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Chapter 9

In multiple sclerosis (MS) neuronal deficits arise when damage to neurons can 
no longer be compensated for and/or repaired 1. The continuous progression of 
axonal loss ultimately leads to irreversible clinical dysfunction, and axonal damage 
and loss are the main correlate of clinical disability in MS 2. Macrophages are a 
major cell type infiltrating MS lesions. Macrophages may be involved in the induction 
of damage, due to the production of large amounts of inflammatory mediators, 
including cytokines and reactive oxygen species (ROS). However, macrophages 
have also been implicated in repair processes in MS lesions, due to the production of 
neurotrophic factors 3-5. As stated in the introduction of this thesis macrophages are 
a heterogeneous population of cells that exist in different activational phenotypes 
6-8. The most extreme phenotypes are classically activated (CA), pro-inflammatory 
macrophages and alternatively activated (AA), growth promoting macrophages 6.  

The studies described in this thesis aimed to elucidate the role of differently 
activated macrophages in axonal damage and repair. Here I will summarize the 
findings of my thesis, highlight their importance and give some suggestions for 
future research. 

Proposed model for macrophages during MS. We hypothesized that in MS lesions macro-
phages upon entering the lesion become CA activated. This is in essence a beneficial res-
ponse, because CA macrophages are efficient in the phagocytosis of cellular debris (chapter 
6) and increase remyelination in an inflammatory environment 9,10. However, the CA macro-
phages also induce bystander damage by their production of nitric oxide (NO), ROS, gluta-
mate and tumor necrosis factor-alpha (TNF-α) (chapter 7). These substances can all be toxic 
to neurons and also reduce the capacity of astrocytes to detoxicify the neuronal micro environ-
ment 11. Our hypothesis also includes that the CNS environment downregulates the CA phe-
notype or even switches the macrophages to an AA phenotype. The central nervous system 
(CNS) might modulate the macrophage phenotype by the expression of CD200, CD47, reti-
noic acid and neuropeptides. Finally, we also hypothesized that AA macrophages contribute 
to neuroprotection through the production of different species of growth factors (chapter 7)
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AA macrophages have increased migratory ability and are attracted by 
neurons

Only few reports are available on the functions of differently activated 
macrophages in the context of the CNS. During spinal cord injury CA macrophages 
have been observed inside the lesion, while AA macrophages are present at the 
rim of the lesions 12. In MS lesions similar results have been observed in that MR 
expression in macrophages has been observed in the perivascular space 13, while 
inducible nitric oxide synthase (iNOS) positive macrophages have been observed 
in the active rim of the MS lesion 14. These data suggest that differently activated 
macrophages migrate differently in a CNS environment. Therefore, migration was 
studied in chapter 3. We found that AA macrophages were attracted in higher 
numbers towards neuronally conditioned medium (NCM). This was probably due to 
production of CXCL12 by neurons 15 and the higher expression levels of CXCR4, 
the receptor for CXCL12, by AA macrophages 16. CXCL12 was found to attract 
AA macrophages in significantly higher numbers compared to CA macrophages. 
The AA macrophages were more motile and adhered less to the extracellular 
matrix (ECM) compared to CA macrophages. Due to the increased motility, lower 
adhesion and attraction towards NCM, AA macrophages might migrate better in the 
CNS parenchyma towards neurons and locally release growth factors stimulating 
repair and growth. In chapter 7 we describe our finding that AA macrophages 
indeed express brain derived neurotrophic factor (BDNF), nerve growth factor 
(NGF) and platelet derived growth factor (PDGF) at a higher level compared to CA 
macrophages, indicating that a contribution of AA macrophages to axonal repair 
and growth is possible. 

We found that the motility of CA macrophages was lower than AA macrophages, 
while adhesion to ECM was higher than in AA macrophages. The lower motility and 
higher adhesion of CA macrophages might limit migration and therefore bystander 
damage induced by CA macrophages by secretion of NO and pro-inflammatory 
cytokines. Astrocyte conditioned medium was found to significantly attract CA 
macrophages. Due to the production of pro-inflammatory cytokines and ROS, 
CA macrophages decrease glutamate uptake by astrocytes 11;17, contributing to 
excitotoxicity in neurons observed in MS. In MS lesions astrocytes are hypertrophic, 
activated and they secrete cytokines 18. The presence of CA macrophages could 
further enhance the activation of astrocytes by the release of pro-inflammatory 
cytokines such as TNF-α, inhibiting axonal regeneration. Finally, the cytoskeletal 
organization also differed between AA and CA macrophages. Migration, motility 
and adhesion are all influenced by cytoskeletal organization 19;20.

CA macrophages phagocytose neurons and neuronal debris 
Next, we determined phagocytic capacity of CA and AA macrophages. The most 

prominent feature of macrophages in an MS lesion is phagocytosis. We focused 
on the phagocytosis of neuronal debris, since neuronal debris has been found to 
inhibit neuronal regeneration 21;22. In chapter 6 we observed that the phagocytosis 
of neuronal debris and damaged neurons is higher in CA macrophages compared 
to AA macrophages. CA macrophages might therefore have beneficial effects, 
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since removal of axonal debris generates a regenerative environment for neurons 
22, possibly due to the existence of inhibitory signals in axonal debris 22. Inefficient 
clearing of cellular debris could ultimately even lead to neurodegeneration 23. 
Furthermore, in MS lesions, CA macrophages could also contribute to repair, 
since an inflammatory environment increased remyelination 9;10;24, although the 
phenotype of the macrophages involved has not been clearly established. However, 
the continuous production of neurotoxic factors by CA macrophages results in 
considerable bystander damage, as described in chapter 7. Apparently in MS 
lesions of patients with progressing disease the balance shifts to the damaging 
effects. Altogether, it would be ideal if the phagocytic capacity of CA macrophages 
could be promoted and the damaging effects of ROS and NO production could be 
inhibited.

