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Abstract of the Dissertation 

 

Microglial contributions to Adult Onset Leukoencephalopathy with Axonal Spheroids and 
Pigmented Glia Pathology 

By 

Miguel Angel Arreola 

Doctor of Philosophy in Biological Sciences 

University of California, Irvine 2022 

Professor Kim Green 

 

Adult-Onset Leukoencephalopathy with Axonal Spheroids and Pigmented Glia (ALSP) is 

a rare autosomal dominant neurodegenerative white matter disease. Pathologically, this 

disease is characterized by the presence of cerebral white matter lesions, which induce 

early thinning of the corpus collosum followed by cortical atrophy in affected regions. 

Genome-wide linkage analyses (GWLAs) have discovered a genetic origin of disease 

with the identification of multiple mutations that affect CSF1R in families with ALSP. In 

the adult brain, CSF1R is primarily expressed by microglia. However, the cellular biology 

underlying detrimental ALSP phenotypes induced by mutations in Csf1r (e.g. cellular 

source(s) of pathology) remains elusive. Moreover, the expression of CSF1R in neurons 

during development has been noted in mice, and thus it is critical to delineate microglial 

versus non-microglial, as well as the developmental versus non-developmental 

contributions to disease onset. As recent studies into myeloid biology have clarified that 

microglia are not merely sentinel cells, but rather active participants in the maintenance 

of the central nervous system at large, it is important to understand the extent to which 

dysfunctional microglia may be able to affect central nervous system health. Moreover, 

microgliosis is common to many neurogenerative diseases and central nervous system 
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injuries; however, it remains unclear whether microglia play a causative role in 

neurodegeneration or a reactive role by responding to the presence of pathology/injury. 

Given these outstanding gaps in our knowledge of microglia cell biology, the primary goal 

of my thesis was to identify the role of microglial CSF1R haploinsufficiency in mediating 

pathogenesis. Using an inducible Cx3cr1CreERT2/+-Csf1r+/fl system, we found that 

postdevelopmental, microglia-specific Csf1r haploinsufficiency resulted in reduced 

expression of the homeostatic microglial markers P2RY12 and TMEM119. This was 

associated with loss of presynaptic surrogates and perineuronal nets. Similar phenotypes 

were observed in constitutive global Csf1r haploinsufficient mice and could be 

reversed/prevented by elimination of microglia in adulthood. As microglial elimination is 

unlikely to be clinically feasible for extended durations, we treated adult CSF1R+/- mice 

with a microglia-modulating dose of the CSF1R inhibitor PLX5622, which prevented 

microglial dyshomeostasis along with synaptic- and PNN-related deficits. Intriguingly, 

treatment of wild-type microglia with the microglia-modulating dose of PLX5622 similarly 

reduced expression of canonical microglia homeostatic marker expression. However, 

aside from reductions in presynaptic markers, behavioral and ECM outputs were 

unchanged. These data thus highlight microglial dyshomeostasis as a driver of 

pathogenesis and show that CSF1R inhibition can mitigate these phenotypes. 

As proper diagnosis for ALSP tends to occur once pathology has set in, we further aimed 

to verify whether CSF1R inhibitor treatment could be used during late stage disease 

timepoints as a viable treatment paradigm. To do so we extended the time of observation 

to 14 months at which point mice were given CSF1R inhibitor for the next two months. 

Here we observed losses to cognitive functions as assessed by Novel Object and Novel 
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Place tasks in CSF1R+/- mice, however, treatment with CSF1R inhibitor had marginal 

affects on the recovery of performance. However, deviations from microglial homeostasis, 

with respect to lowered P2RY12, and heightened CD68 and Lamp1 expression, were still 

attenuated with CSF1R inhibitor treatment. Importantly, corpus callosum damage was 

attenuated with CSF1R inhibitor treatment. This was seen with increased MBP and SMI-

31 immunostaining as well as decreased levels of Nf-L, a marker for axonal damage. 

Unexpectedly, wild-type mice that were treated with CSF1R inhibitor treatment showed 

striking parallels to CSF1R+/- mice when comparing levels of corpus callosum damage, a 

feature that was absent when comparing younger cohorts, suggesting an environmental 

influence of aging that compounds the effect of CSF1R inhibitor treatment. Given that 

many CSF1R inhibitors are currently going towards phase 3 clinical trials, it is highly 

relevant and crucial to determine the consequences of altered CSF1R signaling on CNS 

homeostasis. Collectively the results from the studies throughout this thesis highlight the 

extent to which microglia dyshomeostasis can affect central nervous system health and 

provide crucial insight into the impact of globally altering CSF1R signaling on disrupting 

central nervous system homeostasis.
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Chapter One: 

Microglia as sculptors of the Central Nervous System 

Adult-Onset Leukoencephalopathy with Axonal Spheroids and Pigmented Glia 

Adult Onset Leukoencephalopathy with Axonal Spheroids and Pigmented Glia (ALSP), 

also reported as hereditary diffuse leukoencephalopathy with spheroids (HDLS), is a rare 

autosomal dominant neurodegenerative white matter disease. Pathologically, this 

disease is characterized by the presence of patchy cerebral white matter lesions, which 

predominantly affect frontal and parietal white matter - including early thinning of the 

corpus collosum - and by subsequent cortical atrophy in the affected regions(1-4). 

Clinically, patients with this disease present variable manifestations, including motor 

impairments, dementia, seizures, and depression(5, 6). The mean age of onset is around 

42 years with average occurrence of morbidity a decade after onset(7, 8). It is predicted 

that ALSP accounts for 10-15% of the leukodystrophies reported; however, because it 

shares many pathological hallmarks with other neurodegenerative diseases, it is believed 

that ALSP diagnoses are generally underreported(9) and may be more prevalent than 

traditionally believed.  

CSF1R: the genetic cause of ALSP 

Mutations in genes expressed uniquely in microglia are known to cause progressive 

leukodystrophies and neurodegenerative disorders, termed microgliopathies (10-14). 

Dysregulation of microglial homeostasis is considered the basis for these 

neurodegenerative and neuroinflammatory diseases. While historically the diagnosis of 

ALSP was contingent on histopathological characterization from brain biopsies or 
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autopsies, using genome-wide linkage analyses, researchers identified mutations 

affecting the tyrosine kinase domain of CSF1R in families with ALSP, providing a genetic 

origin for disease onset. Importantly, in the adult brain, CSF1R is primarily expressed by 

microglia, and the mutations discovered in the genome-wide linkage analyses have been 

shown to effectively eliminate the kinase activity of this receptor (5, 6, 15). In vitro models 

of such mutations found in human patients diagnosed with ALSP demonstrate that 

autophosphorylation of the tyrosine residues in the kinase domain is impaired in cells with 

mutated CSF1R receptors(2, 6). Additionally, CSF1R haploinsufficiency was found in an 

ALSP patient(2), leading to the subsequent development of CSF1R+/- mice as a model of 

ALSP. This mouse model develops behavioral and histopathological deficits similar to 

those found in ALSP patients(16), highlighting the validity of using these mice to 

investigate ALSP disease mechanisms. Together, these data suggest that a partial loss 

of CSF1R function and subsequent microglial dyshomeostasis could be an underlying 

cause for ALSP development.  

Linking microglial activation to ALSP  

In addition to mutations in genes associated with microglial function, recent phenotypic 

evidence indicates that microglia could play an important role in the development of 

ALSP. During early pathogenesis, microglial densities increase, characterized by swelling 

of microglial bodies and increased number of CD68+, CD163+, and CD204+ microglia. 

With the progression of the disease in ALSP patients and under advanced pathology, 

microglia then substantially decrease in number. Generally, microglial alterations in 

protein expression and number in ALSP patients is reminiscent of microglial changes 

observed in a multitude of other neurodegenerative disorders such as Alzheimer’s 
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Disease (AD)(17, 18), Parkinson’s Disease (PD)(19), and amyotrophic lateral sclerosis 

(ALS)(20-22), although the exact timeline in which expression of these markers change 

is unique to each disease. The activation of microglia occurring concurrently with disease 

progression then, indicates microglial involvement to some degree. Conflicting results 

were found in a zebrafish model of ALSP, however, where fewer microglia were observed 

without affecting the microglial homeostatic signature, implying no obvious changes to 

inflammatory states in the microglia population. Rather, in response to increased 

phagocytic demand, microglia were unable to proliferate and had a delayed response to 

damage, alluding to a disease mechanism of reduced functional microglia and fewer 

available microglia as drivers of disease onset. Despite these conflicting reports, in all 

these investigational ALSP studies microglia are undoubtedly affected. Given the 

microglial gene-specific etiology of the disease and the reported changes to microglia, 

further study of ALSP could reveal how primary microglial dysregulation can lead to 

overall CNS dysregulation. 

