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ABSTRACT 

 

The main effector functions of microglia are immune, synaptic network refinement, 

brain insult reaction, and neurogenesis regulation. This cumulative doctoral thesis 

focuses on the relevance of the colony-stimulating factor 1 receptor (CSF1R) 

signaling pathway of microglia in the context of the last two topics, specifically in [A] 

low-grade white matter inflammation and [B] hypoxia-induced neurogenesis. 

Ad [A]: Our group previously detected that myelin structural protein cyclic 

nucleotide phosphodiesterase (CNP) deletion triggers low-grade white matter 

inflammation and causes a behavioral phenotype named catatonia. Treatment with 

the CSF1R inhibitor PLX5622 of Cnp-/- mice leads to a strong reduction of 

neuroinflammation, i.e. microglial numbers and activation status, as well as a clear 

improvement of the catatonic signs. In my first paper, I systematically addressed 

aspects which are important for clinical translation. Amongst others, I found that 

microglia surviving PLX5622-induced depletion display a pro-inflammatory 

phenotype including targeted phagocytosis of oligodendrocyte precursor cells, and 

that two PLX5622 treatment cycles are not superior to one. These results may be 

helpful for guiding future use of CSF1R inhibitors in (pre)clinical studies. 

Ad [B]: As work of our group has shown, exposure of mice to hypoxia, whether 

inspiratory or functional by motor-cognitive challenge, triggers the expression of 

brain erythropoietin (EPO). In my second paper, I found that treatment with 

exogenous EPO leads to not only increased hippocampal cornu ammonis 1 (CA1) 

pyramidal neuron numbers and dendritic spine densities, but most importantly it 

simultaneously decreases microglia proliferation, activity, and motility. Searching for 

mechanisms, I discovered a direct effect of EPO on microglia that acted in two 

phases: first EPO triggered immediate microglia apoptosis for just a limited time, 

leading to decreased microglia numbers. Subsequently, the reduction of the microglia 

population was maintained by decreased microglia proliferation. This was likely due 

to an EPO-induced decrease in the expression of interleukin 34, a neuronally 

expressed ligand of CSF1R. EPO also led to decreased microglia-neuron contacts 

and microglial metabolism in the CA1. Furthermore, this was paralleled by an 

increase in intermediate neuronal progenitors, which became mature by the end of a 

3-week EPO treatment. Importantly, these effects are dependent on EPO receptor 

expression in microglia and neurons. 
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Abbreviations of protein names 

 

ATP adenosine triphosphate 

CD11c integrin alpha X 

CD68 CD68 antigen; macrosialin 

CTIP2 B cell leukemia/lymphoma 11B 

CX3CR1 chemokine (C-X3-C motif) receptor 1 

DAP12 TYRO protein tyrosine kinase binding protein 

GSK3β glycogen synthase kinase 3 beta 

IBA1 allograft inflammatory factor 1 

IGF1 insulin-like growth factor 1 

IRS1 insulin receptor substrate 1 

Mac2 lectin, galactose binding, soluble 3 

MHCII major histocompatibility complex, class II 

P2RY12 purinergic receptor P2Y, G-protein coupled 12 

PDGFRα platelet derived growth factor receptor, alpha polypeptide 

PTP-ζ protein tyrosine phosphatase, receptor type Z 

PU.1 spleen focus forming virus proviral integration oncogene 

TBR1 T-box brain transcription factor 1 

TLE4 transducin-like enhancer of split 4 

TMEM119 transmembrane protein 119 

β-catenin catenin (cadherin associated protein), beta 1 
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Physiology of microglia 

 

Presentation

 

Microglia were identified by Pío del Río-Hortega in 1919, who named them after the 

“extremely small” size of their soma. He noted that these cells emit, however, “long 

and tortuous processes”, and are able to undergo a remarkable morphological change 

upon brain damage or infection. This pioneering series of studies also postulated that 

the ability of microglia to migrate to injury sites to perform phagocytosis could reflect 

a different embryonic origin than that of neurons and astrocytes: the mesoderm1,2. 