AA macrophages are not toxic to neurons, but are neuroprotective and 
growth promoting

In non-CNS tissues the diverging effects of CA and AA macrophages have been 
well established. However, less is known about their effects in brain and spinal 
cord. Only one paper directly addressed the question of the effects of CA and AA 
macrophages on neurons 12. In chapter 7 we showed that direct contact between 
CA macrophages and neurons was toxic, while direct contact with AA macrophages 
did not appear to be toxic for neurons in vitro. CA conditioned medium was more 
toxic compared to AA conditioned medium. Factors produced by CA macrophages 
induced a reduction of axonal growth and neuronal survival, while exposure to 
conditioned medium from AA macrophages did not 12. These diverging effects lead 
to the need for regulation of the innate immune response, as reviewed excellently 
by Rivest 24. More studies have addressed the neuroprotective effects of microglia. 
Conditioned medium from microglia protected against toxic insults 25-27. Microglia 
are suggested to have an AA phenotype 28. Additionally, we observed that after 
the induction of damage in neurons, AA conditioned medium increased neuronal 
vitality compared to CA conditioned medium. This could be due to the production 
of increased levels of PDGF, BDNF and NGF by AA macrophages compared to 
CA macrophages that we observed in chapter 7.  The fact that AA macrophages 
produce these growth factors in higher amounts compared to CA macrophages has 
not been described before. Since AA macrophages are attracted towards NCM, are 
not neurotoxic and are able to secrete nerve growth factors, they would be beneficial 
in MS lesions by inducing axonal repair. This is potentially very interesting in MS 
lesions, since neurodegeneration is an important factor in disease progression.

Myelin phagocytosis changes the phenotype of macrophages
The phenotype of macrophages is dynamic and in response to sequential stimuli 

macrophages are able to change their phenotype 29;30.  In MS lesion ingestion of 
myelin could influence the phenotype of the macrophages present. Indeed in MS 
lesions foamy macrophages, containing myelin debris, were found to express anti-
inflammatory cytokines, without the expression of pro-inflammatory cytokines 13. 
In vitro, macrophages that had ingested myelin had a lowered LPS response 13. In 
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chapter 4 we assessed whether the effect of the ingestion of myelin on the LPS 
response could be due to the activation of the Liver X receptor (LXR). We found 
that the expression of LXR did not increase after myelin ingestion, although LXR 
activity was significantly enhanced. The decrease in TNF-α mRNA expression, part 
of the LPS response, after myelin ingestion was no longer visible after silencing 
of LXR. This partial restoration of the LPS response after LXR siRNA and myelin 
ingestion could be indicative of the fact that myelin signals via LXR and thereby 
down regulates the NF-κB activity, leading to a reduced TNF-α production. However, 
another explanation would be that LXR is constitutively active and removing this 
brake on NF-κB activation might increase TNF-α production. An indication that his 
takes place could be observed when comparing macrophages exposed to LPS 
without myelin. LXR siRNA treated macrophages had higher expression levels of 
TNF-α compared to control macrophages. Furthermore, in chapter 5, we observed 
that not every myelin preparation had a similar effect on macrophages, as the 
decrease in LPS response differed between myelin preparations. We found that 
in our hands the myelin preparation that induced the decreased LPS response 
and cytokine production contained LPS. The observation that myelin can easily be 
contaminated with LPS and that LPS free myelin did not inhibit the LPS response 
indicates that myelin ingestion in itself does not lead to an inhibition of the LPS 
response. The phenotype of foamy macrophages is not clear cut. MR expression is 
a very well described marker of the AA phenotype 6;8;31;32 and in MS lesions foamy 
macrophages were only MR positive in the perivascular space and not in the 
parenchyma of the brain, although many foamy macrophages could be observed 
there 13. High MR expression by perivascular macrophages and low expression 
by foamy macrophages in MS lesions was also observed in chapter 8. Since 
macrophages are able to switch phenotype, myelin ingestion might induce an AA 
phenotype, but the predominantly pro-inflammatory environment of the MS lesion 
might revert the phenotype. Finally, the presence of T cells in the lesions might 
affect the activation status of macrophages.

In MS lesions most macrophages have a CA phenotype
In MS lesions, where foamy macrophages were prominently present, we 

observed that all macrophages predominantly expressed markers for the CA 
phenotype (chapter 8). A panel of markers was chosen, described in literature to 
be differently expressed by human CA and AA macrophages. In active MS lesions 
the markers for the CA phenotype were highly expressed om macrophages present 
in the lesions, while markers for the AA phenotype were expressed at a much lower 
level compared to CA markers. Using the markers for AA macrophages, especially 
perivascular macrophages were easily identified. This leads us to conclude that 
the predominant phenotype in MS lesions is the CA phenotype, inducing an 
inflammatory environment. 

