Laboratory (Bar Harbor, ME) under the strain designations B6SJL-

TgN (SOD1G93A) 1Gur. Thirty 12-week-old male mSOD1 Tg ALS mice 

underwent stereotactic injections of either PBS-liposome or Cl2MBP-

liposome into the fourth ventricle (2 mg/kg), whole body irradiation (4 Gy × 
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2, 4 hr interval, 3 days post-injection), and then BMT with 2.0 × 106 BMCs 

isolated from 12-week-old male GFP Tg or ALS Tg mice. The experimental 

groups were as follows: 1) Non-treated ALS Tg mice (Non-treated group, n 

= 10), 2) ALS Tg mice with PBS-liposome injection and BMT with BMCs 

of ALS Tg mice (ALS-BMT + PBS-liposome group, n = 10), 3) ALS Tg 

mice with PBS-liposome injection and BMT with BMCs of GFP Tg mice 

(GFP-BMT + PBS-liposome group, n = 10), and 4) ALS Tg mice with 

Cl2MBP-liposome injection and BMT with BMCs of GFP Tg mice (GFP-

BMT + Cl2MBP-liposome group, n = 10). Disease onset and mortality for 

each animal was analyzed by the start of body weight loss, trembling feet 

and weight reduction > 25 % total body weight, respectively. Disease 

duration was calculated as time length (days) between disease onset and 

mortality.  

  

Specimens and immunohistochemistry Forty-seven SOD1G93A Tg and 10 
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wild-type (wt) SOD1 Tg mice developed by Gurney et al. (1994) were used 

for these experiments. They were bred by The Jackson Laboratory (Bar 

Harbor, ME) under the strain designations B6SJL-TgN (SOD1G93A) 1Gur 

and B6SJL-TgN (SOD1) 2Gur for mutant Tg and wtSOD1 Tg mice, 

respectively. The B6SJL-TgN (SOD1) 2Gur strain carries the normal allele 

of the human SOD1 gene, and it has been reported that the SOD1 protein 

levels are the same as in the Tg strain carrying the SOD1G93A transgene. 

This strain serves as a control for the B6SJL-TgN (SOD1G93A) 1Gur. 

Clinical symptoms were manifested in the 18 weeks mutant Tg mice. The 

first signs of hind limb paresis appeared at 16–18 weeks in the SOD1G93A Tg 

mice. When suspended from the tail, these mice did not extend 

symmetrically both hind limbs, as normal mice do. The weak limb was 

closer to the body. Subsequently, the weakness of one hind limb progressed 

to paralysis of this limb, and soon thereafter the other hind limb became 

paralyzed. At that stage, both hind limbs were dragged as the mouse moved 
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around the cage. Mice were perfused transcardially with cold PBS (0.02 M, 

pH 7.4) and then with ice-cold 4 % paraformaldehyde for 10 min at a flow 

rate of 5 ml/min. Brains were immediately removed and sliced into blocks 

4-6 mm thick. Spinal cords were also removed and sliced into cervical, 

thoracic and lumbar segments of 3-10 mm in length. These blocks were 

immersed in the same cold fixative for 12 hours and then cryoprotected in a 

series of cold sucrose solutions of increasing concentrations. Frozen 

sections were cut at 40 µm in the coronal plane. Immunohistochemistry was 

performed in accordance with the free-floating method described previously 

(Lee et al., 2010a; Lee et al., 2010b; Lee et al., 2012). Anti-GFP (1:200; 

Chemicon), mSOD1 (1:250; A5C3; Medimabs), NeuN (Neuron marker, 

1:500; Chemicon), GFAP (Astrocyte marker, 1:500; Sigma), F4/80 

(Microglia marker, 1:100; AbD Serotec), and O2 (Oligodendrocyte marker, 

1:500; Chemicon) antibodies were used for the primary antibody. DAPI 

(1:500; Molecular Probes) was used for nuclear counterstaining. A double 
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immunofluorescence study was performed in accordance with the previous 

method (Lee et al., 2011). Primary antibodies were visualized by Alexa 488-

conjugated anti-mouse IgG antibody [for NeuN, GFAP, F4/80 and O4], 

Alexa 594-conjugated anti-rabbit IgG antibody [for GFP] and Alexa 594-

conjugated anti-mouse IgG antibody [for A5C5]. 