 

The fact that microglia are immune cells and express monocyte/macrophage 

markers (importantly, IBA13 and PU.14) led to the belief that these cells would derive 

from mesodermal hematopoietic myeloid progenitors, recruited to and differentiated 

in the central nervous system (CNS)5,6. It was later hypothesized that microglia would 

most probably migrate to the neural folds directly from the closely laying yolk sac, 

where extra-embryonic myeloid precursors can be found on embryonic day (E)7.5, 

since at this stage blood circulation in the mouse is not yet fully established7. This 

hypothesis was only confirmed in 2010: Yolk sac precursors migrate to the 

developing CNS between E8.5 and E9.5, where they proliferate until the second 

postnatal week in rodents, and disseminate throughout the parenchyma, colonizing 

the entire CNS at early developmental stages, and eventually mature to generate the 

adult microglia by postnatal day (P)148,9. This is the moment when microglia express 

TMEM119, one of the markers that differentiate them from the rest of the myeloid 

lineage cells10. 

 

The adult microglia population is long-lived, with a self-renewal throughout life11,12 

which is carefully maintained by a balanced coupled proliferation and apoptosis13. 

They account for around 10% of the total cell population in the brain12. 

 

Functions in health 

 

Although they are the principal innate immune cells of the CNS, the fact that 

microglia were discovered to have an active role in homeostasis, i.e. synaptic 
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stripping14 is what truly pushed the intensive research in this field. Via in vivo two-

photon imaging in the cortex, it was revealed that microglia are highly motile cells 

which continuously scan their surroundings. While the cell body remains mostly still, 

it is the microglial processes which are remarkably dynamic under homeostatic 

conditions. They are under a permanent protrude-and-retract movement, where each 

microglial cell has its niche and avoids mutual contact to others. Under this 

characteristic technique, microglia have been estimated to scan the entire brain 

parenchyma just over the course of a few hours15. They contact several neural 

components including astrocytes, blood vessels, neuron somas, and synaptic 

structures15-17. 

Once a damage or infection is detected, microglia undergo a profound phenotype 

switch, which includes changes in their morphology, behavior, and gene expression. 

The ramified, homeostatic, or “resting” microglia enlarge the cell body, retract their 

processes, and develop a targeted movement towards the injured site. Like this, they 

become amoeboid or “activated” microglia, and can actively migrate, phagocytose, 

and release pro- or anti-inflammatory soluble factors15,16. 

 

During embryonic and early postnatal development, microglia can be found nearby 

apoptotic neurons, removing debris, but also providing trophic support for 

developing neurons by secreting a variety of neurotrophic factors18,19. While 

performing synaptic pruning, microglia directly interact with pre- and post-synaptic 

terminals, removing less active dendritic spines and prolonging their contact with 

more active ones20-22. 

One way microglia ‘sense’ the neuronal activity for this purpose is by soluble factors 

released by neurons for which microglia express specific receptors. For example, 

neuronal injury studies have identified that microglia respond to neuronal-activity-

associated ATP with the purinergic receptor P2RY1223-25. ATP would act as a 

localized signal for microglial recruitment to not only damaged, but also activated 

synapses in order to protect the brain from excessive neuronal activation26. Similarly, 

the neuronal chemokine fractalkine guides microglia via receptor CX3CR127 for 

correct development of synaptic networks. Knockout mice for CX3CR1 have less 

refined and mature synapses in the hippocampus by P1528, and by adulthood they 

show behavioral, long-term potentiation, and synaptic plasticity impairments, along 

with decreased numbers of newly born neurons in the dentate gyrus29. Indeed, a 
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healthy microglia population is absolutely required for correct brain wiring, 

development and neurogenesis. Precisely this last topic will be described with more 

insight later on in this introduction. 

 

Heterogeneity and specificity 

 

Amongst different brain regions, ages, and even genders, different microglial 

numbers, morphologies, and transcriptomes can be found under homeostatic 

conditions30,31 as well as under disease32. It even has been postulated that the regional 

differences of microglia within the CNS are so varied that they mimic the 

macrophage tissue diversity33. Despite the fact that monocytes or tissue macrophages 

and microglia share the same embryonic origin, immune functions, and many surface 

markers34, microglia have a unique transcriptomic signature10,35. This allows the 

selective identification of microglia versus macrophages even in the diseased brain, 

when infiltration from monocytes takes place10,36, by markers like TMEM119 or 

P2RY12. 