This persistence of the CA phenotype was also observed in spinal cord injury 
12. The authors suggested that the persistence of the CA phenotype impairs 
repair and regeneration probably also due to secondary neurodegeneration 12. In 
MS lesions the persistence of the CA phenotype might induce the slow burning 



162

Chapter 9

neurodegeneration observed. Phagocytosis, next to its beneficial effects of clearing 
cellular debris, is associated with an increased production of oxygen radicals 33;34, 
indicating an CA phenotype and leading to bystander damage. It would be beneficial 
if macrophages could be stimulated to acquire an activational state, characterized 
by an increased phagocytic capacity without the production of oxygen radicals. The 
persistence of the CA phenotype might lead to limited remyelination and axonal 
regeneration, making the research into skewing of the macrophage phenotype 
important in order to harness the beneficial effects of macrophages while reducing 
the negative aspects.  

An in vitro model for MS
In order to investigate the effects of CA and AA macrophages on axonal 

damage during MS, we set out to develop an in vitro model for demyelination in 
chapter 2. We decided to use the whole brain spheroid model in which all CNS 
cell types are present in a 3-dimensional conformation, inducing development 
and spatial complexity in vitro similar to the in vivo situation 35. In these cultures 
multilayered myelin is formed 36. Lysolecithin reproducibly induced demyelination 
in the whole brain spheroid cultures, as measured by immunohistochemistry, 
electron microscopy and CNPase activity assay. Partial remyelination occurred 
after demyelination, probably due to differentiation of NG2 positive oligodendrocyte 
precursor cells present in the cultures. Since partial remyelination was visible, we 
concluded that this model is suitable to test the effects of novel therapeutics on 
remyelination, e.g. magnitude and speed. Furthermore, this model is very useful 
to study the mechanism of remyelination and the effects of demyelination, for 
example on axons. Using spheroid cultures, cells not endogenous to the CNS, like 
macrophages, can be introduced into the spheroids with relative ease 37-39. In order 
to determine the role of macrophages on axonal damage and repair seen during 
MS we could add macrophages. One drawback of the whole brain spheroid culture 
is that it would be very difficult to determine the effect that these macrophages 
directly have on axons. All effects seen in these cultures would be a mix of direct 
effects on the axons and indirect effects via other CNS cell types.  Furthermore, the 
extent of migration into the spheroid would play a role in the effects the differently 
activated macrophages would have on spheroids. 

Future PerSPectiveS
We observed that in MS lesions macrophages obtain a CA phenotype and 

express markers for the AA phenotype at a much lower level. In MS lesions the 
persistence of the CA phenotype could inhibit repair, since CA macrophages have 
been shown to be neurotoxic while AA activation abolished the neurotoxic effects 
and increased expression of nerve growth factors (chapter 7). In MS lesions it 
would therefore be beneficial to reduce the CA phenotype and promote the AA 
phenotype. The possible mechanisms to skew the macrophage phenotype in the 
CNS are interesting to investigate, in order to design anti-inflammatory therapies

Glucocorticoids are an accepted therapy during MS. Treatment with 
glucocorticoids might be a means of skewing the activational phenotype, since 
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exposure to glucocorticoids induce a wound healing phenotype in macrophages 
in vitro 6;32. By skewing the macrophage phenotype towards a more alternatively 
activated subtype possibly acute early neuronal damage could be reduced. A 
glucocorticoid receptor ligand was found to attenuate experimental autoimmune 
neuritis, decrease the expression of inflammatory cytokines and iNOS and induce 
a M2 phenotype in vitro 40. 

Glatiramer acetate, another accepted treatment for MS, has been shown to 
affect monocytes/macrophages. Glatiramer acetate has been found to modulate 
cytokine expression in macrophages in that it induces IL-10 and reduces TNF-α 
expression 41. Adoptive transfer of monocytes derived from mice treated with 
glatiramer actetate, with increased expression of IL-10 and TGF-β and reduced 
TNF-α, IL-12, IL-23 expression, ameliorated EAE 42.

The fact that substances in the periphery can influence cells present in the CNS 
has been observed previously. In the CNS microglia have been shown to switch 
cytokine profile, from relatively anti-inflammatory to pro-inflammatory CA phenotype, 
after systemic injection of LPS after induction of Wallerian degeneration 43. The 
peripheral LPS injection also led to a decrease in neurofilament staining, indicating 
that neurodegeneration is increased. Similar results were found with a mouse 
model for prion disease, more inflammation and neuronal apoptosis after systemic 
LPS injection 44. Likewise, glucocorticoids and glatiramer acetate, when applied 
peripherally, could influence the phenotype of microglia and macrophages inside 
the CNS. It would therefore be interesting to determine the effect of glucocorticoid 
treatment on the macrophage phenotype in the CNS. Furthermore, since in MS 
lesions the macrophages predominantly express markers of the CA phenotype, it 
would be useful to study whether AA macrophages that enter a pro-inflammatory 
environment would be able to keep their phenotype. Could AA macrophages be 
able to exert positive effects in a pro-inflammatory environment? 