 

Statistical analysis To determine whether the observed changes in 

immunoreactivity were statistically significant, we randomly selected five 

areas in each brain and spinal cord region of the mice and compared the 

determined mean staining densities using NIH image software (Scion 

Image). Mean staining density represented the sum of the gray values of all 

pixels in the selected area divided by the number of pixels within the area. 

The averages of the mean staining densities in various brain regions of each 

animal were then calculated, Mann-Whitney U-test and Student’s t-test was 

performed using these averages. Survival analysis was performed using the 
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Kaplan-Meier and log rank tests. P values < 0.05 were regarded as 

statistically significant. 
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RESULTS 

 

1. Depletion of microglia cells in the central nervous system 

The specific toxic effects of Cl2MBP-liposome against the 

monocyte/macrophage system were confirmed in the spleens of 12-week-

old ALS Tg mice. Compared to the PBS or PBS-liposome treated mice (40 

mg/kg i.p., n = 10 in each group), the proportion of CD11b-positive 

monocyte/macrophage cells was significantly decreased in mice 

systemically treated with Cl2MBP-liposome (40 mg/kg i.p., n = 10, P < 

0.05; Fig. 1). In contrast, the ratio of TCR-positive T cells was not affected 

by the treatment of Cl2MBP-liposome (Fig. 2). To evaluate the microglia 

depletion effect of Cl2MBP-liposome treatment in the brain, PBS-liposome 

or Cl2MBP-liposome was stereotactically injected into the fourth ventricle 

of ALS Tg mice brains (2 mg/kg, n = 10 in each group). To study the effects 

of Cl2MBP-liposome more efficiently in the spinal cord, both PBS-

liposome and Cl2MBP-liposome were delivered to the fourth ventricle (Van  
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Figure 2. Systemic toxic effects of Cl2MBP-liposome against the 

monocyte/macrophage system PBS (A), PBS-liposome (B) or 

Cl2MBP-liposome (C) was systemically injected into 12-week-old 

w/tSOD1 Tg mice (40 mg/kg, intraperitoneal injection). At 3 days 

post-injection, splenocytes were harvested and analyzed by flow 

cytometry. (D) CD11b-positive monocyte/macrophage ratios were 

analyzed and compared. The ratio of TCR-positive T cells was not 

affected by the treatment of Cl2MBP-liposome (n = 10 in each group). 
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Rooijen and Hendrikx, 2010). Furthermore, to investigate in detail the time 

course and repopulation kinetics of the perivascular cells, rats were 

sacrificed at different time points after Cl2MBP-liposome injection. Control 

animals were sacrificed at 2 and 10 days post PBS-liposome injection. In 

both the cerebellum and cerebrum as well as along the complete length of 

the spinal cord, the depletion was essentially complete between 2 and 10 

days after treatment (Fig. 3a–c). At 3 days post-injection, F4/80-

immunoreactive microglia were significantly reduced in various regions of 

the brain (Fig. 4) and spinal cord by stereotactic PBS-liposome or Cl2MBP-

liposome injection into the fourth ventricle and lateral ventricle (Table 1). 

F4/80-immunoreactive microglia were significantly reduced of the brain and 

spinal cord by stereotactic Cl2MBP-liposome injection better result the 

fourth ventricle than lateral ventricle at 3 days. Therefore, we carried out the 

fourth ventricle injection at 3 days. At 3 days post-injection, F4/80-

immunoreactive microglia were significantly reduced in various regions of  
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Figure 3. Repopulation kinetics of microglia/macrophages in the 

cerebellum (a), cerebrum (b) and spinal cord (c) of the 

Clodronate depleted and control animals Control animals were 

sacrificed at 2 and 10 days post PBS-liposome injection. In both the 

cerebellum (a) and cerebrum (b) as well as along the complete length 

of the spinal cord (c), the depletion was essentially complete between 

2 and 10 days after treatment. During the following time period 

including 14, 18, 24 and 36 days after Cl2MBP-liposome injection a 

slow and gradual increase in the number of ED2 (macrophage 

marker) positive perivascular cells was seen. However, within the 

time frame tested, the levels of ED2 positive perivascular cells never 

completely reached control levels. 
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Figure 4. Toxic effects of PBS-liposome or Cl2MBP-liposome against 