 

Role of CSF1R 

 

The colony-stimulating factor 1 (CSF1), also known as macrophage-CSF (M-CSF), 

was the first growth factor identified and shown to stimulate the formation of 

macrophage colonies37,38. It only binds to CSF1 receptor (CSF1R), a member of the 

receptor tyrosine kinase class III family39,40, which is also bound by interleukin 34 

(IL-34)41. 

In the CNS, CSF1R is only expressed by microglia and meningeal macrophages42, 

and its signaling is proven to be essential for microglial cell survival. Knockout mice 

for CSF1 (Csf1op/op) and IL-34 (Il34LacZ/LacZ) display a partial reduction of microglia, 

more notably in white matter areas in Csf1op/op mice43, or grey matter regions of 

Il34LacZ/LacZ mice44, while CSF1R knockout mice (Csf1r-/-) are completely depleted of 

microglia and rarely survive to adulthood8,45. This shows a functional overlap by both 

ligands, but distinct expression patterns: CSF1 is largely expressed by glia and 

required for the maintenance of microglia in white matter tracts, and IL-34 is mostly 

expressed by neurons and required for microglia maintenance in grey matter 

regions46-48. 
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Downstream signaling from CSF1R includes modulation of GSK3β and β-catenin, 

both involved in the activation of cell cycle progression genes and cell survival49. 

Indeed, CSF1R inhibition with the tyrosine kinase inhibitors PLX3397 or PLX5622 

in adult mice leads to approximately 99% reduction of microglia within 3 weeks of 

treatment. Upon inhibitor withdrawal, microglia repopulate the brain reaching 

physiological levels in 14 days50,51, exclusively via proliferation of those cells 

surviving depletion52. How a small population of microglia resists the application of 

CSF1R inhibitors is still not elucidated, but one study identified a Mac2+ microglial 

subpopulation that could explain this phenomenon, since the authors claim this 

microglia subset is CSF1R-signaling independent53. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Apart from microglial proliferation, a novel role for the CSF1R axis was observed in 

neuronal development. During early postnatal development, CSF1 is co-expressed in 

TBR1+ neuronal precursor cells (NPC), and IL-34 is co-expressed by CTIP2+ 

neurons, while CSF1R is expressed in NPC and microglia. By P20 the expression of 

CSF1R is largely limited to microglia. Importantly, it was shown in vitro and in vivo 

CSF1R signaling scheme in a 

microglial cell 

Receptor binding by ligands 

CSF1 and IL-34 triggers, 

amongst others, the phos-

phorylation and activation of 

DAP12 and the inhibition of 

GSK3β function. While DAP12 

promotes β-catenin nuclear 

translocation, repression of 

GSK3β allows β-catenin 

stabilization49. 

PLX5622 inhibits receptor 

binding by the ligands50. 
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that CSF1 and more efficiently IL-34 could suppress NPC proliferation and enhance 

neuronal differentiation. Also, Csf1r-/- mice and acutely microglia-depleted mice 

embryos have a significantly reduced number of TBR1+ and CTIP2+ neurons54 which 

persists throughout postnatal development55. This indicates a direct role of the 

CSF1R axis and microglia in promoting survival and maturation of neural 

progenitors, which might be further supported by the fact that IL-34 also binds 

receptor PTP-ζ, expressed in NPC and glia, and its signaling triggers as well a 

decrease in NPC proliferation56. 

 

 

Microglia in adult neurogenesis and neurodifferentiation 

 

Adult neurogenesis was demonstrated to occur throughout life in the subgranular 

zone of the hippocampal dentate gyrus (DG) and the subventricular zone of the 

lateral ventricle in different species57. The current state of the art however shows that 

this is a difficult process to prove and understand, with the latest research in humans 

finding contradictory results58,59. It is nevertheless intensely studied, and plenty of 

evidence in the recent years point to microglia being essential regulators of the 

neurogenic niche in the adult DG. 