Another factor in the CNS that might be able to influence macrophage phenotype 
are neurons. Neurons exert effects on neighboring glial cells. Indications have 
been reported that neurons do have effects on macrophages. Neurons express 
molecules able to inhibit macrophage activation: CD200 and CD47 45-47. In MS 
lesions the expression of CD200 and CD47 were found to be decreased 48. In MS 
lesions CD200 and CD47 could be involved in the limitation of lesion expansion, 
since their expression was not down regulated in the normal appearing white 
matter. The studies investigating the effects of CD200 and CD47 show a down 
regulation of activation of macrophages. Does the down regulation of the activation 
of macrophages also lead to an AA phenotype? An indication that CD200/CD200R 
could be part of the AA activational phenotypes is that the expression of CD200R 
is reduced during classical macrophage activation 49;50. Furthermore, expression 
of CD200R was found to correlate with MR expression in macrophages after 
exposure to synovial fluid of spondylarthritis or rheumatoid arthritis 51. Next to the 
direct interaction between neurons and macrophages via receptor ligand binding, 
neurons can secrete factors that influence macrophages, such as retinoic acid and 
neuropeptides. Macrophages are known to poses receptors for retinoic acid, both 
retinoid X receptor (RXR) and retinoic acid receptor (RAR). Both RXR and RAR have 
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been shown to modulate the immune response by reduction in the pro-inflammatory 
gene expression and interference with NF-κB signaling 52;52-55.  Furthermore, after 
activation of RXR and RAR indications have been found pointing to the induction 
of an AA phenotype, such as reduction of adhesion, phagocytosis by RXR 56 and 
inhibition of TNF-α and iNOS expression in microglia after stimulation with LPS by 
RAR activation 57. All these findings are consistent with an AA phenotype, indicating 
that retinoic acid, which neurons can secrete, is able to induce an AA phenotype in 
macrophages. Neuropeptides are important tools for neurons to communicate with 
surrounding cells. Macrophages and microglia respond to these neuropeptides. 
Some neuropeptides have potent anti-inflammatory effects on macrophages, 
such as vasoactive intestinal peptide (VIP), α-melanocyte-stimulating hormone 
(α-MSH) and urocortin 58-61. Furthermore Neuropeptide Y (NPY) has been found 
to modulate both phagocytosis and phagocytosis-induced production of reactive 
oxygen species (ROS) (reviewed in 62). Neuropeptides are also able to increase 
inflammation. In macrophages substance P enhances the oxidative burst 63, induces 
specific chemokine expression 64 and increases phagocytosis 65. Finally, different 
receptors for NPY are involved in the suppression and potentiation of the oxidative 
burst in macrophages, indicating that immunomodulatory properties of NPY are 
determined by the subtypes of receptors expressed on macrophages 66. It would 
therefore be interesting to study whether CA and AA macrophages express different 
neuropeptide receptors. Furthermore, the effect of the addition of neuropeptides on 
macrophage phenotype would also be interesting to study, possibly switching the 
phenotype. 

 Finally, CD40 has been receiving more attention recently. Mainly through 
its role in T cell priming, CD40 is a likely candidate to be involved in autoimmunity. 
It has been mainly studied on dendritic cells. In mice CD40 was instrumental in 
the induction of a CA phenotype in that CD40 stimulation increased expression of 
proinflammatory cytokines, iNOS and CCL2 in macrophages. Abrogation of CD40 
signaling via TRAF6 induced IL-10 expression, indicating an anti-inflammatory 
phenotype 67. Expression of CD40 on microglia is essential for the progression 
of EAE in mice, since EAE induced in mice lacking CD40 only in microglia had 
reduced demyelination and T-cell infiltration 68;69. Furthermore, treatment with anti-
CD40 ligand antibody during EAE reduced clinical signs due to the blocking of 
the interaction between CD40 on macrophages and CD40 ligand on T cells 70. 
Perhaps the blocking of this interaction leads to macrophages developing a more 
anti-inflammatory phenotype, thereby limiting lesion development. An antagonistic 
antibody for CD40 had beneficial effects during marmoset EAE, although CD40 
seemed to be more critical during early phases of the disease since treatment 
was most beneficial if started early 71. In MS lesions CD40 was observed mainly 
in macrophages and microglia, comparable to our results (chapter 8), in close 
association with CD40 ligand bearing cells 70. Our results indicate that CD40 
expression is a sign of classical activation. Apparently in MS, microglial cells are 
triggered to be active. Monocytes from patients with MS have increased expression 
of CD40 72. 
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concluSion
Both CA and AA macrophages can have beneficial effects in an MS lesion. The 

CA macrophages are very efficient in clearing debris, however, they are toxic to 
neurons. The AA macrophages secrete higher amounts of neurotrophins and are 
not neurotoxic, however they are less efficient in clearing debris. It would be of great 
value if an activational status in macrophages could be reached with an increased 
phagocytic capacity, without the production of neurotoxic substances such as ROS, 
NO and TNF-α, and with the secretion of growth factors. Due to the highly plastic 
nature of macrophages, this is feasible. Future research should therefore focus 
on the functional activation status of macrophages stimulated with for example 
glucocorticoids, neuropeptides and CD40, with respect to the secretion of growth 
factors, phagocytosis and secretion of neurotoxic substances. 

conclusions of the studies described in this thesis

- Spheroids are a reproducible model for demyelination in 
vitro

- Remyelination occurs in spheroids
Chapter 2

- AA macrophages are attracted towards NCM
- CA macrophages are attracted towards ACM and OCM
- Adhesion, motility and actin cytoskeleton differ