microglia in the brain (A) The scheme of the animal experiment is 

illustrated. (B) Immunoreactivities against CD11b of various brain 

regions were illustrated (A, B, I and J = corpus callosum; E, F, M and 

N = hippocampal formation). Inlets of A, B, E, F, I, J, M and N were 

magnified in C, D, G, H, K, L, O and P, respectively. Black scale bar 

= 100 μm (A, B, E, F, I, J, M and N), 30 μm (C, D, G, H, K, L, O and 

P). CC, corpus callosum; O, stratum oriens; P, pyramidal cell layer; R, 

stratum radiatum.  
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Table 1. At 3 days post-injection, changes in mean densities of F4/80 
immunoreactivity in the central nervous system of SOD1G93A 
transgenic mice by stereotactic PBS-liposome or Cl2MBP-
liposome injection into the fourth and lateral ventricle 

 
Area           Fourth ventricle            Lateral ventricle 

                        PBS-lipo.  Cl2MBP-lipo.    PBS-lipo.   Cl2MBP-lipo. 

Cerebral cortex      
Fontal area               45.2 ± 3.7     25.3 ± 2.7 *       49.5 ± 3.1    24.9 ± 2.8 * 

Perirhinal area      26.5 ± 3.1    19.9 ± 2.8         43.5 ± 2.9    22.9 ± 2.3 * 
Posteroventral area        36.7 ± 2.9    24.7 ± 3.4         32.5 ± 2.2    23.9 ± 2.5 

Hippocampus 

CA1 region      

Stratum oriens            62.3 ± 4.3     30.1 ± 3.3 *       80.5 ± 3.9    25.9 ± 2.2 * 

Pyramidal cell layer        38.7 ± 3.1   25.8 ± 2.7        41.5 ± 3.9    23.9.±2.3 

Stratum radiatum      61.1 ± 4.3     23.2 ± 2.1 *       79.5 ± 3.9    24.9 ± 2.7 * 

CA3 region        

Stratum oriens             73.2 ± 4.3    32.1 ± 3.1 *       74.5 ± 5.3    26.9 ± 2.8 * 

Pyramidal cell layer       39.4 ± 5.8    26.4 ± 2.0        38.5 ± 2.9    24.9 ± 3.5 

Stratum radiatum       70.8 ± 3.9    31.8 ± 2.9 *       72.5 ± 5.1    26.9 ± 3.0 * 

Dentate gyrus 

Granule cell layer       69.3 ± 4.8    28.0 ± 2.8 *       71.5 ± 5.7    26.9 ± 2.8 * 

Polymorphic layer       61.1 ± 3.9    30.8 ± 3.2        74.5 ± 6.2    26.9 ± 3.6 

Thalamus 

    Paraventricular Nu.         62.1 ± 4.7    33.2 ± 3.3 *       63.5 ± 5.3    40.9 ± 3.4 * 
Hypothalamus 

    Arcuate Nu.                69.1 ± 5.2    36.2 ± 2.7 *      73.5 ± 6.4    27.9 ± 3.6 * 

Spinal cord 

  Cervical 

     Gracile fasciculus & DCS    55.1 ± 4.3    28.2 ± 2.1 *       53.5 ± 3.9    36.9 ± 3.8 *     

Lateral funiculus            46.1 ± 3.3    31.2 ± 3.3        48.5 ± 3.9     40.9 ± 2.7     

Ventral funiculus           50.1 ± 3.8    23.2 ± 2.0 *       51.5 ± 3.9     38.9 ± 2.6      

Thoracic 
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     Gracile fasciculus & DCS   49.1 ± 2.9    27.2 ± 3.4 *       48.5 ± 3.9    26.9 ± 2.8 *     

Lateral funiculus           52.1 ± 3.4    23.2 ± 2.4 *       50.5 ± 3.9    36.9 ± 2.6      

Ventral funiculus           48.1 ± 3.8    25.2 ± 2.5 *       44.5 ± 3.9    32.9 ± 3.4 

Lumbar 

     Gracile fasciculus & DCS   47.1 ± 4.1    28.2 ± 2.6 *       48.5 ± 3.7    36.9 ± 3.1 

Lateral funiculus          49.1 ± 5.4    24.2 ± 3.7 *       50.5 ± 5.2    30.9 ± 2.8 * 

Ventral funiculus           47.1 ± 3.6    29.2 ± 2.4 *       48.5 ± 3.8    26.9 ± 3.1 * 
 

Mean density is the sum of the gray values of all the pixels in the selection that 

was divided by the number of pixels within the selection. Values are presented 

as the mean (standard deviation). The Mann-Whitney U-test was performed 

(*P < 0.05). 