From the many neurons that are born during neurogenesis, only a few survive to 

maturity and become integrated in the circuitry. Microglia perform steady-state 

phagocytosis of those newborn neurons which are apoptotic60. This phagocytosis is 

done by ramified microglia via a specific modification of their processes, and is in 

stark contrast to the phagocytosis triggered by brain insults or neurodegeneration, 

which microglia perform in their amoeboid phenotype60. Acutely blocking microglial 

phagocytosis, or directly depleting microglia from the adult brain, leads to a transient 

increase of neuroblasts. Restoring microglial phagocytosis, or allowing them to 

repopulate the brain, respectively, produces that the neurogenesis rate goes back to 

physiological levels61,62. 

 

Whereas aging, inflammation, and brain disease have a negative impact on 

neurogenesis and its regulation by microglia63-65, physical exercise seems to boost 

NPC proliferation and prime microglia to support adult neurogenesis18,66,67. During 

exercise and motor-cognitive challenge, brain cells are susceptible to experience 



INTRODUCTION 

 

24 

hypoxia and express hypoxia-inducible factor 1 (HIF1)68, a reportedly neurogenesis-

regulating agent69,70. Indeed, the hypoxia-induced hormone erythropoietin (EPO) is 

required for physiological NPC proliferation71 and responsible for the hypoxia-

enhanced neurogenesis72. In adult mice, treatment with EPO acts as a 

neurodifferentiation booster by increasing the number and dendritic spine densities 

of CA1 neurons73,74, while it also prevents microglial proliferation, motility and 

activity75,76. 

Another molecule reported to increase neurogenesis is IGF1, a potent neurotrophic 

hormone often associated with exercise and needed for the exercise-induced increase 

of NPC77,78. After exercise, microglia increase their release of IGF179 and the insulin 

receptor IRS1 is upregulated in the DG80. This could promote the proliferation and 

differentiation of NPC via downstream signaling of the NPC-expressed IRS1 to 

GSK3β80,81. Of note, both HIF1 and IGF1 pathways seem to converge on β-catenin69, 

a well-known regulator of cell cycle genes with reported effects on neurogenesis82 as 

well as aforementioned microglial proliferation49. 

 

 

Microglia in disease and CSF1R inhibition as strategy 

 

Degeneration of the nervous tissue is a common feature of neurological and 

neuropsychiatric diseases. Chronic inflammation is often involved in it, with 

microglia displaying a recognizable phenotype clearly distinct from that of the 

healthy or acutely inflamed brain, but quite similar to that present in aged 

individuals83,84. This phenotype has been extensively characterized over the last few 

years by gene expression analysis, and the term ‘disease-associated microglia’ 

(DAM)84 is now well accepted. 

DAM (and aged microglia) are characterized by downregulation of the homeostatic 

microglia signature genes Tmem119 and P2ry12, and upregulation of Itgax (CD11c), 

MHCII, Csf1 and Tyrobp (DAP12), amongst others83,84. In addition, the switch from 

homeostatic microglia to DAM is a dynamic process where intermediate states can 

be found84. This makes the final function of DAM somewhat obscure: they could be 

disease-inducing or therapeutical84-86.  
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Since the regulatory protein DAP12 and the ligand CSF1 interact with CSF1R to 

induce microglial proliferation49, their upregulation in DAM might explain the 

commonly observed microgliosis (i.e. inflammation) across many brain diseases and 

aged individuals83-85,87. Modulating the microglial population and shifting it back to 

its homeostatic phenotype might be, thus, an interesting treatment approach. 

Therefore, inhibitors of CSF1R (like PLX5622) have recently become one of the most 

utilized tools in the research for potential therapies in CNS pathologies. With this 

pharmacological strategy, it was discovered that microglia can be acutely depleted 

from the adult brain without negatively affecting blood-brain-barrier integrity, 

general health, cognition, or behavior51. This is in contrast to genetic or toxin-based 

approaches, which would produce undesirable side effects like cytokine storm or 

synaptic spine alterations86,88, thus biasing the disease model and the effectivity of 

microglia depletion as treatment. 