Nasu-Hakola Disease (NHD) 

Nasu-Hakola disease (NHD) is another rare neurodegenerative disorder. NHD is caused 

by loss of function mutations in the microglial/myeloid cell-associated genes TREM2 or 

DAP12 (23, 24). NHD is characterized by the formation of multifocal bone cysts and, like 

ALSP, disease pathology includes early-onset dementia, degeneration of white matter, 

swelling of axons, and neuronal loss (23, 25-27). Upon the discovery that TREM2 

mutations are involved in NHD pathogenesis, studies sought to clarify the role of TREM2 

in CNS homeostasis. From these studies, TREM2/DAP12 signaling was found to mediate 

phagocytosis of multiple microbial and endogenous ligands, thereby facilitating the 
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clearance of debris after insult or injury(24, 28, 29). Deficiencies in TREM2 revealed a 

deficit in microglial phagocytic activity when incubated with E. Coli(30, 31) apoptotic 

Neuro2A cells(29), or amyloid beta (A)(31, 32). Further analysis of TREM2/DAP12 

signaling revealed its role in the suppression of inflammatory processes and the induction 

of transcriptional profiles indicative of enhanced myeloid cell proliferation and reduced 

death(24, 33-36). While the details of the disease require further investigation, it is 

possible that dysfunctions in phagocytic capacity and immune regulatory processes are 

key to disease pathogenesis. Interestingly, signaling through TREM2/DAP12 shares 

significant crosstalk with CSF1R signaling. For example, Src tyrosine kinase, one of the 

main effectors of CSF1R signaling, phosphorylates the immunoreceptor tyrosine-based 

activation motif (ITAM) of DAP12, highlighting overlapping pathways possibly involved in 

the development of ALSP and NHD that could explain the similar pathology found in both 

diseases(37-40). Thus, insights obtained from NHD studies may help clarify aspects of 

ALSP pathogenesis. 

 

Microglial Homeostasis 

Microglia are the brain resident myeloid cells that regulate CNS homeostasis. The 

continual extension and retraction of their ramified processes allow microglia to modulate 

brain activity, including the regulation of synaptic activity, restructuring of synapses, and 

clearance of cellular debris(41-44). Upon detection of an insult in the brain, microglia 

proliferate and migrate to the disrupted site. At the site of injury, microglia secrete 

chemokines, cytokines, and reactive oxygen species (ROS) to direct the immune 

response, ultimately resulting in the phagocytosis of pathogens and damaged cells(45, 
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46). To promote resolution of the insult, microglia secrete anti-inflammatory cytokines, 

such as transforming growth factor beta (TGF) and interleukin (IL)-10, resulting in tissue 

repair(47-49).  

Phagocytosis 

One of the more comprehensively studied functions of microglia in the brain is their role 

in clearance (via phagocytosis); this process is important for protecting the brain from 

invading pathogens and for removing cellular debris. Effective microglial clearance also 

regulates and prevents the accumulation of neurotoxic species(50-52). High levels of 

these toxic species could lead to neuronal damage that may eventually culminate in 

neurodegenerative phenotypes. In addition to the clearance of cellular debris, microglia 

are also reported to phagocytose neurons and synapses, allowing for the refinement of 

neuronal populations during development or adult neurogenesis(53, 54). Proper 

degradation of internalized components by microglia is thus essential for normal CNS 

function. Dysregulated or abnormal degradation of material can result in the intracellular 

accumulation of toxic molecules, including ROS (55).  Several targets and receptors are 

responsible for dictating differential microglial responses. For example, Fc receptor 

signaling promotes an inflammatory response and clearance, whereas SIRPα blocks 

microglial phagocytosis(56, 57). Importantly, recent studies indicate that defective 

microglial phagocytosis is implicated in a multitude of different neurodegenerative 

disorders where impaired phagocytosis leads to the accumulation of toxic debris that 

inhibit the return of the CNS and microglia to a homeostatic state(58, 59).  

Microglia remodel the Extracellular Matrix 
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The Extracellular Matrix (ECM) is a highly complex and dynamic molecular meshwork 

with roles in plasticity, biophysical protection, and cell signaling(60). The ECM and 

interstitial environment critically regulate neuroinflammation and the immune response. 

Structural components of the ECM and products of its degradation may serve as damage-

associated molecular patterns (DAMPs) that induce or suppress microglial reactivity by 

signaling through pattern recognition receptors (e.g., Toll-like receptors). For instance, 

culturing microglia on a CSPG substrate in vitro induces microglial activation, 

proliferation, and the expression of IGF-1, MMP-2, and MMP-9, whereas pharmacological 

inhibition of CSPG production with xyloside following spinal cord injury differentially alters 

inflammation and cytokine production depending on the timing of treatment(61). 

Alternatively, disaccharides generated from the degradation of CSPGs with the bacterial 

enzyme chondroitinase ABC (ChABC) confer an activated noncytotoxic microglial 

phenotype that is associated with protection in experimental autoimmune 

encephalomyelitis(62), and spinal cord injury for example(61).  

The ECM can be partitioned into structural subtypes based on organization and 

composition, which generally include (1) the basement membrane of the BBB, (2) the 

diffuse ECM found in interstitial and perisynaptic spaces, (3) the condensed, reticular 

ECM that ensheathes neuronal subsets and their perisomatic synapses to form structures 

known as perineuronal nets (PNNs), and (4) the perinodal ECM that surrounds nodes of 

Ranvier within axons and that displays compositional resemblance to PNNs(63, 64). 

Along with synaptic terminals and glial cells, the diffuse perisynaptic matrix and the 

synaptic ECM of PNNs constitute the fourth compartment and most recent addition to the 

conventional model of synaptic function, the tetrapartite synapse(60, 65), and recent 
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studies report that both structures are dynamically regulated by microglia in the 

homeostatic adult brain. 

Although PNNs are associated primarily with fast-spiking parvalbumin (PV)-expressing 

GABAergic interneurons, particularly in the cortex of the brain, they are evident 

throughout the CNS and across a variety of neuronal subsets(63, 66). These formations 

serve as a molecular scaffold to stabilize and regulate the synapses they surround and 

reach adult levels during the closure of critical periods of neuroplasticity(66, 67), and the 

genetic or enzymatic removal of PNNs or their components are capable of reinstating 

critical period-like plasticity. Strikingly, we observed that PNN abundance is dramatically 

upregulated throughout the healthy adult brain following microglial depletion(68). While 

neurons and glia may both express components that contribute to PNNs, neurons can 

express the core components of nets themselves and are capable of forming PNNs in 

vitro in the absence of glia(69). Therefore, our findings suggest that microglia basally 

regulate PNN density in the homeostatic brain, whether via direct or indirect enzymatic 

degradation and/or phagocytosis, such that their absence allows PNN components to 

accumulate. PNN enhancements induced by microglial depletion are also associated with 

increased excitatory and inhibitory synaptic connections to excitatory cortical neurons, as 

well as augmented neural activity in both cortical excitatory neurons and PV+ interneurons 

as assessed by in vivo calcium imaging(68). Synaptic connectivity and neural activity are 

both normalized following microglial repopulation(68), which is consistent with the 

normalization of PNN densities we observed under similar conditions of inhibitor 

cessation following microglial elimination. 
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The vast majority (98%) of CSPGs within the CNS are found in the general diffuse ECM, 

including the perisynaptic matrix. Research by several groups in the past decade has 

begun to shed light on the comparative composition of perisynaptic and PNN matrices in 

the CNS. The discovery of axonal coats (ACs) serves as one such example of a well-

characterized perisynaptic matrix structure that exists as a separate entity from classical 

PNNs(70). These round structures of aggrecan- and brevican-based ECM enwrap 

individual synaptic boutons contacting neuronal dendrites and somata and sometimes 

comingle with PNN components on associated neurons(70), with hypothesized roles at 

the synapse in restricting neurotransmitter spillover and receptor localization(71). It has 

been shown that targeted perisynaptic matrix degradation induces structural plasticity of 

dendritic spines (e.g., enhanced spine motility and formation of spine head 

protrusions)(72) and similar structural changes are associated with increased functional 

plasticity as measured by LTP(73), and as such, CSPGs appear to restrict plasticity in 

either case. Thus, changes in upstream perisynaptic ECM could lead to downstream 

signaling-dependent changes in synaptic plasticity and further alterations in associated 

ECM in an increasingly complex, circuit-level process. 

Suggesting a direct role for microglia in the regulation of perisynaptic matrix-controlled 

synaptic plasticity, a recent study by Nguyen et al. determined that, in response to 

neuronal IL-33, microglia in the adult brain phagocytose and clear perisynaptic ECM 

components to promote dendritic spine formation, synaptic plasticity, and fear memory 

precision(74). Importantly, they found that inhibition of this pathway decreased microglial 

engulfment of aggrecan and consequently enhanced aggrecan puncta density and 

deposition at the synapse, in addition to increasing total intact brevican while reducing 
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levels of proteolyzed brevican. Thus, as in our work, loss of microglial function results in 

enhanced ECM deposition in the homeostatic brain. The occurrence of this phenomenon 

across multiple ECM compartments (i.e., the perisynaptic matrix(74) and perineuronal 

nets(75, 76)) together suggests a fundamental homeostatic role for microglia in ECM 

degradation and remodeling, which may be required for subsequent remodeling of 

synapses surrounded and stabilized by such ECM. However, the molecular 

mechanism(s) by which such alterations occur in disease or under conditions of 

homeostasis are as of now unclear.  