 

 

 

 

 

 

 

 

 



  24 

the brain and spinal cord by the treatment of Cl2MBP-liposome, while PBS-

liposome induced little alteration in the number of microglia (Fig. 5). In 

contrast, the numbers of other neural cell types, such as neurons, astrocytes, 

and oligodendrocytes, were not altered significantly, confirming the specific 

effect of Cl2MBP-liposome on microglia (data not shown).  

 

2. Replacement of microglia by Cl2MBP-liposome injection and BMT  

Next, we examined whether microglia could be replaced by 

stereotactic Cl2MBP-liposome injection into the brain (Fig. 6) 

and BMT. At 3 days before whole body irradiation (4 Gy x 2, 4 hour 

interval), either PBS-liposome or Cl2MBP-liposome was stereotactically 

injected into the fourth ventricle of 12-week-old ALS Tg mice (n = 10, in 

each group). At 24 hours after whole body irradiation, BMCs derived from 

12-week-old GFP Tg mice with the C57BL/6 background (2.0 × 106 cells  

per mouse) were transplanted intravenously. At 3 days after BMT, 

GFP-positive cells were observed in various regions of the brain and spinal  
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Figure 5. Toxic effects of Cl2MBP-liposome against microglia in the 

brain and spinal cord (A) The scheme of the animal experiment is 

illustrated. (B) Five random areas of the hippocampal region and 

spinal cord were selected in each mouse at 3 days after stereotactic 

Cl2MBP-liposome injection into the fourth ventricle. Immuno- 

reactivities against CD11b were calculated and compared. *, P < 0.05. 

(C) Immunoreactivities against CD11b of various brain regions were 

illustrated (A, B = corpus callosum; E, F = hippocampal formation; I, 

J = spinal cord). Inlets of A, B, E, F, I, and J were magnified in C, D, 

G, H, K, and L, respectively. Black scale bar = 100 μm (A, B, E, F, I 

and J), 30 μm (C, D, G, H, K and L). AH, anterior horn; CC, corpus 

callosum; O, stratum oriens; P, pyramidal cell layer; R, stratum 

radiatum.  
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Figure 6. Stereotactic injection PBS-liposome or Cl2MBP-liposome 

injection into the brain (B) The stereotactic injection PBS-liposome 

or Cl2MBP-liposome with a mouse in place is shown. (A, C) By 

using multiple injection PBS-liposome or Cl2MBP-liposome in an 

assembly line fashion.  
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C
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cord of both groups (Fig. 7 A, B and C, D). However, microglia 

immunoreactive to both GFP and F4/80 were detected in the Cl2MBP-

liposome group (Fig. 7 B, D). These results indicate that depletion of 

microglia before BMT is needed for successful replacement. Transplanted 

GFP-positive cells expressed F4/80, but not NeuN, GFAP, and O4 in the 

brain at 18 weeks (Fig. 8). 

 

3. Therapeutic effects of microglia replacement against ALS 

      Next, we examined whether depletion of mSOD1-expressing 

microglia by stereotactic Cl2MBP-liposome injection into the brain and 

BMT could alter disease onset and progression of ALS (Fig. 9). None of the  

out replacement of microglia using 12-week-old asymptomatic ALS mice    

and examined the disease onset and duration. It has been reported that 

microglia activation is minimal at the early pre-clinical stage of ALS, while 

the number of activated microglia cells increases in the phase of active 
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Figure 7. Replacement of microglia by stereotactic Cl2MBP-liposome 

injection and BMT 12-week-old w/tSOD1 Tg mice had stereotactic 

injection of PBS-liposome (A, C) or Cl2MBP-liposome (B, D) into 

the fourth ventricle of the brain and BMT with BMCs from GFP Tg 

mice. At 3 days after BMT, GFP-positive cells were observed in 

region of the brain (A, B) and spinal cord (C, D). Double 

immunofluorescence against F4/80 and GFP was performed in the 

hippocampal formation after BMT. DAPI (blue) = nuclei. Scale bar = 

25 μm (A-D).   
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Figure 8. Specific replacement of microglia by stereotactic Cl2MBP-