Chapter 3

- LXR activity is able to downregulate LPS response
- Myelin ingestion increases LXR activity Chapter 4

- LPS is a common contaminant of myelin
- LPS-free myelin does not decrease LPS response in 

macrophages
Chapter 5

- CA macrophages phagocytose more neurons and neuronal 
debris compared to AA macrophages

- Degradation of β-tubulin an NF occurs within 24 hours in CA 
and AA macrophages, MAP2 is degraded within 48 hours

Chapter 6

- CA macrophages are toxic to neurons
- AA macrophages are not toxic to neurons
- AA macrophages produce nerve growth factors

Chapter 7

- Markers for CA macrophages are highly expressed in MS 
lesions

- Markers for AA macrophages are expressed at a low level 
in MS lesions

Chapter 8



166

Chapter 9
reFerence liSt

 1.  Bjartmar,C. and B.D.Trapp. 2001. Axonal and neuronal degeneration in multiple 
sclerosis: mechanisms and functional consequences. Curr. Opin. Neurol. 14:271-278.

 2.  Lassmann,H. 2009. Axonal and neuronal pathology in multiple sclerosis: What have 
we learnt from animal models. Exp. Neurol.

 3.  Kerschensteiner,M., C.Stadelmann, G.Dechant, H.Wekerle, and R.Hohlfeld. 2003. 
Neurotrophic cross-talk between the nervous and immune systems: implications for 
neurological diseases. Ann. Neurol. 53:292-304.

 4.  Stadelmann,C., M.Kerschensteiner, T.Misgeld, W.Bruck, R.Hohlfeld, and 
H.Lassmann. 2002. BDNF and gp145trkB in multiple sclerosis brain lesions: 
neuroprotective interactions between immune and neuronal cells? Brain 125:75-85.

 5.  Kodelja,V., C.Muller, S.Tenorio, C.Schebesch, C.E.Orfanos, and S.Goerdt. 
1997. Differences in angiogenic potential of classically vs alternatively activated 
macrophages. Immunobiology 197:478-493.

 6.  Mosser,D.M. and J.P.Edwards. 2008. Exploring the full spectrum of macrophage 
activation. Nat. Rev. Immunol. 8:958-969.

 7.  Gordon,S. and P.R.Taylor. 2005. Monocyte and macrophage heterogeneity. Nat. Rev. 
Immunol. 5:953-964.

 8.  Edwards,J.P., X.Zhang, K.A.Frauwirth, and D.M.Mosser. 2006. Biochemical and 
functional characterization of three activated macrophage populations. J. Leukoc. 
Biol. 80:1298-1307.

 9.  Setzu,A., J.D.Lathia, C.Zhao, K.Wells, M.S.Rao, C.Ffrench-Constant, and 
R.J.Franklin. 2006. Inflammation stimulates myelination by transplanted 
oligodendrocyte precursor cells. Glia 54:297-303.

 10.  Foote,A.K. and W.F.Blakemore. 2005. Inflammation stimulates remyelination in areas 
of chronic demyelination. Brain 128:528-539.

 11.  Chao,C.C., S.Hu, L.Ehrlich, and P.K.Peterson. 1995. Interleukin-1 and tumor necrosis 
factor-alpha synergistically mediate neurotoxicity: involvement of nitric oxide and of 
N-methyl-D-aspartate receptors. Brain Behav. Immun. 9:355-365.

 12.  Kigerl,K.A., J.C.Gensel, D.P.Ankeny, J.K.Alexander, D.J.Donnelly, and P.G.Popovich. 
2009. Identification of two distinct macrophage subsets with divergent effects causing 
either neurotoxicity or regeneration in the injured mouse spinal cord. J. Neurosci. 
29:13435-13444.

 13.  Boven,L.A., Van Meurs M., Van Zwam M., A.Wierenga-Wolf, R.Q.Hintzen, R.G.Boot, 
J.M.Aerts, S.Amor, E.E.Nieuwenhuis, and J.D.Laman. 2006. Myelin-laden 
macrophages are anti-inflammatory, consistent with foam cells in multiple sclerosis. 
Brain 129:517-526.

 14.  Hill,K.E., L.V.Zollinger, H.E.Watt, N.G.Carlson, and J.W.Rose. 2004. Inducible nitric 
oxide synthase in chronic active multiple sclerosis plaques: distribution, cellular 
expression and association with myelin damage. J. Neuroimmunol. 151:171-179.

 15.  Gleichmann,M., C.Gillen, M.Czardybon, F.Bosse, R.Greiner-Petter, J.Auer, and 
H.W.Muller. 2000. Cloning and characterization of SDF-1gamma, a novel SDF-1 
chemokine transcript with developmentally regulated expression in the nervous 
system. Eur. J. Neurosci. 12:1857-1866.

 16.  Martinez,F.O., S.Gordon, M.Locati, and A.Mantovani. 2006. Transcriptional profiling of 
the human monocyte-to-macrophage differentiation and polarization: new molecules 
and patterns of gene expression. J. Immunol. 177:7303-7311.

 17.  Volterra,A., D.Trotti, C.Tromba, S.Floridi, and G.Racagni. 1994. Glutamate uptake 
inhibition by oxygen free radicals in rat cortical astrocytes. J. Neurosci. 14:2924-2932.