As observed with synapses during developmental pruning, microglia may directly engulf 

and phagocytose ECM components. Indeed, aggrecan colocalizes with lysosomal CD68 

in microglia, a marker of phagocytosis, and disrupting IL-33-based ECM engulfment by 

microglia reduces CD68+ lysosome number(74). However, it is likely that microglial 

release of degradative enzymes is also involved in ECM turnover processes, especially 

as it applies to the remodeling of PNNs, in which CSPGs, tenascins, hyaluronan, and link 

proteins are more tightly woven together compared to the diffuse matrix.  

Microglial-Synapse Interactions 

Thorough monitoring of the CNS parenchyma by microglia aptly positions these cells to 

respond rapidly to changes in the synaptic microenvironment. In the healthy brain, they 

interact with pre- and postsynaptic compartments, perisynaptic astrocytes, and the local 

extracellular milieu(77-79). This has thus far been best studied during development when 

microglia prune excess synapses(80, 81) to promote the removal of extranumerous or 

weak synapses in the refinement of neuronal networks(82, 83). Accumulating evidence 

has implicated traditionally immune-associated molecules as critical elements in synaptic 
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refinement, describing synaptic pruning as an activity dependent mechanism. For 

example, complement cascade elements (e.g., C1q and C3) localize to synaptic 

compartments to tag synapses for elimination(84, 85), inducing phagocytosis by 

complement receptor 3 (CR3)-expressing microglia in a neural activity-dependent 

manner(80). On the other hand, genetic loss of CX3CR1, a receptor primarily expressed 

by microglia in the brain, is also associated with synaptic pruning deficits, resulting in an 

excess of dendritic spines, immature synapses, and immature brain circuitry in 

development(81, 86, 87) that persists as impaired synaptic transmission and functional 

brain connectivity in adults(88).  

Microglia can also induce synapse formation, as shown by the addition of developing 

microglia to cultured hippocampal neurons in vitro, which increases dendritic spines and 

excitatory and inhibitory synapses via microglial IL-10 (89). While this process did not 

require direct microglial contact, a recent study utilizing in vivo two-photon imaging of 

early postnatal (P8-P10) mouse brains observed microglial contact-induced filopodia 

formation on dendrites, which was reduced following minocycline treatment (90). 

Decreased dendritic spine densities were observed in the same study following microglial 

depletion (90), which resembled the reduced spine formation reported by another group 

under similar circumstances (91). However, caution must be taken regarding the 

interpretation of this result, as both studies utilized diphtheria toxin-based models of 

microglial ablation, which are associated with inflammation (e.g., upregulation of TNF-ɑ, 

IL-1β (92) or an interferon response (93)) that is not seen with genetic- or inhibitor-based 

models due to the manner in which microglial death is achieved (94). Accordingly, IL-1β 

attenuates synaptic formation induced by IL-10 (89), and postnatal CSF1R inhibitor-
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based microglial depletion instead results in excess synapses (95) that are normalized 

following microglial repopulation (96). Interestingly, loss of CSPG-5 (neuroglycan C), 

which normally localizes to the perisynaptic space (97), results in impaired presynaptic 

maturation as well as synaptic elimination that occurs earlier than normal in cerebellar 

Purkinje cells (98), which microglia survey and regulate (99-101). As early developmental 

synaptic deficits are observed in other brain regions with CSPG-5 deficiency (102), 

together, this suggests a role for perisynaptic matrix remodeling during synaptic pruning 

and maturation. Interestingly, the modulation of the synaptic landscape by microglia is not 

solely restricted to developmental time points. We recently demonstrated that elimination 

of microglia in healthy adult mice with CSF1R inhibitors increases the total density of 

hippocampal dendritic spines and enhances PSD95 and synaptophysin 

immunolabeling(103), confirming that microglia continue their roles as synaptic sculptors 

throughout adulthood. This suggests that perturbations in microglia homeostasis, even in 

adulthood, could affect synapse and overall CNS health. 

Microglia-Neuron Interactions 

In addition to synaptic modulation, microglia play a role in CNS homeostasis by regulating 

neuronal proliferation, survival, and death(104, 105). In the absence of microglia, cultured 

neural precursor cells (NPCs) exhibit decreased proliferation, however, the addition of 

exogenous microglia rescues this effect(106). In vivo studies in the developing mouse 

cortex revealed that microglia provide trophic support to neurons promoting neuronal 

survival(105, 107), whereas inhibition of microglial activity via minocycline treatment or 

microglial ablation increased neuronal apoptosis during early postnatal development(105, 

108). Contrasting their role in neuronal survival, microglia are also capable of instructing 
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neuronal cell death. Approximately half of the neurons originally born in the developing 

brain undergo apoptosis, with microglia making physical contact with the dying 

neurons(109-111). In addition, deficiencies in DAP12, which is selectively expressed by 

microglia, reduced numbers of apoptotic neurons in hippocampal regions(112), 

implicating these molecules in the regulation of neuronal death. Additionally, the 

coordinated anti- and pro-apoptotic mechanisms induced by microglia establish proper 

CNS homeostasis. By actively mediating cell survival and proliferation through synaptic 

sculpting, microglia can affect CNS functioning on a global scale. Thus, alterations to 

microglia-related pathways could exert detrimental effects on neuronal populations, 

culminating in neurodegenerative phenotypes.  

Microglia can also directly contact neurons to regulate neuronal functioning. Microglial 

processes continually contact developing and mature neurons while surveying their 

environment. This close physical proximity can be indicative of their phagocytic response; 

however, recent evidence suggests that microglia also actively mediate cell death through 

contact-mediated cues and the secretion of soluble factors(112-114). Furthermore, these 

contact points are associated with changes in neuronal excitation(115), thereby regulating 

CNS activity. In larval zebrafish, live imaging revealed that neuronal activity attracted 

resting microglia processes toward the soma of active neurons. Formation of microglial-

neuron contacts was shortly followed by the suspension of spontaneous and evoked 

activity on these neurons(116). These data indicate that microglia could regulate neuronal 

network activity and excitation following brain injury. Such cell-to-cell contact may initiate 

a local signaling cascade responsible for the downregulation of neuronal activity. Inducing 

repetitive action potentials, for example, led to axonal swelling and prolonged 
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depolarization of the cell, resulting in the rapid migration of microglia to these axons(117). 

The proper function of microglia and its interactions with neurons thus becomes a critical 

component of CNS homeostasis. Altogether, these data indicate that microglia regulate 

neuronal network activity and excitation under homeostatic conditions. Whether these 

roles continue under conditions of duress remains to be determined.  

Despite recent studies on microglia-induced modulation of neuronal activity and 

functioning, the molecular mechanisms behind these phenomena, and how microglia 

integrate multiple signals from multiple neurons at once, are still not well understood. 

While it is well-established that dysregulated functioning of microglia and their influence 

on neuronal populations impairs CNS development and homeostasis, it is also possible 

that disrupted CNS homeostasis could involve interactions occurring between microglia 

and other glial cells.  

 

Microglial induction of CNS pathology 

Under certain disease states, the immune response fails to achieve effective immune 

resolution, resulting in a perpetual and chronic inflammatory environment. Among 

different neurodegenerative disorders, emerging evidence links microglia-mediated 

neuroinflammation to the progression of pathology The ubiquitous observation of 

microglial activation and/or dysfunction in various neurodegenerative diseases, such as 

PD(118-120), Multiple Sclerosis (MS)(118-121), and Amyotrophic Lateral Sclerosis 

(ALS)(122, 123), strongly implicates microglia in conferring broad detrimental effects to 

the brain.  
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Age-related changes in microglial function can also gradually perturb CNS homeostasis, 

ultimately heightening the reactivity of glial cells(124-128). In turn, abnormal reactivity of 

microglia favors a cytotoxic response; as such, a recurring theme during disease 

progression is elevated microglial release of neurotoxic species(129-132). This 

dysfunctional immune response mediated by microglia is reported to contribute to the 

initiation of neuronal damage through the production of inflammatory molecules, including 

TNF-α, nitric oxide (NO), IL-1β, and ROS. In line with this, we recently demonstrated that 

pharmacological elimination of microglia in a mouse model of AD prevented neuronal 

loss(120), indicating that chronically activated microglia contribute to this aspect of 

neurodegeneration. Therefore, tight regulation of these signaling pathways is crucial to 

avoiding pathological neuroinflammation. The exact pathways and mechanisms involved 

are still under investigation; however, the influence of microglia on the development of 

many neuropathologies is well-described. 

Disease Associated Microglia 

Transcriptomic studies of sorted microglial populations from disease mouse models found 

common significant increases of microglial transcripts in the distressed CNS, further 

highlighting the plastic nature of microglia. The reactive microglia found in brains of 

neurodegenerative disorders, termed disease-associated microglia (DAM), were 

described as cells displaying increased expression of markers of general macrophage 

activation with a concomitant downregulation of homeostatic microglial genes. This 

upregulated DAM gene module has since been described in mouse models of 

frontotemporal dementia tauopathy(17), AD(18, 114), ALS(133), and cuprizone-induced 

demyelination(134). Transcriptionally, this includes genes involved in interferon 
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response, lysosomal and phagosome function, and lipid metabolism. The transcriptional 

signature of DAM includes the expression of the genes: Axl, Clec7a, Cst7, CD11c, MHCII, 

CD14, CD86 and CD274, CSF1(18, 135, 136).  