liposome injection and BMT Stereotactic injection of Cl2MBP-

liposome and BMT with BMCs from GFP Tg mice was applied to 12-

week-old ALS Tg mice with the C57BL/6 background. Double 

immunofluorescence staining of GFP with specific neural cell 

markers [F4/80 for microglia (A-D), NeuN for neurons (E-H), GFAP 

for astrocytes (I-L), and O4 for oligodendrocytes (M-P)] in the spinal 

cord indicated that other neural cell types than microglia did not have 

immunoreactivities against GFP at 18 weeks. DAPI (blue) = nuclei. 

Scale bar = 50 μm. 
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Figure 9. Experimental scheme of the animal experiment A detailed 

timetable to test therapeutic effects of microglia replacement against 

ALS is illustrated.  
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clinical disease progression (Hall et al., 1998). Therefore, we carried was 

similar (Fig. 10A, Non-treated, mean ± STD = 96.2 ± 10.5 days, ALS-BMT 

+ PBS-liposome = 98.4 ± 10.7 days, GFP-BMT + PBS-liposome = 97 ± 

10.1 days, and GFP-BMT + Cl2MBP-liposome = 93.7 ± 9.9 days). In 

contrast, disease duration was significantly increased in the GFP-BMT + 

Cl2MBP-liposome group (Fig. 10B, mean ± STD = 32.7 ± 14 days, P < 

0.05) compared with the other groups (Non-treated = 21.6 ± 6.9 days, ALS-

BMT + PBS-liposome = 21.4 ± 7.7 days, and GFP-BMT + PBS-liposome = 

23.4 ± 3.4 days, P < 0.05). Disease duration increased about 51.03 % in the 

GFP-BMT + PBS-liposome group compared with the Non-treated group. 

Therefore, replacement of mSOD1-expressing microglia by normal  

microglia at the preclinical stage of ALS prolonged the survival length of  

ALS Tg mice, while the onset time of ALS did not change (Fig. 11). 
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Figure 10. Therapeutic effects of microglia replacement against ALS 

GFP-BMT + Cl2MBP-liposome group can prolong the survival 

interval and slow the development of ALS Tg mice. The ALS Tg 

mice were assigned into the following experimental groups: 1) Non-

treated group (n = 10), 2) ALS-BMT + PBS-liposome group (n = 10), 

3) GFP-BMT + PBS-liposome group (n = 10), and 4) GFP-BMT + 

Cl2MBP-liposome group (n = 10). Disease onset (A, beginning of 

body weight loss and trembling feet) and disease duration [B, period 

from disease onset to mortality (body weight loss > 25 %)] was 

analyzed to elucidate therapeutic effects of stereotactic PBS-liposome 

or Cl2MBP-liposome injection and BMT against ALS.  
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Figure 11. Cl2MBP-liposome + BMT can prolong the survival interval 

against ALS A) Lifespan (Survival interval) was significantly longer 

in mice treated with GFP-BMT + Cl2MBP-liposome group than Non-

treated, ALS-BMT + PBS-liposome and GFP-BMT + PBS-liposome 

group. Each group, n = 10 (P < 0.05, Kaplan-Meier and log rank tests). 

Each night, examiners who were blind to the information, weighed 

each mouse and measured. Each measurement was repeated 4 times 

and the maximum value was adopted. When each mouse lost the 

ability to autofeed or to right itself within 30 s. after having been 

placed on its side, it was sacrificed under deep anesthesia. 
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4. Expression of mSOD1 in replaced microglia  

We performed immunofluorescence staining on spinal cord sections 

from the 4 groups at 18 weeks with the A5C3 antibody to detect mSOD1 

specifically. In ALS Tg mice, intense punctate mSOD1 aggregates were 

localized (Fig. 12B, C, D), while no immunoreactivity was detected in 

control mice (w/tSOD1 Tg mice, B6SJL-TgN (SOD1) 2Gur, the Jackson 

Laboratory, Fig. 12A), confirming the specificity of the A5C3 antibody. 

Immunoreactivities against mSOD1 were observed in microglia of the Non-

treated, ALS-BMT + PBS-liposome, and GFP-BMT + PBS-liposome groups 

(Fig. 12). In contrast, replaced microglia in the spinal cord of the GFP-BMT 

+ Cl2MBP-liposome group did not express mSOD1 (Fig. 12) confirming the 

successful reduction of mSOD1 in microglia.  