Pharmacological CSF1R inhibition has been tested in a variety of disease models, 

ranging from neurodegenerative50 to inflammatory conditions89,90. Many of these 

studies found an improvement of the disease course, but the doubt of whether DAM 

are detrimental or beneficial remains, since upon microglia depletion a worsening of 

the symptoms has also been reported, especially in models of CNS injury or 

ischemia85,86. Nevertheless, a very important, clear conclusion from studies with 

CSF1R inhibitors is that repopulating microglia, those which proliferated from the 

few cells enduring the treatment52, have a ‘rejuvenated’ phenotype. This is, microglial 

depletion with subsequent recovery promotes (at least transiently) the homeostatic 

microglia signature and has an overall anti-inflammatory, beneficial effect62,91. 
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Project I: Genetically induced brain inflammation by Cnp deletion 

transiently benefits from microglia depletion 

 

Overview and aims of Project I 

 

Several neuropsychiatric diseases have been reported to present with microgliosis and 

low-grade microglial activation, including schizophrenia92. The mechanism behind 

how microglia become over-reactive or chronically inflammatory in brain disease is 

still not fully described, but in the recent years some significant contributions have 

shed more light in the field. 

Apart from the abnormal microglia population, clinical studies in schizophrenia, 

autism, depression, and dementia report changes in brain white matter tracts93. Thus, 

the involvement of another glial cell type seems undeniable: the oligodendrocytes. 

Postmortem human studies identified the myelin structural protein cyclic nucleotide 

phosphodiesterase (CNP) to be significantly reduced in the brains of schizophrenia, 

bipolar disorder, or major depression patients94. Furthermore, a partial loss-of-

function CNP allele has been identified to be strongly associated to the development 

of white matter hyperintensities and catatonia90,94. 

In mice, heterozygosity for Cnp leads to a mild disease phenotype at old age with 

normal motor functions, but low-grade brain inflammation and catatonia are still 

present94. Catatonia is defined as a psychomotor syndrome that reflects a disruption 

of the executive control, and causes sudden immobility and stupor. Although 

classically linked to schizophrenia, it can also occur in major mood disorders and 

secondary to other pathologies95. In mice it can be experimentally measured by the 

bar test, where Cnp deficient mice are brought into an uncomfortable posture and, 

unlike healthy mice, remain in it for a prolonged period of time94. 

 

The brains of Cnp null mutant mice show an age-related increase in astrogliosis, 

axonal degeneration and, importantly, in microglial numbers and activation. 

Catatonia can be observed in Cnp-/- animals from the early age of 8 weeks, together 

with neuroinflammatory signs90. When preventive CSF1R inhibitor PLX5622 

treatment is applied from weeks 3 to 8, an almost complete relief of the catatonic and 

inflammatory signs can be observed. The microglia that repopulate the brains of these 

animals remain at physiological levels for at least 4 weeks after inhibitor withdrawal, 
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thus being most likely a cause for the reduced axonal degeneration and astrogliosis 

observed under PLX5622 treatment in the corpus callosum. As a grave catatonia and 

anti-inflammatory treatment strategy, Cnp-/- mice received PLX5622 at the age of 27 

weeks. This also led to a drastic improvement of the catatonic and inflammatory 

phenotypes in white matter regions, but the following observations remained 

unexplained: Cnp-/- mice showed a lower rate of microglial depletion, with around 

30% of ‘leftover’ cells surviving CSF1R inhibition in contrast to the 5% leftover in 

wild-type mice; and PDGFRα+ oligodendrocyte precursor cells (OPCs) were 

decreased under PLX5622 treatment in both Cnp-/- and wild-type mice90. 

 

With those previous results in mind, the aims of Project I were to study the 

characteristics of leftover microglia evading depletion and the intercellular 

interactions that might arise during CSF1R inhibition. Also, in order to address the 

best treatment plan for translation, this project was built as a comparison between 

one and two long-term PLX5622 applications. 

 

We discovered that the phenotype of the leftover microglia in the corpus callosum 

was highly inflammatory, characterized by a decreased expression of homeostatic 

microglia marker TMEM119, but upregulation of DAM-associated CD68, MHCII, 

and CD11c. These microglia are located in white matter tracts, but they seem to 

expand to gray matter areas nearby. Very interestingly, PDGFRα+ OPCs suffered 

from a targeted phagocytosis by these microglial cells which was documented both 

in vitro and in vivo. Mature oligodendrocytes and overall myelination, however, 

were not compromised by the treatment. In vitro studies were also helpful to establish 

a culture system for efficient microglia depletion with PLX5622, where astrocyte-

secreted factors are required, since pure cultured microglia did not show an 

accelerated death during CSF1R inhibition. 