Microglia are equipped to recognize a myriad of signals throughout the lifespan, sensing 

any deviations in CNS homeostasis. DAM signatures could thus be indicative of 

responses to stimuli that occurs with chronic disease, perhaps reacting to apoptotic cells, 

damaged myelin, as well as protein aggregates irrespective of disease etiology. 

Accordingly, a complete DAM signature can only be attained in a TREM2 dependent 

manner - without TREM2 activity, microglia only achieve an intermediate state(18). 

TREM2, importantly, recognizes a broad spectrum of danger-related signals, ranging 

from damaged myelin to lipoproteins that form complexes with amyloid beta (A)(35, 134, 

137, 138). In this regard, TREM2 is positioned to act as the receptor linking DAM to 

multiple unique neurodegenerative disorders. Despite giving a transcriptional signature, 

the involvement of DAMs in disease is still not well understood. However, given the 

importance of TREM2 for the transition from homeostasis to a DAM signature, and the 

reported exacerbation of pathology in AD(11, 139, 140) and NHD(24, 27) caused by 

TREM2 mutations, it is likely that the DAM is, at least initially, a protective immune 

response.  

Aberrant ECM reorganization 

Previous studies have suggested that microglia may drive PNN loss in certain disease 

contexts due to their inherent ability to secrete matrix-degrading enzymes (e.g., matrix 

metalloproteinases; MMPs) and/or their molecular activators or inhibitors (141-144). 

Indeed, we have recently shown that microglial depletion prevents disease-associated 



16 
 

PNN reductions in models of Huntington’s (75) and Alzheimer’s disease (76). PNN 

components were evident in microglia in both AD mouse and human brain tissue (76). 

That we observed similar effects on PNN abundance in the relative absence of microglia 

across these models is striking, both due to their differential etiologies—intracellular vs. 

extracellular protein accumulation in the R6/2 HD (145) and 5xFAD model of AD (146), 

respectively—and the variable microglial phenotypes we observed, which resembled 

“classical activation” in 5xFAD (76) but not R6/2 brains (75), where they instead were 

associated with an interferon signature marked by enrichment of type I (IFNɑ, IFNβ) and 

type II (IFNγ) signaling pathways.   

A recent study also reported that depletion of the microglial pool with the CSF1R inhibitor 

PLX5622 prevented PNN loss caused by ketamine or 60 Hz light entrainment (147). It 

appears then that microglia have the capacity to drive PNN loss in disease, which is 

further supported by temporal analyses of microglial activation and their accumulation of 

net material in prion disease (141, 148, 149) as well as following infection with human or 

simian immunodeficiency virus (HIV or SIV), which preferentially infect microglia and 

cause downstream PNN degradation (143, 150, 151). PNN deficits/decreases have also 

been observed across more diverse diseases, many if not all of which are also generally 

associated with microglial activation including multiple sclerosis, stroke and epilepsy. 

Loss of PNNs with disease thus likely reflects a toxic gain-of-function in microglia of this 

newly identified homeostatic role, wherein augmented or complementary PNN-

degradative processes are activated. Such processes can occur either via enhanced or 

alternative secretion of ECM-cleaving proteases or their modulators, and/or increased 

phagocytosis. Importantly, such proteases implicated in remodeling ECM, are similarly 
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implicated in remodeling synapses as well (152, 153), underscoring the functional 

relationship between the ECM and synapses—to sculpt synapses, an increasingly salient 

role of microglia, the matrix in which they are embedded would presumably also have to 

be restructured. Ongoing research continues to elucidate the bidirectional interactions 

between the ECM and synapses, but the involvement of microglia in this process has just 

begun to be examined. 

Aberrant synapse elimination 

Synaptic loss, as opposed to neuronal loss, serves as the most accurate indicator of 

cognitive decline. While synapse elimination is known to be a normal process in brain 

development, the dysregulation of this process is recognized as an early feature of 

neurodegeneration(154-157). Under neurodegenerative conditions, microglial-induced 

synapse loss may be viewed as a toxic gain-of-function with respect to normal synaptic-

regulating processes as in AD where microglial-induced synapse loss involves the 

dysfunctional activation and upregulation of complement proteins C1q and C3. These 

pathways are responsible for synaptic pruning during development, with their 

overactivation leading to aberrant synaptic loss and excessive phagocytosis of synaptic 

elements(158).  Elimination of microglia, however led to improved functional outcomes 

accompanied by restoration in spine number and synaptic surrogates(103, 120), further 

emphasizing the important role of healthy microglia in maintaining synapse density. In 

addition to complement components, synapse loss can also result from the release of 

soluble synaptotoxic factors. In vitro experiments demonstrated that conditioned media 

containing TNF- nitric oxide, and IL-6 from activated microglia was sufficient to induce 

synaptic loss(159, 160). Microglia thus play an important role in the maintenance and 
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elimination of synaptic elements during disease pathogenesis where maintenance is 

hindered or aberrant pruning occurs due to the dysfunction of microglia.  

Neuropsychiatric disorders 

The hypothesis for an immunological contribution to major psychiatric disorders initially 

arose from evidence drawing parallels between core symptoms of depressive disorders 

and sickness behaviors resulting from inflammatory conditions(161). As sentinels of the 

brain parenchyma, microglia are more likely to sense the psychological stress induced by 

different paradigms. In support of this hypothesis, patients diagnosed with depression 

present with increased levels of circulating cytokines TNF- and IL-6(162) and innate 

immunity-related genes in the blood(163). Consistently, the anterior cingulate cortex and 

the dorsal prefrontal white matter in postmortem tissue of depressed patients displayed 

increased density and enlargement of microglia(164, 165). In accordance with these 

studies, murine models of chronic stress-induced depression mirrored aspects of 

immunological alterations found in the human patients. Recent studies have linked 

microglia to the development of depression and anxiety demonstrating that chronic mild 

stress activated microglia and subsequently upregulated inflammatory mediators, such 

as IL-1 and IL-6(166-171). Inactivating microglia through minocycline treatment reduced 

depressive and anxiety-like behavior(170, 171). Similarly, the induction of pro-

inflammatory phenotypes in stress-induced paradigms also promotes a state of 

glucocorticoid insensitivity in microglia, which prevents glucocorticoid-induced 

suppression of inflammation(172-174). This feedback loop then has potential to further 

propagate microglial damage to the local brain environment. As indicated by reduced Fos 

B labeling in neurons, minocycline treatment also attenuated neuronal activation induced 
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by restraint stress(167). Thus, one method by which microglia could advance 

dysfunctional neurobiological stress responses, and ultimately neuropsychiatric 

disorders, is by also further dysregulating neuronal activity. Indeed, it has been proposed 

that dysfunctional microglia-neuron crosstalk is the primary source of neuroinflammatory 

signaling after a stress response(175). To date, the exact molecular mechanisms by 

which neuropsychiatric disorders develop is still not well understood. Regardless of the 

true mechanism(s) in action, microglia are implicated as mediators to some capacity of 

depressive and anxiety-related behavioral changes associated with ALSP. 

Demyelination 

One of the main pathological hallmarks in ALSP is the severe demyelination of axonal 

tracts primarily found in the subcortical white matter of the frontal lobes and the corpus 

collosum(176, 177). White matter changes including reductions in volume and 

integrity(178, 179), bulging of myelin sheaths(180), and a separation of myelin from 

axons(181) have been observed in normal aging individuals. Similarly, multilamellar 

myelin fragments have been observed in brains of aged mice(182, 183). These fragments 

can be phagocytosed by microglia raising the possibility that they can actively remove 

myelin. Indeed, aged microglia accumulate material reminiscent of lipofuscin that 

represent indigestible myelin within their lysosomes(183). Inclusion of indigestible 

material could contribute to microglial dysfunction found in aged individuals. The precise 

role microglia play during dysfunctional demyelination in the adult is still under 

investigation, however, microglia have been implicated in the clearance of myelin debris 

in several CNS disorders such as MS and progressive multifocal 

leukoencephalopathy(184-188).  
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Myelin clearance  through the involvement of macrophage-associated complement, 

scavenger, and Fc, receptors(189), pointing towards indicating that the failure of proper 

microglial phagocytosis could  may be involved as a mechanism for myelin loss. Active 

demyelination is associated with the accumulation of microglia at the site of axonal 

lesioning(190, 191). As is the case in other neurodegenerative diseases, the increase in 

microglia density precedes the appearance of white matter pathology, implicating 

microglia as primary mediators of axonal damage. Microglial activation induces the loss 

of myelin, even prior to astrocytosis, further suggesting these cells may drive the eventual 

demyelination found in these diseases. A recent study demonstrated that the loss of 

homeostatic signature in microglia in MS, as evident by a loss in P2RY12 expression, 

was associated with the progression of disease at active lesion sites(121) . Additional 

characterization at these sites showed increased expression of phagocytic and oxidative 

responses linked specifically to microglia - in line with other studies reporting similar 

characterizations(121, 192-195)   

Recent advances showing the cellular interdependence of microglia and 

oligodendrocytes indicate that myelin dysfunction should be understood in the broader 

context of CNS pathology. As such, microglia could play a role in white matter loss and 

myelin integrity through their actions on oligodendrocyte homeostasis. Oligodendrocytes 

and oligodendrocyte precursor cells (OPCs) are involved in the myelination of the CNS , 

but both of these cell types are particularly susceptible to damage in the presence of 

reactive oxygen species, excitotoxicity, and cytokine signaling(196-201) . Indeed, in a 

mouse model of MS, the upregulation of microglial inflammatory mediators p22phox and 

gp21phox in lesion sites was positively correlated with the extent of DNA oxidation in 
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oligodendrocytes(184, 194). Furthermore, inefficient microglial phagocytosis of myelin 

debris is reported to inhibit oligodendrocyte-derived remyelination and the maturation of 

OPCs into myelinating oligodendrocytes(202), impairing myelination processes. This 

cascade of disorganized clearance and subsequent oligodendrocyte pathology may 

induce a vicious cycle, sustaining microglial activation processes and resulting in further 

demyelination, which could lead to the development of white matter brain diseases.  