 



  37 

 

 

 

Figure 12. Expression of mSOD1 in the replaced microglia At 18 weeks, 

immunohistochemistry against mSOD1 and F4/80 was performed in 

the spinal cord of Tg mice expressing human w/tSOD1 (A, E, and I), 

mice of the ALS-BMT + PBS-liposome group (B, F, and J), mice of 

the GFP-BMT + PBS-liposome group (C, G, and K), and mice of the 

GFP-BMT + Cl2MBP-liposome group (D, H, and L). Inlets in E-H 

were magnified in I-L, respectively. DAPI (blue) = nuclei. Scale bar = 

100 μm (A-H), 10 μm (I-L).  
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DISCUSSION 

 

This study demonstrated that microglia expressing mSOD1 in 

SOD1G93A Tg ALS mice could be replaced by microglia with w/tSOD1 

using stereotactic injection of Cl2MBP-liposome and BMT. When those 

replacements were applied to 12-week-old asymptomatic ALS Tg mice, they 

slowed disease progression and prolonged survival of the recipient mice. In 

various brain regions including the spinal cord, microglia of the recipient 

mice expressed GFP (a marker of donor cells) but were not immunoreactive 

to mSOD1-specific antibody (A5C3). More specifically, the ALS Tg mice 

that had BMT without stereotactic Cl2MBP-liposome injection showed no 

statistically significant survival gain or delay in disease progression. This 

suggests that replacement of microglia would actively participate in the 

therapeutic effects against ALS. To the best of our knowledge, this is the 

first report on the effects of microglia replacement using Cl2MBP-liposome 
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and BMT on ALS disease progression.  

A few recent studies have suggested that BMCs transplanted from 

both normal and GFP Tg mice could induce mixed chimerism of 

hematopoietic cells in ALS Tg mice, delay disease progression, and prolong 

survival (Beer et al., 2006; Corti et al., 2004; Ohnishi et al., 2009). In those 

experiments, the authors employed asymptomatic 4- or 12-week-old 

SOD1G93A Tg ALS mice. In this experiment, we also used asymptomatic 12-

week-old SOD1G93A Tg ALS mice; however, we could not find significant 

therapeutic effects of BMT without stereotactic Cl2MBP-liposome injection. 

We expected that stereotactic Cl2MBP-liposome injection would have 

specific toxicity to microglia, facilitating the replacement of microglia by 

BMT. Accordingly, the number of GFP-positive microglia was much higher 

in the GFP-BMT + Cl2MBP-liposome group compared with GFP-BMT + 

PBS-liposome group. Stereotactic fluidic injection into the brain is an 

obviously invasive procedure, which could abolish the therapeutic effects of 
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BMT in ALS. In the same condition, BMT with stereotactic Cl2MBP-

liposome injection showed significant therapeutic effects, confirming the 

significance of specific toxic effects of Cl2MBP-liposome on microglia.     

It has been reported that autoimmunity is related to ALS (Smith et 

al., 1996). Since BMT could provoke graft-versus-host disease (GVHD), 

BMT could promote adverse effects in ALS Tg mice. We utilized BMCs 

derived from C57BL/6 mice from which ALS Tg mice originate, which 

limits the possibility of autoimmune diseases such as GVHD in this study. 

Ohnishi et al. (Ohnishi et al., 2009) also showed that autoimmune disease 

was minimal in their BMT experiments with ALS Tg mice. Conversely, 

toxic effects of whole body irradiation of BMT against an active immune 

system could relieve the autoimmunity in ALS Tg mice. Moreover, our 

results suggest that BMT provokes the therapeutic effect by replacing the 

toxic microglia expressing mSOD1. Therefore, immune-modulating effects 

of BMT with stereotactic Cl2MBP-liposome injection and its association 
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with therapeutic effects need to be further studied.  