 18.  Williams,A., G.Piaton, and C.Lubetzki. 2007. Astrocytes--friends or foes in multiple 



167

9

Discussion and summary
sclerosis? Glia 55:1300-1312.

 19.  Ke,H., V.I.Parron, J.Reece, J.Y.Zhang, S.K.Akiyama, and J.E.French. 2010. BCL2 
inhibits cell adhesion, spreading, and motility by enhancing actin polymerization. Cell 
Res 20:458-469.

 20.  Lochhead,P.A., G.Wickman, M.Mezna, and M.F.Olson. 2010. Activating ROCK1 
somatic mutations in human cancer. Oncogene 29:2591-2598.

 21.  Yong,V.W. and S.Rivest. 2009. Taking advantage of the systemic immune system to 
cure brain diseases. Neuron 64:55-60.

 22.  Tanaka,T., M.Ueno, and T.Yamashita. 2009. Engulfment of axon debris by microglia 
requires p38 MAPK activity. J. Biol. Chem. 284:21626-21636.

 23.  Rivest,S. 2009. Regulation of innate immune responses in the brain. Nat. Rev. 
Immunol. 9:429-439.

 24.  Kotter,M.R., C.Zhao, van Rooijen N., and R.J.Franklin. 2005. Macrophage-depletion 
induced impairment of experimental CNS remyelination is associated with a reduced 
oligodendrocyte progenitor cell response and altered growth factor expression. 
Neurobiol. Dis. 18:166-175.

 25.  Polazzi,E., T.Gianni, and A.Contestabile. 2001. Microglial cells protect cerebellar 
granule neurons from apoptosis: evidence for reciprocal signaling. Glia 36:271-280.

 26.  Polazzi,E., L.E.Altamira, S.Eleuteri, R.Barbaro, C.Casadio, A.Contestabile, 
and B.Monti. 2009. Neuroprotection of microglial conditioned medium on 
6-hydroxydopamine-induced neuronal death: role of transforming growth factor beta-
2. J. Neurochem. 110:545-556.

 27.  Watanabe,H., H.Abe, S.Takeuchi, and R.Tanaka. 2000. Protective effect of microglial 
conditioning medium on neuronal damage induced by glutamate. Neurosci. Lett. 
289:53-56.

 28.  Ponomarev,E.D., K.Maresz, Y.Tan, and B.N.Dittel. 2007. CNS-derived interleukin-4 
is essential for the regulation of autoimmune inflammation and induces a state of 
alternative activation in microglial cells. J. Neurosci. 27:10714-10721.

 29.  Stout,R.D. and J.Suttles. 2004. Functional plasticity of macrophages: reversible 
adaptation to changing microenvironments. J. Leukoc. Biol. 76:509-513.

 30.  Stout,R.D., C.Jiang, B.Matta, I.Tietzel, S.K.Watkins, and J.Suttles. 2005. 
Macrophages sequentially change their functional phenotype in response to changes 
in microenvironmental influences. J. Immunol. 175:342-349.

 31.  Stein,M., S.Keshav, N.Harris, and S.Gordon. 1992. Interleukin 4 potently enhances 
murine macrophage mannose receptor activity: a marker of alternative immunologic 
macrophage activation. J. Exp. Med. 176:287-292.

 32.  Gordon,S. 2003. Alternative activation of macrophages. Nat. Rev. Immunol. 3:23-35.
 33.  van der Goes A., J.Brouwer, K.Hoekstra, D.Roos, T.K.van den Berg, and C.D.Dijkstra. 

1998. Reactive oxygen species are required for the phagocytosis of myelin by 
macrophages. J. Neuroimmunol. 92:67-75.

 34.  van der Laan,L.J., S.R.Ruuls, K.S.Weber, I.J.Lodder, E.A.Dopp, and C.D.Dijkstra. 
1996. Macrophage phagocytosis of myelin in vitro determined by flow cytometry: 
phagocytosis is mediated by CR3 and induces production of tumor necrosis factor-
alpha and nitric oxide. J. Neuroimmunol. 70:145-152.

 35.  Atterwill,C.K. 1987. Brain reaggregate cultures in neurotoxicological investigations: 
adaptational and neuroregenerative processes following lesions. Mol. Toxicol. 1:489-
502.

 36.  Trapp,B.D., P.Honegger, E.Richelson, and H.D.Webster. 1979. Morphological 
differentiation of mechanically dissociated fetal rat brain in aggregating cell cultures. 
Brain Res. 160:117-130.

 37.  Loughlin,A.J., P.Honegger, M.N.Woodroofe, V.Comte, J.M.Matthieu, and M.L.Cuzner. 



168

Chapter 9
1994. Myelin basic protein content of aggregating rat brain cell cultures treated with 
cytokines and/or demyelinating antibody: effects of macrophage enrichment. J. 
Neurosci. Res. 37:647-653.

 38.  Loughlin,A.J., C.A.Copelman, A.Hall, T.Armer, B.C.Young, D.N.Landon, and 
M.L.Cuzner. 1997. Myelination and remyelination of aggregate rat brain cell cultures 
enriched with macrophages. J. Neurosci. Res. 47:384-392.