 

Roles of CSF1R in Myeloid Cells 

Differentiation and Proliferation 

CSF1R is expressed on myeloid-lineage cells. Signaling through the receptor is involved 

in the differentiation of these cells to the microglial compartment in the brain – mice 

lacking the receptor are born without microglia(203, 204). During development, CSF1R is 

upregulated in myeloid precursor cells in two phases. During the first phase, transcription 

factors such as PU.1, Runx1, and C/EBP assemble, leading to the remodeling of 

chromatin at the macrophage promoter(205). The second phase involves assembly of 

transcription factors, such as Egr1 and Egr2, that simultaneously promotes the 

expression of macrophage genes and represses the transcription of neutrophil 

genes(206), ultimately resulting in the development of myeloid progenitors with restricted 

developmental potential. Upregulating CSF1R in two phases ensures that CSF1R is only 

expressed at high levels in differentiated cells that respond to CSF1 alone and not in 

multipotent cells that require synergistic growth factors like IL-3(207, 208).  

In addition to differentiation, CSF1R signaling has known roles in macrophage 

proliferation. Activation of CSF1R signaling pathways induces CSF1 dose-dependent 
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increases in protein synthesis(209, 210). CSF1R activation also phosphorylates ITAMs 

of the cytoplasmic domain of DAP12. The cascade of signals resulting from this activation 

leads to the eventual phosphorylation and nuclear translocation of -catenin, 

subsequently activating cell cycle genes. DAP12 deficiency impairs CSF1R-mediated 

proliferation and the subsequent transduction of DAP12 into DAP12 deficient bone 

marrow-derived macrophages restored wild type cell cycle signatures(39, 211).  

Survival 

CSF1 mediates macrophage survival (209, 210) largely through Akt/PI3K pathways. In 

an in vitro study of macrophage survival, inhibition of PI3K with specific inhibitors 

prevented increases of macrophages in cell culture. Despite the inhibition in proliferation, 

there was no change in DNA synthesis reported, suggesting that the pathways involved 

were related to cell survival rather than proliferation. Independent of PI3K, CSF1R-

mediated PLC activity enhances macrophage survival by altering glucose uptake. Upon 

stimulation via CSF1, glucose transporters are translocated to the cell membrane and 

glucose uptake is enhanced(212).  

Our lab has performed extensive studies on CSF1R function in CNS homeostasis and 

also found that microglia are dependent on its signaling for survival(103, 119, 120, 213-

215). We have identified several brain-penetrant CSF1R inhibitors (PLX3397, PLX5622) 

that can be orally administered to mice, resulting in the elimination of up to ~99% of 

microglia for the duration of treatment(103, 119, 120, 213-215). Despite extended CSF1R 

inhibitor treatments/microglial elimination of up to six months, no deleterious effects on 

cognition have been observed(119, 120, 213). These data inform us that we can eliminate 

the entire microglial population in the adult brain with no detrimental effects. These 
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inhibitors are currently in clinical use for oncology indications; however, as a result of our 

work, CSF1R inhibitors are now being developed for CNS disorders. Microglial elimination 

via CSF1R inhibitor administration is a unique tool that provides us with a 

tremendous amount of exploratory freedom, as we can now begin to answer fundamental 

questions about microglial function, homeostasis, and involvement in disease.  
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Chapter Two: 

Microglial dyshomeostasis drives perineuronal net and synaptic loss in a 

CSF1R +/- mouse model of ALSP, which can be rescued via CSF1R inhibitors 

INTRODUCTION 

Adult Onset Leukoencephalopathy with Axonal Spheroids and Pigmented Glia (ALSP), 

also reported as hereditary diffuse leukoencephalopathy with spheroids (HDLS), is a rare 

autosomal dominant neurodegenerative white matter disease. Pathologically, this 

disease is characterized by the presence of patchy cerebral white matter lesions, 

predominantly in frontal and parietal white matter areas, which induce early thinning of 

the corpus collosum (cc) followed by subsequent cortical atrophy in the affected regions 

(1-4). Genome-wide linkage analyses (GWLAs) have provided a genetic origin of the 

disease by identifying mutations that affect the tyrosine kinase domain of CSF1R in 

families with ALSP. In the adult brain, CSF1R is primarily expressed by microglia, and 

mutations discovered in the GWLAs have been shown to effectively eliminate the kinase 

activity of this receptor (5, 6, 15). Indeed, in vitro models demonstrate that 

autophosphorylation of the tyrosine residues in the kinase domain is impaired in cells with 

mutated Csf1r (2, 6). However, the cellular biology underlying detrimental ALSP 

phenotypes induced by mutations in Csf1r (e.g. cellular source(s) of pathology) remains 

unclear. Where some studies argue for a dominant-negative effect in which expression 

of the mutant CSF1R suppresses autophosphorylation of the wild type CSF1R (6, 216), 

others argue for a predominantly functional haploinsufficiency genetic mechanism (7, 

217). However, the discovery that Csf1r haploinsufficiency alone could cause ALSP in 

the clinical population without requiring the expression of mutated protein (2, 218) lead to 
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subsequent development of CSF1R+/- mice as a model of disease. This mouse model 

develops behavioral and histopathological deficits similar to those found in ALSP patients 

including depression, seizures, cognitive deficits, abnormal myelination and 

neurodegeneration (16), highlighting the validity of using these mice to investigate 

disease-related mechanisms. In addition to Csf1r, mutations in other genes highly 

expressed in microglia (Trem2, Tyrobp) are known to cause progressive leukodystrophies 

and neurodegenerative disorders aside from ALSP, broadly termed microgliopathies (11, 

13).  

As CNS resident macrophages, microglia modulate CNS homeostasis by orchestrating 

inflammatory responses (219), clearing cellular debris (24, 220), restructuring synapses 

(80, 221), and regulating perineuronal nets (PNNs) (74, 75, 221). Understanding how 

changes in microglial function that result from Csf1r haploinsufficiency, or other factors, 

can affect these various modalities may inform us about how microglia cause 

neurodegeneration in related microgliopathies. Importantly, this information can be 

extended to understand how altered microglial functions can affect CNS stability and 

contribute to neurodegeneration in other disorders such as Alzheimer’s disease, 

Parkinson’s disease, tauopathies, stroke and injury, as well as aging itself. Whether 

microglial gain of function or loss of function results in ALSP phenotypes, however, is still 

up for debate. Of relevance, microglia are dependent on CSF1R signaling for their 

survival, and sustained pharmacological inhibition of CSF1R, or absence of Csf1r 

expression (222), results in microglial death (213). As such, it has been postulated that 

ALSP could result from loss of homeostatic microglial numbers due to a decreased 

amount of CSF1R expression during the aging process, as has been shown in a Csf1r 
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genetic knock-out zebrafish model (223). However, long-term CSF1R inhibitor-dependent 

microglial elimination in mice (up to 6 months of treatment) does not cause any overt 

impairments as related to ALSP, and in fact improves cognition in some cases, as 

assessed by Contextual Fear Conditioning, Morris Water Maze, Barnes Maze, and 

Elevated Plus Maze (EPM) (119, 213). Nonetheless, given the primary role of CSF1R in 

both microglial survival and ALSP, and of the frequent microglial gene-specific etiology of 

leukodystrophies in general, it is likely that pathological alterations in microglial function 

contribute to ALSP onset and/or progression.  

In this study, we aimed to investigate how loss of one Csf1r allele would affect microglial 

and parenchymal homeostasis. Here, we found that myeloid-specific ablation of one copy 

of the Csf1r gene in adult mice resulted in a general loss of microglial homeostasis as 

evident by loss of P2RY12 expression. Accompanying this microglial dyshomeostasis, 

we observed a decrease in synaptic surrogates, as well as dysregulation of extracellular 

matrix (ECM) components, in particular a loss of perineuronal nets (PNNs), confirming an 

adult microglial origin for these downstream phenotypes. Using a constitutive CSF1R+/- 

mouse model of ALSP we noted an increase in microglia densities, due to developmental 

defects in the establishment of the adult microglial population, and a similar loss of 

P2RY12 expression and microglial hyper-ramification in CSF1R+/- mice. Accompanying 

this loss in microglial homeostasis, we observed impaired behavioral output assessed by 

Novel Object and Novel Place Recognition tasks, along with similar decreases in synaptic 

surrogates and PNNs. Accordingly, complete elimination of microglia from adult CSF1R+/- 

mice reverses PNN and synaptic deficits. We further compared the genetic monoallelic 

loss of Csf1r with low-grade chronic CSF1R inhibition (CSF1Ri) and found significant 
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overlap in gene expression changes, suggesting that partial disruptions to CSF1R 

signaling, whether pharmacological or genetic in nature, lead to similar downstream 

signaling abnormalities. Unexpectedly, low-grade CSF1Ri in CSF1R+/- mice was able to 

reverse microglial dyshomeostasis and restore cognition, as well as prevent the loss of 

synaptic surrogates and perineuronal nets in affected mice, rather than exacerbate these 

alterations. 