Many papers have been published on the regeneration of organs after 

injection of BM-derived cells into irradiated mice. Fusion of injected BM-

derived cells with cells from the recipient organs has been reported 

(Alvarez-Dolado et al., 2003; Camargo et al., 2003; Corbel et al., 2003; 

Ferrari et al., 1998; LaBarge et al., 2002; Lagasse et al., 2000; Terada et al., 

2002; Vassilopoulos et al., 2003; Wang et al., 2003; Weimann et al., 2003; 

Willenbring et al., 2004; Wurmser et al., 2004), but it also has been shown 

that cell renewal in recipient organs after BM-derived cell injection can 

occur without fusion (Harris et al., 2004; Jang et al., 2004). In addition, it 

has been shown that single BM-derived stem cells can differentiate into 

resident cells of organs, including liver, lung, gastrointestinal (GI) tract, and 

skin (Krause et al., 2001). Kinetic changes of donor cells were examined, 

and GFP-positive cells were observed in almost all organs, especially in 

stromal components, of the irradiated mice. In BMT mice, intestinal GFP-
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positive stromal cells were regenerated fairly rapidly although GFP-positive 

were observed only rarely in the intestinal epithelium, indicating that BM-

derived stromal cells play a pivotal role in epithelial renewal and are crucial 

for maintaining organ structure and function. Almost all GFP-positive cells 

expressed F4/80, a marker for microglia in the CNS. We did not observe any 

GFP-positive cells that expressed NeuN, GFAP, or O4, markers for neurons, 

astrocytes, and oligodendrocytes, respectively. Brazelton et al. (Brazelton et 

al., 2000) reported that they were able to generate cells expressing neuronal 

specific marker in olfactory bulb, hippocampus, cortical areas, and 

cerebellum following intravenous administration of GFP-positive bone 

marrow cells into irradiated adult mice. The donor GFP transgenic mice that 

they used are the same mice that we used (Okabe et al., 1997). Detailed 

studies for transdifferentiation were carried out in olfactory bulb only, 

however. By flow cytometry, they found that significant subset (up to 20 %) 

of the GFP-positive cells in the CNS lacked CD45, a marker for nucleated 

http://www.sciencedirect.com/science/article/pii/S0969996104000129#BIB6
http://www.sciencedirect.com/science/article/pii/S0969996104000129#BIB6
http://www.sciencedirect.com/science/article/pii/S0969996104000129#BIB28
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hematopoietic cells and CD11b, a marker for myelo-monocytic cells. These 

GFP-positive cells lacking hematopoietic cell markers expressed neuron-

specific protein such as NeuN, neurofilament, and β tubulin. No GFP-

positive cells expressed an astrocytic marker, GFAP (Brazelton et al., 2000). 

In our study, GFP-positive cells in GFP-BMT + PBS-liposome or Cl2MBP-

liposome ALS Tg mice were found in the brain and spinal cord regions, and 

no cells expressing neuronal markers were detected within the brain and 

spinal cord. Using Rosa26 mouse carrying the LacZ gene as a donor, Castro 

et al. were also unable to confirm the transdifferentiation of bone marrow 

cells into neural cells (Castro et al., 2002). Wagers et al. also came to the 

conclusion that there is little evidence for transdifferentiation of adult 

hematopoietic stem cells into nonhematopoietic cells (Wagers et al. 2002). 

To investigate the efficacy of stem cell therapy for ALS, various 

stem cell sources have been applied for ALS Tg mouse models, which drove 

beneficial effects (Boucherie et al., 2009; Clement et al., 2003; Corti et al., 

http://www.sciencedirect.com/science/article/pii/S0969996104000129#BIB6
http://www.sciencedirect.com/science/article/pii/S0969996104000129#BIB7
http://www.sciencedirect.com/science/article/pii/S0969996104000129#BIB41
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2007; Corti et al., 2006; Deshpande et al., 2006; Ende et al., 2000; 

Garbuzova-Davis et al., 2008; Garbuzova-Davis et al., 2003; Gong et al., 

2000; Habisch et al., 2007; Lino et al., 2002; Suzuki et al., 2008; Suzuki et 

al., 2007; Vercelli et al., 2008; Xu et al., 2009). The mSOD1 expressed in 

either neurons alone or astrocytes alone failed to induce significant motor 

neuron loss in SOD1G37R or SOD1G86R mice (Gong et al., 2000; Lino et al., 

2002). Clement et al. (Clement et al., 2003) also reported that non-neuronal 

cells not expressing mSOD1 delayed degeneration and significantly 

extended the survival of motor neurons expressing mSOD1, which suggests 

that microenvironments are crucial for the development, progression, and 

treatment of ALS. The improvement in the toxic environment of the brain 

harboring ALS would also enhance the survival and therapeutic effects of 

implanted stem cells.  