Although application of two long-term PLX5622 treatments did not provide a 

beneficial outcome with respect to one treatment alone, taking these results together 

deepens the knowledge of catatonia, and point at myelin structural abnormalities as 

the cause for a complex neuroinflammatory response that triggers catatonic signs in 

mice. 
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*Equal contribution 

 

 

Personal contribution 

 

I was personally responsible for the optimization and conduction of all in vitro 

experiments as well as the in vivo phagocytosis study. Together with the first co-

authors, I performed microscopy imaging and triple-labeled cellular quantification. I 

was also involved in the experimental planning, discussion and interpretation of the 

results, and literature research. During the publishing process, I was involved in the 

manuscript and display items drafting, as well as later revision and pre-press 

proofing. 
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Project II: Brain erythropoietin fine-tunes a counterbalance between 

neurodifferentiation and microglia in the adult hippocampus 

 

Overview and aims of Project II 

 

After the discovery that CNS cells express EPO and EPOR, several clinical trials and 

preclinical studies have reported the benefits of EPO treatment in brain disease. Here, 

our group has a leading role in the field. Ranging from stroke and traumatic brain 

injury to neuroinflammation and schizophrenia, EPO had beneficial effects, i.e. 

reducing histological damage and inflammatory responses while stimulating 

angiogenesis, neurogenesis, and preserving myelination96-100. 

 

In the search for mechanistic insight to explain such observations, it was shown that 

3 weeks of intraperitoneal EPO injections lead to a 20% increase of CTIP2+ CA1 

pyramidal neurons in adult mice. These neurons would become integrated in the 

hippocampal circuitry and remain for at least 6 months upon continuous cognitive 

challenge73. Furthermore, EPO treatment also triggered an increase in dendritic spine 

densities and the differentiation of TBR1+ and TLE4+ immature neurons74. 

The expression of endogenous EPO in neurons upon exposure to hypoxia, by means 

of reduced oxygen pressure or complex running wheel running as motor-cognitive 

challenge68,74, also led to increased numbers, activity, and dendritic spine densities of 

CA1 neurons. Combining inspiratory hypoxia with motor-cognitive challenge even 

produced a stronger, synergistic effect, for which EPOR expression by pyramidal 

neurons was required74. Importantly, during EPO treatment no increase in neuronal 

proliferation was found73. This indicates that increased neurodifferentiation takes 

place upon enhanced EPO signaling in the brain, which in turn leads to a beneficial 

cognitive outcome. As if it was a cycle, this improved neuronal capacity would 

further promote the hypoxic environment in the brain (if the stimulus would 

continue), triggering more EPO expression and, yet again, boosting 

neurodifferentiation74. 

 

Microglia are particularly interesting in this setting, since these cells have a critical 

role in the generation and maturation of newly born hippocampal neurons and 

synaptic network refinement20,60,62,85. Following the line of reporting the benefits of 
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EPO as a therapeutical strategy, studies with EPO on microglia are typically directed 

at demonstrating the overall anti-inflammatory effect that EPO has after brain injury. 

The vast majority of these works are done in vitro with cell lines that resemble more 

closely monocytes or tissue macrophages than actual brain microglia101. However, it 

is well documented that EPO reduces microglial injury-induced proliferation, 

motility, and activity, and this positively influences neuronal recovery after 

damage75,76. Very interestingly, the number of microglia can be altered by exposure 

to exercise (i.e. functional hypoxia, endogenous EPO expression68), and prone them 

to be supportive of an increased neurogenesis and neurodifferentiation in the adult 

hippocampus66,79. 

 

Taking into account that (1) EPO and exercise dampen microglia numbers, activity, 

and proliferation while promoting neurodifferentiation, (2) microglia have a critical 

role in neuronal development, and (3) microglia depend on CSF1R to survive and 

proliferate, the aims of Project II were to elucidate the effect of hypoxia and EPO on 

microglia numbers, proliferation, and activity in healthy, wild-type mice, in which 

EPO-enhanced neuronal differentiation is taking place. Moreover, we investigated if 

alterations of the CSF1R signaling pathway could contribute to the underlying 

mechanism. 