MATERIALS AND METHODS 

Compounds: 

PLX5622 was provided by Plexxikon Inc. and formulated in AIN-76A standard chow at a 

dose of 150 ppm or 1200 ppm by Research Diets Inc.  

Mice: 

All mice were obtained from The Jackson Laboratory. Mice were mixed sex C57BL/6 

(000664) mice. Animals were housed with open access to food and water under 12h/12h 

light-dark cycles. All mice were aged to 8 months unless otherwise indicated. Csf1r+/- mice 

were generously provided by Dr. Karina Cramer (University of California – Irvine; 

Department of Neurobiology and Behavior) and were maintained and genotyped as 

described previously (224). For genotyping Csf1r+/- mice the following primers were used: 

Forward, 5’ ATCCAGCATTAGGCAGCCT; reverse, 5’ GCCACCATGTGTCCGTGCTT. 

For inducible CSF1R haploinsufficiency experiments the following mice were obtained 

from The Jackson Laboratory: CSF1Rfl/fl (B6.Cg-Csf1rtm1.2Jwp/J; Stock No: 021212) and 

Cx3Cr1cre-ert2/cre-ert2 (B6.129P2(C)-Cx3cr1tm2.1(cre/ERT2)Jung; Stock No: 020940). Progeny 

from these mice were bred to produce groups of interest. For genotyping Csf1r+/Csf1r fl 
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mice the following primers were used: Forward, 5’ CTGGACTCATCCACCACCTT; 

reverse, 5’ CGTTGGCTACCCGTGATATT). For genotyping Cx3cr1cre-ert2 mice, the 

following primers from The Jackson Laboratory were used: Wild type Forward, 5’ 

AGCTCACGACTGCCTTCTTC; Common, 5’ ACGCCCAGA CTAATGGTGAC; Mutant 

Forward, 5’ GTTAATGACCTGCAGCCAAG 

Animal treatments: 

All rodent experiments were performed in accordance with animal protocols approved by 

the Institutional Animal Care and Use Committee (IACUC) at the University of California, 

Irvine. The CSF1R+/-   mouse model (16, 225) has been previously described in detail. 

For LPS experiments, 9-month-old male and female Wild-Type mice were 

intraperitoneally (IP) injected with 0.5 mg/kg LPS, as described before, (213)(L4130, 

Sigma) and BrdU (000103, Thermo Fisher Scientific) or saline and BrdU every other day 

for a week followed by euthanasia 24hr after the last dose. BrdU injections were 

administered intraperitoneally to all mice at a dose of 1 ml/100 g body weight (213) (per 

manufacturer’s instructions) twice daily. At the end of treatments, mice were euthanized 

via CO2 inhalation and transcardially perfused with 1X phosphate buffered saline (PBS). 

For all studies, brains were removed, and hemispheres separated along the midline. Brain 

halves were either flash frozen for subsequent biochemical analysis, drop-fixed in 4% 

Paraformaldehyde (PFA; Thermo Fisher Scientific, Waltham, USA) for subsequent 

immunohistochemical analysis. Half brains collected into 4% PFA for 48 hrs and then 

transferred to a 30% sucrose solution with 0.02% sodium azide for another 48-72 hrs at 

4C.  Fixed half brains were sliced at 40 µm using a Leica SM2000 R freezing microtome. 

The flash-frozen hemispheres were microdissected into cortical, hippocampal, and 
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thalamic/striatal regions and then ground with a mortar and pestle to yield a fine powder. 

For RNA analyses, half of the powder was processed with an RNA Plus Universal Mini 

Kit (Qiagen, Valencia, USA) according to the manufacturer’s instructions.  

Behavioral assays: 

The following behavioral paradigms were carried out in the following order (213) WT 

and CSF1R+/- underwent behavioral assessment six weeks after being placed on their 

respective diet beginning at 6 mo. 

Elevated plus maze (EPM) 

Mice were placed in the center of an elevated plus maze for 5 minutes to assess anxiety. 

Unless otherwise stated, ANY-Maze software was employed to video-record and track 

animal behavior. The total number of open and closed arm entries, as well as the time 

spent in each arm was determined.   

Open field (OF) 

In brief, mice were placed in a white box for 5 min to assess anxiety. The amount of time 

spent in the center versus the perimeter of the arena was obtained. Measurements on 

distance traveled as well as average speed of the mice were also observed. Of note, the 

same arena was used for OF, Novel Object, Novel Place and Social Interaction tasks. 

Novel object recognition (NOR) 

Mice were allowed to freely explore two identical objects (either small glass beakers or 

plastic building blocks; counterbalanced for treatment) and exploratory behavior was 

recorded for 5 min. 24 hrs later, one familiar object is replaced with a novel object (either 
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beaker or block) and behavior is recorded for 3 min. The amount of time spent 

investigating the novel object was determined by calculating the discrimination index (time 

investigating novel object—time investigating old object / total time) and is presented as 

a percentage, where chance level of investigation for each object is 50%. 

Novel place recognition (NPR) 

Mice were allowed to freely explore two identical objects (either small glass beakers or 

plastic building blocks; counterbalanced for treatment) and exploration behavior is 

recorded for 5 min. 24 hrs later, one familiar object is moved to a new location and 

behavior is recorded for 3 min. The amount of time spent investigating the novel object 

was determined by calculating the discrimination index (time investigating novel place—

time investigating old place / total time) and is presented as a percentage, where chance 

level of investigation for each place is 50%. 

Social Interaction Task 

Mice we allowed to freely explore the arena for 5 minutes. After habituation, a control 

mouse of the same sex was placed inside a wire containment cup that is located to the 

side of the arena. Subject mouse was allowed free access to the arena and control mouse 

for 5 minutes. Number of direct contacts between the subject mouse and the containment 

cup housing a control mouse were quantified as active contacts. Duration of active 

contact points were measured and determined by calculating the discrimination index 

(time of active contact points / total time) and is presented as a percentage. 

Rotarod 
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The motor capabilities of the mice were tested using an accelerating rotarod (Ugo Basile). 

Each mouse was placed on the rotarod beam for a maximum of 5 min while it accelerated 

from 8 to 40 rpm. The experimenter stopped the timer when either the mouse fell off the 

beam or the mouse held on to the beam and its body completed two full rotations. A total 

of 5 trials were performed per mouse, each with a 15-min intertrial interval.  

Oral gavage of adult mice with tamoxifen: 

Tamoxifen (Sigma, T5648) was dissolved in corn oil (Sigma, C8267) at a concentration 

of 50 mg/ml. For adult induction of CSF1R haploinsufficiency, tamoxifen (5 mg/25g body 

weight) was orally gavaged daily for 5 days. Tamoxifen administration began at 2 mo and 

brains were harvested at 8 months.  

Histology and confocal microscopy: 

For immunostaining of P2RY12, Aggrecan, CSPG CS-56, and Ctip2 antigen retrieval was 

performed by heating the sections in citrate buffer (10 mM [pH 6.0]) for 30 minutes at 80C 

followed by 10 minute cooling period and 5 minute 1X PBS wash. Fluorescent 

immunolabeling followed using a standard indirect technique as described previously 

(119). Brain sections were stained with primary antibodies against: ionized calcium 

binding adaptor molecule 1 (IBA1; 1:1000; 019-19741, Wako and ab5076, Abcam), 

wisteria floribunda agglutinin (WFA; 1:1000, B1355, Vector), Aggrecan (1:200; ab1031 

Millipore), CSPG CS-56 (1:200; ab11570 Abcam), S100β (1:200; Abcam), glial fibrillary 

protein (GFAP; 1:1000; Abcam), Ki67 (1:200; Cell Signaling), BrdU (1:500; Abcam), NeuN 

(1:1000; Millipore), MBP (1:200; Millipore), PDGFR  (1:200; Thermofisher Scientific), 

Olig2 (1:200; Abcam), Synaptophysin (1:1000; Sigma Aldrich), PSD95 (1:500; Abcam 
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and Cell Signaling), Bassoon (1:1000; Synaptic Systems), P2RY12 (1:200; Sigma-

Aldrich), Ctip2 (1:200; Abcam), SV2A (1:200; Synaptic Systems), CD206 (1:200; 

Thermofisher Scientific), CD163 (1:200; Abcam) and CUX1 (1;200; Abcam).  