 39.  Pardo,B. and P.Honegger. 2000. Differentiation of rat striatal embryonic stem cells in 
vitro: monolayer culture vs. three-dimensional coculture with differentiated brain cells. 
J. Neurosci. Res. 59:504-512.

 40.  Zhang,Z., Z.Y.Zhang, and H.J.Schluesener. 2009. Compound A, a plant origin ligand 
of glucocorticoid receptors, increases regulatory T cells and M2 macrophages to 
attenuate experimental autoimmune neuritis with reduced side effects. J. Immunol. 
183:3081-3091.

 41.  Jung,S., I.Siglienti, O.Grauer, T.Magnus, G.Scarlato, and K.Toyka. 2004. Induction 
of IL-10 in rat peritoneal macrophages and dendritic cells by glatiramer acetate. J. 
Neuroimmunol. 148:63-73.

 42.  Weber,M.S., T.Prod’homme, S.Youssef, S.E.Dunn, C.D.Rundle, L.Lee, J.C.Patarroyo, 
O.Stuve, R.A.Sobel, L.Steinman, and S.S.Zamvil. 2007. Type II monocytes modulate 
T cell-mediated central nervous system autoimmune disease. Nat. Med. 13:935-943.

 43.  Palin,K., C.Cunningham, P.Forse, V.H.Perry, and N.Platt. 2008. Systemic 
inflammation switches the inflammatory cytokine profile in CNS Wallerian 
degeneration. Neurobiol. Dis. 30:19-29.

 44.  Cunningham,C., D.C.Wilcockson, S.Campion, K.Lunnon, and V.H.Perry. 2005. 
Central and systemic endotoxin challenges exacerbate the local inflammatory 
response and increase neuronal death during chronic neurodegeneration. J. 
Neurosci. 25:9275-9284.

 45.  Hoek,R.M., S.R.Ruuls, C.A.Murphy, G.J.Wright, R.Goddard, S.M.Zurawski, B.Blom, 
M.E.Homola, W.J.Streit, M.H.Brown, A.N.Barclay, and J.D.Sedgwick. 2000. Down-
regulation of the macrophage lineage through interaction with OX2 (CD200). Science 
290:1768-1771.

 46.  Meuth,S.G., O.J.Simon, A.Grimm, N.Melzer, A.M.Herrmann, P.Spitzer, P.Landgraf, 
and H.Wiendl. 2008. CNS inflammation and neuronal degeneration is aggravated by 
impaired CD200-CD200R-mediated macrophage silencing. J. Neuroimmunol. 194:62-
69.

 47.  Kharitonenkov,A., Z.Chen, I.Sures, H.Wang, J.Schilling, and A.Ullrich. 1997. A family 
of proteins that inhibit signalling through tyrosine kinase receptors. Nature 386:181-
186.

 48.  Koning,N., L.Bo, R.M.Hoek, and I.Huitinga. 2007. Downregulation of macrophage 
inhibitory molecules in multiple sclerosis lesions. Ann. Neurol. 62:504-514.

 49.  Jenmalm,M.C., H.Cherwinski, E.P.Bowman, J.H.Phillips, and J.D.Sedgwick. 2006. 
Regulation of myeloid cell function through the CD200 receptor. J. Immunol. 176:191-
199.

 50.  Wright,G.J., H.Cherwinski, M.Foster-Cuevas, G.Brooke, M.J.Puklavec, M.Bigler, 
Y.Song, M.Jenmalm, D.Gorman, T.McClanahan, M.R.Liu, M.H.Brown, J.D.Sedgwick, 
J.H.Phillips, and A.N.Barclay. 2003. Characterization of the CD200 receptor family in 
mice and humans and their interactions with CD200. J. Immunol. 171:3034-3046.

 51.  Vandooren,B., T.Noordenbos, C.Ambarus, S.Krausz, T.Cantaert, N.Yeremenko, 
M.Boumans, R.Lutter, P.P.Tak, and D.Baeten. 2009. Absence of a classically activated 
macrophage cytokine signature in peripheral spondylarthritis, including psoriatic 
arthritis. Arthritis Rheum. 60:966-975.

 52.  Joseph,S.B., A.Castrillo, B.A.Laffitte, D.J.Mangelsdorf, and P.Tontonoz. 2003. 



169

9

Discussion and summary
Reciprocal regulation of inflammation and lipid metabolism by liver X receptors. Nat. 
Med. 9:213-219.

 53.  Castrillo,A., S.B.Joseph, C.Marathe, D.J.Mangelsdorf, and P.Tontonoz. 2003. 
Liver X receptor-dependent repression of matrix metalloproteinase-9 expression in 
macrophages. J. Biol. Chem. 278:10443-10449.

 54.  Zhang-Gandhi,C.X. and P.D.Drew. 2007. Liver X receptor and retinoid X 
receptor agonists inhibit inflammatory responses of microglia and astrocytes. J. 
Neuroimmunol. 183:50-59.

 55.  Austenaa,L.M., H.Carlsen, K.Hollung, H.K.Blomhoff, and R.Blomhoff. 2009. Retinoic 
acid dampens LPS-induced NF-kappaB activity: results from human monoblasts and 
in vivo imaging of NF-kappaB reporter mice. J. Nutr. Biochem. 20:726-734.