In the present study, replacement of microglial cells using 

stereotactic Cl2MBP-liposome injection into the brain and bone marrow 
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transplantation slowed disease progression and prolonged survival of 

SOD1G93A Tg ALS mice. In particular, these results suggest that replacement 

of microglia could be necessary for improvement of the ALS 

microenvironment, thereby slowing the progression of the disease. However, 

the mechanisms and functional implications of this replacement require 

further elucidation. 
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국문초록 

                                        서울대학교 의과대학 

                                                해부학 전공 이재철 

근위축성측삭경화증(amyotrophic lateral sclerosis, ALS)은 

일반적으로 루게릭병으로 잘 알려져 있으며 가장 흔한 형태의 

운동신경세포 질환으로써 하위 및 상위 운동신경세포가 모두 손상을 

받아서 근육의 쇠약과 위축, 주로 하지의 강직 및 연수마비 증세를 

보이는 질환으로 그 병인이 거의 알려져 있지 않고 또한 효과적인 

치료도 없으므로 종종 사망에 이른다. 근위축성측삭경화증은 질병의 

진행과정에서 소교세포에 의한 신경독성 미세환경이 병의 진행과정에서 

작용하는 것으로 알려져 있다. 현재까지 근위축성측삭경화증 환자와 

돌연변이 SOD1 형질변환 마우스 모델을 이용해서 근위축성측삭 

경화증의 퇴화과정에서 잠재적인 여러 병리학적 기전에 따른 연구가 

진행되어왔다. 중추신경계의 다른 여러 종류의 세포에서 돌연변이 

SOD1 의 발현은 질병의 발달과 진행과정에서 차별적인 영향을 주는 

것으로 알려져 있다. 뉴런에서 돌연변이 SOD1 의 발현은 

근위축성측삭경화증의 시작을 유발시키는 반면에 소교세포에서 돌연변이 
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SOD1 의 발현은 근위축성측삭경화증의 진행을 유도한다. 근위축성 

측삭경화증의 시작을 막는 것은 상대적으로 어렵지만 소교세포에서 

돌연변이 SOD1 의 발현과 활성화된 소교세포는 근위축성측삭경화증 

환자의 전체적인 생존의 연장과 진행을 늦추기 위한 좋은 치료적 목표가 

될 수 있다. 따라서 본 연구에서는 근위축성측삭경화증의 

인체적용시험(in vivo) 모델인 SOD1G93A 형질변환 마우스를 이용해서 

신경독성 미세환경을 조절하기 위해서 돌연변이 SOD1 이 발현되는 

소교세포를 돌연변이SOD1 이 발현되는 않는 소교세포로 대체했다. 

중추신경계에서 소교세포의 수를 효과적으로 줄이기 위해서 증상이 

발현되지 않은 12 주된 근위축성측삭경화증 생쥐의 제 4 뇌실 부위에 

단핵구/대식세포 시스템에 대해서 선택적 신경독성을 제거하기 위해서 

클로드로네이트 리포솜을 정위기구(Stereotactic Apparatus)를 이용해서 

정위적 주입했다. 그 이후에 녹색형광단백질(Green Fluorescent Protein, 

GFP)과 돌연변이가 발현되지 않는 소교세포를 근위축성측삭경화증 

생쥐에 골수세포를 이식했다. 다른 신경세포들에서는 돌연변이 SOD1 의 

발현이 대체된 이후 면역학적 부작용은 관찰할 수 없었다. 소교세포의 

대체는 돌연변이가 발현되는 SOD1 과 돌연변이가 발현되지 않는 

SOD1 에서 골수세포와 함께 인산완충식염수-리포솜의 정위적 주입에 



  60 

의해서 처리된 근위축성측삭경화증 생쥐와 비교해서 질병의 진행을 

늦추었으며 근위축성측삭경화증 생쥐의 생존이 연장되었다. 이 연구의 

결과는 소교세포의 대체는 신경세포의 미세환경적 증진이 질병의 진행을 

느리게 할 수 있다는 것을 확인하였다.  

 

주요어: 근위축성측삭경화증; SOD1G93A transgenic mice; 골수 이식; 클로

드로네이트 리포솜; 소교세포 
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