For TUNEL staining the Promega Dead End TUNEL Assay Kit (Cat No: G3250) was used 

following manufacturer’s instructions. Briefly, samples were washed in PBS, incubated in 

Equilibration Buffer for 10 minutes, and covered with plastic coverslips. Slides were then 

immersed in incubation buffer made of Equilibration Buffer (180 L), Nucleotide Mix (20 

L), and rTdT Enzyme(4 L) at 37 °C for 1h not exposed to light. Slides were dipped in 

2X saline sodium-citrate (SSC) buffer for 10 minutes at room temperature. DNase I was 

used to generate strand breaks in DNA to provide a positive TUNEL reaction control. 

Negative control sections were incubated in incubation buffer without rTdT Enzyme. 

For RNAscope In-Situ Hybridization we followed manufacturer’s instructions. Briefly, 

tissue sections were mounted onto slides and warmed at 60 ̊C for 30 minutes. Sections 

were dehydrated with 50%, 70%, and 100% ethyl alcohol gradients for 5 minutes each at 

room temperature and followed by hydrogen peroxide (Cat No.322335 ACDBio) at room 

temperature for 10 minutes each and then washed with Deionized (DI) water. Tissue 

sections were placed in boiling 1X Target Retrieval Reagent (Cat No.322380 ACDBio) for 

15 minutes then immediately transferred to DI water and washed in 100% Ethyl Alcohol 

and allowed to dry. Slides were covered in Protease III (Cat No.322337 ACDBio) for 30 

minutes at 40 ̊C. Probes were then added for 2 hrs at 40 ̊C within a humidity control 

chamber. Signal amplification and detection reagents (Cat No.322310 ACDBio) were 

applied sequentially and incubated in AMP 1, AMP 2, and AMP for 30 minutes each. 

Before adding each AMP reagent, samples were washed twice with washing buffer (Cat 



33 
 

NO.310091 ACDBio). Respective HRPs were placed on slides for 15 minutes at 40 ̊C 

followed by 30 minutes of respective Opal dye (FP1487001KT Akoya Biosciences) for 30 

minutes at 40 ̊C and HRP blocker for 15 minutes at 40 ̊C. 

High resolution fluorescent images were obtained using a Leica TCS SPE-II confocal 

microscope and LAS-X software. For confocal imaging, one field of view (FOV) per brain 

region was captured per mouse using the Allen Brain Atlas to capture comparable brain 

regions. For synaptic quantifications three FOVs per brain region were captured and 

quantifications for each animal was averaged. Total cell counts and morphological 

analyses were obtained by imaging comparable sections of tissue from each animal at 

the 20X objective, at multiple z-planes, followed by automated analyses using Bitplane 

Imaris 7.5 spots and filaments respectively, as described previously (214). Colocalization 

analyses were conducted using Bitplane Imaris 7.5 colocalization and surfaces modules. 

For hemisphere stitches automated slide scanning was performed using a Zeiss 

AxioScan.Z1 equipped with a Colibri camera and Zen AxioScan 2.3 software. Cell 

quantities were determined using the spots module in Imaris. Integrated density 

measurements were determined in ImageJ (NIH). 

RNA sequencing:  

Whole transcriptome RNA sequencing (RNA-Seq) libraries were produced from Wild-type 

(WT), CSF1Ri, CSF1R+/, and CSF1Ri-CSF1R+/-  mice treated from 6 – 8 months, brains 

that were microdissected to extract cortical tissue (n=6/group). Briefly, 100-600ng of RNA 

were depleted of ribosomal RNA, fragmented, reverse transcribed and ligated to indexed 

sequencing adapters using the KAPA RNA HyperPrep Kit with RiboErase. Amplified 

libraries were combined into 4 pools of 12 libraries and sequenced on 4 lanes of a 
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HiSeq4000 producing 50bp single-end reads. Reads were mapped to the reference 

mouse genome (mm10) using STAR (226) aligner and quantified with the featureCounts 

function of the Rsubread (227) package in R (228). After filtering out low-count genes, 

count distributions were scaled using the calcNormFactors function of the edgeR (229) 

package.  

Weighted correlation network analysis: Network analysis was performed using weighted 

gene co-expression analysis (WGCNA) package in R (230). First, bi-weighted mid-

correlations were calculated for all gene pairs, and then used to generate an eigengene 

network matrix, which reflects the similarity between genes according to their expression 

profiles. This matrix was then raised to power β (β=20). Modules were defined using 

specific module cutting parameters (minimum module size = 100 genes, deepSplit = 4 

and threshold of correlation = 0.2). Modules with a correlation greater than 0.8 were 

merged. We used first principal component of the module, called signed bicor network, to 

correlate brain region, irradiation, and treatment. Hub genes were defined using intra-

modular connectivity (kME) parameter of the WGCNA package. Gene enrichment 

analysis: Gene-set enrichment analysis was done using enrichR (231) 

Quantitative PCR: 

cDNA was prepared using an iScript cDNA synthesis kit following manufacturer’s 

instructions (Bio-Rad; 1708890). Quantitative real-time polymerase chain reaction was 

performed to determine the relative expression of Csf1r as well as Gapdh as a control. 

The primer pairs for each were obtained as part of the PrimePCR-PreAMP SYBR Green 

Assay (Bio-Rad; unique assay ID: qMmuCID0016567, qMmuCED0027497). Real-time 

polymerase chain reactions were performed in 20 L volume reactions using the 
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SsoAdvanced Universal Supermix SYBR Green system (Bio-Rad). Real-time polymerase 

chain reaction conditions were 95 ̊C for 2 minutes for 1 cycle followed by 95 ̊C for 10 

seconds and 60 ̊C for 30 seconds for 40 cycles on a Bio-Rad CFX96 Touch thermocycler. 

Data analysis and statistics  

Statistical analysis was performed with Prism Graph Pad (v.8.0.1; La Jolla, USA). To 

compare two groups, the unpaired or paired Student’s t-test were used. Behavioral, 

biochemical, and immunohistological data were analyzed using Two-way ANOVA (Diet: 

Control vs. PLX5622 and Genotype: WT vs. CSF1R+/-) using GraphPad Prism Version 8. 

Tukey’s post hoc tests were employed to examine biologically relevant interactions from 

the two-way ANOVA regardless of statistical significance of the interaction. For all 

analyses, statistical significance was accepted at p < 0.05. and significance expressed 

as follows: *p < 0.05, **p< 0.01, ***p < 0.001. n is given as the number of mice within each 

group. Statistical trends are accepted at p<0.10 (#). Data are presented as raw means 

and standard error of the mean (SEM). 

 

RESULTS 

Microglia-specific monoallelic Csf1r KO in adult mice induces loss of presynaptic 

markers, disruption to the ECM compartment, and microglial dyshomeostasis 

While CSF1R is exclusively expressed in microglia in the adult brain (232), expression of 

this receptor has also been reported in specific neuronal populations during brain 

development (233, 234) . As CSF1R+/- mice lack one Csf1r allele in all cells throughout 

their lifespan, we sought to fully establish the microglial and adult origin of any disruptions 
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induced by Csf1r haploinsufficiency which  may be relevant to ALSP pathogenesis. To 

this end, we crossed Cx3cr1-CreERT2/+ mice with floxed Csf1r+/fl mice to generate mice in 

which we could inducibly and specifically ablate a Csf1r allele from adult microglia. 

Progeny from this pairing resulted in two groups: CX3CR1Cre-CSF1R+/+ (Con) and 

CX3CR1Cre-CSF1R+/fl (iCSF1R+/-) mice. At 2 months of age (i.e., in adult mice) we 

administered tamoxifen to excise a single CSF1R allele selectively from microglia/myeloid 

cells, and animals were subsequently sacrificed at 8 months old (mo) (Fig. 1a). Because 

events leading up to overt CNS pathology in ALSP are still poorly understood, we chose 

to focus our study on a time point at which cognitive deficits are detectable, but white 

matter and axonal damage is not yet apparent, based on published data from global Csf1r 

haploinsufficient mice (16).  To confirm the efficient recombination and knockdown of 

Csf1r expression, we quantified Csf1r mRNA via RNAscope in situ hybridization and 

found 40-50% reduced levels of Csf1r RNA in iCSF1R+/- mice compared to Con mice (Fig. 

1b, c). Notably, Csf1r mRNA was absent in neurons at this time point. Since Csf1r is a 

primarily microglia-expressed gene in the adult brain, and studies of post-mortem ALSP 

brains report microglial dysregulation preceding axonal pathology (3) further suggesting 

microglial involvement during early disease onset, we first analyzed cortical microglial 

densities. Despite apparent Csf1r downregulation, cortical microglial numbers were 

unaffected in iCSF1R+/- animals (Fig. 1d,e), in contrast to the reported ~25% elevation in 

microglial densities reported in global Csf1r haploinsufficient mice (16, 225), and no overt 

morphological signs of microglial reactivity were seen (i.e. de-ramified enlarged cell 

bodies, retracted and condensed processes). Because Csf1r can be expressed by 

perivascular macrophages (PVM) we immunostained for these with antibodies against 
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CD206 and found no changes to the number of PVMs between Con and iCSF1R+/- groups 

(Supplemental Fig. 1a,b). 