 

During this work, I discovered a direct effect of EPO on microglia that acted in two 

phases. First, EPO triggered microglial apoptosis within 24 h of treatment, leading 

to reduced microglia numbers. Then, the apoptotic induction was neutralized and 

this reduced microglia population was maintained by decreased cell 

cycle/proliferation speed via IL-34 downregulation in hippocampal neurons by EPO. 

Reduced microglial numbers and proliferation were also found after treatment with 

hypoxia. Upon CSF1R inhibition and subsequent repopulation, the targeting of 

CSF1R pathway by EPO became very evident, since the microglia repopulation was 

decreased by 50% during the first week of PLX5622 withdrawal under EPO 

treatment. Furthermore, EPO also led to decreased microglia-neuron contacts and 

microglial metabolism in the CA1, pointing to an overall reduced microglial activity, 

and was paralleled by an increase of intermediate neuronal progenitors which 

became mature by the end of the EPO treatment (reproducing previous findings73,74).  
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Importantly, these observations are dependent on microglial and neuronal EPOR 

expression, and represent a counterbalance between the decreased, dampened 

microglial population and an increased neuronal differentiation during augmented 

brain EPO signaling. 
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This thesis is one more evidence of the extreme relevance of microglia in the normal 

and diseased brain. Abnormal microglial numbers, whether too high or too low, have 

undeniable local consequences that reach the cognitive level. As if they could sense 

their own population, changes in the density of microglia come accompanied by 

altered basal microglial activity. Indeed, this is a very plastic brain component. Since 

they depend on CSF1R for survival, microglial numbers and activity can be 

modulated by targeting the CSF1R axis. 

 

It is clear that the outcome of manipulating microglia is entirely context-dependent. 

In health, microglia are performing their surveillance tasks, including neuronal 

development regulation. When they encounter a situation of increased neuronal 

differentiation, i.e. by a neuro-protective agent like hypoxia or EPO, it would seem 

like microglia are signaled to reduce the possible ‘aggressiveness’ of their pruning. 

Like this, more neurons can mature and develop new contacts. Of note, decrease of 

microglia numbers via apoptosis and reduced proliferation does nothing but further 

emphasize this boost in neurodifferentiation: microglia depleted brains have the same 

increase in CA1 neurons as those treated with EPO. Decreased production of IL-34, 

ligand of CSF1R, is likely behind the mechanism that explains the benefits of EPO 

and hypoxia. We documented the effect that altering the signaling components of the 

CSF1R pathway has in neuron numbers, something that was only previously shown 

in the embryonic and early postnatal development. Could EPO also promote 

increased neurodifferentiation in aged, non-diseased brains? Does its effect on 

microglia still apply when trying to target an altered, over-activated population as 

that of the aged CNS? 

 

In disease, increased microglial numbers and aberrant activation produce an 

inflammatory environment in the brain that can eventually turn into neuron 

degeneration and cognitive decline. In the case of catatonia, this neuroinflammation 

is triggered by alterations of myelin structural components like CNP, which do not 

produce motoric impairments. While gene therapy for these patients is still far away, 

anti-inflammatory treatment focused on microglial population dynamics can be of 

aid. For this, the CSF1R inhibitor PLX5622 has proven itself useful in the relief of 

the catatonic signs. We discovered, however, that a careful approach must be taken 

in order to control the highly inflammatory DAM population that is left during 



CONCLUSIONS AND OUTLOOK 

 

82 

PLX5622 treatment. Perhaps dose-response in vitro studies with the system we 

describe for efficient PLX5622-triggered microglia depletion would further enlighten 

the best ways to apply this compound and, later on, translate to the clinic. 

 

It would be highly interesting to combine both treatments, EPO and PLX5622, in 

health and disease. Could EPO, or hypoxia, lead to a dramatic neuro-regeneration 

of a catatonic brain, if applied simultaneously with PLX5622? What cognitive 

consequences could this have if performed on healthy animals? Indeed, apart from 

targeting microglia, both treatments seem to have direct (EPO) or indirect (PLX5622) 

effects on neurons. Perhaps it is all a question of finding the right equilibrium between 

all components to bring a diseased brain back to health, or to promote a healthy brain 

to be, well, more extraordinary.
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