 56.  Zhou,L., L.H.Shen, L.H.Hu, H.Ge, J.Pu, D.J.Chai, Q.Shao, L.Wang, J.Z.Zeng, and 
B.He. 2010. Retinoid X receptor agonists inhibit phorbol-12-myristate-13-acetate 
(PMA)-induced differentiation of monocytic THP-1 cells into macrophages. Mol. Cell 
Biochem. 335:283-289.

 57.  Dheen,S.T., Y.Jun, Z.Yan, S.S.Tay, and E.A.Ling. 2005. Retinoic acid inhibits 
expression of TNF-alpha and iNOS in activated rat microglia. Glia 50:21-31.

 58.  Gonzalez-Rey,E., A.Chorny, and M.Delgado. 2007. Regulation of immune tolerance 
by anti-inflammatory neuropeptides. Nat. Rev. Immunol. 7:52-63.

 59.  Chorny,A. and M.Delgado. 2008. Neuropeptides rescue mice from lethal sepsis by 
down-regulating secretion of the late-acting inflammatory mediator high mobility group 
box 1. Am. J. Pathol. 172:1297-1307.

 60.  Delgado,M. 2003. Inhibition of interferon (IFN) gamma-induced Jak-STAT1 activation 
in microglia by vasoactive intestinal peptide: inhibitory effect on CD40, IFN-induced 
protein-10, and inducible nitric-oxide synthase expression. J. Biol. Chem. 278:27620-
27629.

 61.  Kim,W.K., D.Ganea, and G.M.Jonakait. 2002. Inhibition of microglial CD40 expression 
by pituitary adenylate cyclase-activating polypeptide is mediated by interleukin-10. J. 
Neuroimmunol. 126:16-24.

 62.  Bedoui,S., von Horsten S., and T.Gebhardt. 2007. A role for neuropeptide Y (NPY) in 
phagocytosis: implications for innate and adaptive immunity. Peptides 28:373-376.

 63.  Yaraee,R., M.Ebtekar, A.Ahmadiani, F.Sabahi, and T.Ghazanfari. 2007. The effect 
of substance P on nitric oxide production by HSV-1 infected macrophages. Int. 
Immunopharmacol. 7:135-139.

 64.  Sun,J., R.D.Ramnath, L.Zhi, R.Tamizhselvi, and M.Bhatia. 2008. Substance 
P enhances NF-kappaB transactivation and chemokine response in murine 
macrophages via ERK1/2 and p38 MAPK signaling pathways. Am. J. Physiol Cell 
Physiol 294:C1586-C1596.

 65.  Bar-Shavit,Z., R.Goldman, Y.Stabinsky, P.Gottlieb, M.Fridkin, V.I.Teichberg, and 
S.Blumberg. 1980. Enhancement of phagocytosis - a newly found activity of 
substance P residing in its N-terminal tetrapeptide sequence. Biochem. Biophys. Res 
Commun. 94:1445-1451.

 66.  Dimitrijevic,M., S.Stanojevic, V.Vujic, A.Beck-Sickinger, and von Horsten S. 2005. 
Neuropeptide Y and its receptor subtypes specifically modulate rat peritoneal 
macrophage functions in vitro: counter regulation through Y1 and Y2/5 receptors. 
Regul. Pept. 124:163-172.

 67.  Lutgens,E., D.Lievens, L.Beckers, E.Wijnands, O.Soehnlein, A.Zernecke, T.Seijkens, 
D.Engel, J.Cleutjens, A.M.Keller, S.H.Naik, L.Boon, H.A.Oufella, Z.Mallat, 
C.L.Ahonen, R.J.Noelle, M.P.de Winther, M.J.Daemen, E.A.Biessen, and C.Weber. 
2010. Deficient CD40-TRAF6 signaling in leukocytes prevents atherosclerosis by 
skewing the immune response toward an antiinflammatory profile. J. Exp. Med. 



170

Chapter 9
207:391-404.

 68.  Ponomarev,E.D., L.P.Shriver, and B.N.Dittel. 2006. CD40 expression by microglial 
cells is required for their completion of a two-step activation process during central 
nervous system autoimmune inflammation. J. Immunol. 176:1402-1410.

 69.  Becher,B., B.G.Durell, A.V.Miga, W.F.Hickey, and R.J.Noelle. 2001. The clinical 
course of experimental autoimmune encephalomyelitis and inflammation is controlled 
by the expression of CD40 within the central nervous system. J. Exp. Med. 193:967-
974.

 70.  Gerritse,K., J.D.Laman, R.J.Noelle, A.Aruffo, J.A.Ledbetter, W.J.Boersma, and 
E.Claassen. 1996. CD40-CD40 ligand interactions in experimental allergic 
encephalomyelitis and multiple sclerosis. Proc. Natl. Acad. Sci. U. S. A 93:2499-2504.

 71.  ‘t Hart,B.A., R.Q.Hintzen, and J.D.Laman. 2008. Preclinical assessment of 
therapeutic antibodies against human CD40 and human interleukin-12/23p40 in a 
nonhuman primate model of multiple sclerosis. Neurodegener. Dis. 5:38-52.

 72.  Azoulay,D., N.Urshansky, and A.Karni. 2008. Low and dysregulated BDNF 
secretion from immune cells of MS patients is related to reduced neuroprotection. J. 
Neuroimmunol. 195:186-193.

          