Under homeostatic conditions, the microglial transcriptome is characterized by 

expression of genes such as Sall1, Hexb, Cx3cr1, Tmem119, Trem2, P2ry12, Mertk, and 

SiglecH (18, 235)  . While these genes are uniquely and highly expressed by microglia 

during homeostasis, under states of duress or neurodegeneration this subset of genes is 

downregulated (235-237) . This downregulation, however, is transient in some cases – 

during periods of recovery, microglia have been observed to upregulate these same 

genes (238). A recent study noted reduced expression of P2RY12 in ALSP patients (238), 

as such, we stained for P2RY12 to examine the homeostatic status of microglia and 

observed reduced microglial expression of this marker in iCSF1R+/- mice (Fig. 1f, g). 

Similarly, we observed reduced expression of the homeostatic maker TMEM119 in 

iCSF1R+/- mice (Supplemental Fig. 2a,b). 

Previous studies have shown that dysfunctional microglia are active participants in the 

structural and functional alteration of synapses that culminates in synaptic impairment 

and degradation (157, 159) . Therefore, we investigated cortical synaptic integrity by 

quantifying known pre- and post- synaptic markers (239-241). Interestingly, iCSF1R+/- 

mice showed significant reductions in presynaptic markers (Synaptophysin, SV2A, and 

Bassoon; Fig. 1h-m; Fig 1h’ example Imaris-quantified puncta), but no changes in the 

postsynaptic marker PSD95 (Fig. 1n, o).Within the framework of the tetrapartite synapse 

model(242), the extracellular matrix (ECM) has emerged as a vital component involved 

in the modulation of synaptic plasticity (67, 243), stabilization of synaptic contacts (67, 

244) , and overall learning and memory (67, 243) . Recently, we demonstrated that 
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microglia in mouse models of Huntington’s disease (HD) and Alzheimer’s disease (AD) 

induced profound changes in the ECM – including notable reductions in specialized 

interneuron-associated structures known as perineuronal nets (PNNs) that occurred 

concomitant with the accumulation of chondroitin sulfate proteoglycans (CSPGs) in the 

general ECM (75, 76).  iCSF1R+/- mice show robust reductions in SS Ctx PNNs, via stains 

for both Wisteria Floribunda Lectin (WFA), a plant lectin commonly used to label PNNs, 

and aggrecan, a CSPG selectively expressed by PNNs necessary for their construction 

and maintenance (245) (Fig. 1p-t), indicating that loss of a single Csf1r allele in adult 

microglia is sufficient to induce PNN degradation and/or loss.  

We next explored the presence of CSPGs with chondroitin-6 sulfate patterns via the CS-

56 antibody (246) While aggrecan is primarily found in PNNs, CS-56+ staining presents 

as “dandelion clock-like structures” (DACS) distinct from PNNs (247) . In ketamine models 

of schizophrenia, the prefrontal cortex exhibits reduced levels of PNNs and increased 

intensity of DACS staining (248) , similar in pattern to what we reported in HD, wherein 

elimination of microglia rescued the increased accumulation of DACS (75). Here, we find 

that iCSF1R+/- mice show dramatically increased CS-56+ staining throughout the brain 

(Fig. 1u, w). Importantly, while these CSPG structures are primarily produced by 

astrocytes(249)  , and we often observed astrocytes at the center of these deposits (Fig. 

1v, arrows), it should be noted that we did not detect any changes to astrocyte density as 

assessed by S100b+ cell number across groups (Fig. 1x). Interestingly, it has been 

reported that CS-56+ upregulation occurs around reactive astrocytes in physical proximity 

to activated microglia/macrophages (250) . Crucially, these results show that loss of one 

Csf1r allele from adult Cx3cr1-expressing resident myeloid cells (i.e. microglia) is 



39 
 

sufficient to induce disturbances in microglial homeostasis as reflected in the loss of 

P2RY12 immunofluorescence, presynaptic dysfunction, and dysregulation of the ECM. 

Microglial depletion reverses presynaptic and ECM alterations induced by Csf1r 

haploinsufficiency 

Our results show that microglial loss of a Csf1r allele in adult mice leads to cellular 

dyshomeostasis, concomitant with a loss of presynaptic puncta and remodeling of the 

ECM. To further confirm the microglial origin of these CSF1R-associated phenotypes and 

to complement with a more clinically relevant model of ALSP, and to determine the extent 

to which pathology can be rescued, we next sought to eliminate virtually all microglia from 

adult CSF1R+/- mice (i.e. global CSF1R haploinsufficiency), which can be achieved by 

administration of the CSF1R inhibitor PLX5622 (1200 ppm in chow) (119). WT and 

CSF1R+/- mice were treated for 2 months beginning at 6 mo (Fig. 2a) to align with the 8-

month old iCSF1R+/- mice. This paradigm generated four groups:  WT and CSF1R+/- 

groups as well as their microglia depleted (MD) counterparts MD-WT and MD-CSF1R+/-. 

Quantification of IBA1+ cells confirmed depletion of >90% of microglia in MD-WT and MD-

CSF1R+/- mice (Fig. 2b, c; Interaction: F(1, 15) = 21.88, p = .0003; post hoc significance 

between groups displayed on graph), with CSF1R+/- mice showing elevated densities of 

microglia compared to WT mice, in accordance with prior studies (16, 225). This is in 

contrast to what we observed in adult microglia-specific Csf1r haploinsufficient mice 

(iCSF1R+/- mice; Fig 1d), suggesting that elevated microglial densities may be established 

during development (e.g. prior to tamoxifen-induced Csf1r excision) further explored in 

our developmental time course experiment (Fig 4). Despite this, and in accordance with 

iCSF1R+/- mice, Synaptophysin+, SV2a+, and Bassoon+ puncta were all significantly 

reduced in CSF1R+/- mice (Fig. 2d-i). Elimination of microglia in CSF1R+/- mice increased 
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synaptic puncta density for all markers (Interaction: (1,18) = 3.924 p = 0.06; F(1,19) = 

9.058 p = .0072; and F(1,18) = 8.738 p = .0085 for Synaptophysin, SV2a, and Bassoon 

respectively significance between groups displayed on graph). Additionally, CSF1R+/- 

mice displayed a marked reduction in PNNs as assessed by WFA and aggrecan 
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Fig. 2.1: Myeloid-specific CSF1R+/- (iCSF1R) in adult mice confirm loss in homeostasis, reductions 

in synaptic surrogates and alterations in ECM structures. (a) Experimental paradigm whereby 
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tamoxifen was introduced via oral gauvage to cx3cr1cre-CSF1R+/fl and cx3cr1cre-CSF1R+/+ mice at two 

months – well after microglial development. Mice were sacrificed at 8 months. (b,c) Representative image 

of 20x in situ hybridization of CSF1R RNA reveals a 40-50% reduction in CSF1R expression throughout. 

(d,e) Representative 20x image of IBA1+ immunofluorescence in the Somatosensory Cortex (ss ctx) 

revealed no significant changes to IBA1+ cell number. (f,g) Representative 20x image of ss ctx revealed 

significant decrease in P2RY12 expression by microglia. Myeloid-specific CSF1R knockout mice presented 

with losses of pre-synaptic puncta (h,i) Synaptophysin, (j,k) SV2A, (l,m) and Bassoon. (h’) Example Imaris 

quantification of Synaptophysin+ spots digitally zoomed in 5x from 63x image (n,o) No differences found in 

PSD-95 puncta number, however. (p) Whole brain stitches of half brains of myeloid-specific CSF1R 

haploinsufficient mice immunostained for WFA. (q,r) Representative 20x images of WFA and Aggrecan 

immunostaining in ss ctx, respectively (s,t) Quantification confirmed significant decrease in WFA and 

Aggrecan area coverage found in global CSF1R+/- haploinsufficient mice. (u,v) Representative 20x confocal 

images of ss ctx immunostained for CSPG and S100 (w) display a significant increase in CSPG 

accumulation as measured by integrated density. Statistical analysis for inducible CSF1R+/- comparisons 

used a two-tailed t-test. Significance indicated as * p< 0.05; ** p < 0.01; # 0.05 < p < 0.1. 

 

immunostaining, which are also restored upon microglial elimination (Fig. 2j-m; 

Interaction: F(1,19) = 3.380 p = 0.08 and F(1,19) = 3.727 p = 0.06 for WFA and aggrecan 

respectively significance between groups displayed on graph). Finally, similar disease-

associated CS-56+ CSPG upregulation was evident in the CSF1R+/- brain as in iCSF1R+/-

, and was reduced with microglial depletion (Fig. 2n, o; Interaction: F(1,20) = 57.751 p-

value = 0.02 significance between groups displayed on graph). These data further 

suggest a disease phenotype primarily driven by malfunctioning microglia and the 

downstream detrimental effects they exert on neuronal populations, which, importantly, 

may be mitigated by pharmacological targeting of the former, at least in early stages of 

disease.  
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Fig. 2.2: Elimination of microglia with 1200 ppm PLX5622 restored synaptic and ECM alterations 

induced by CSF1R haploinsufficiency (a) WT and CSF1R+/- mice were placed on a high dose PLX5622 

diet (1200 ppm) for 2 months beginning at 6 mo to completely eliminate microglia from the brain 

parenchyma. (b) Immunofluorescent image of IBA1+ cells in the ss ctx (c) quantification of which showed 

significant decrease (~90-95% elimination) of microglia in WT and CSF1R+/- treated mice. (d, f, h) 

Representative 63x immunofluorescent images of presynaptic elements Synaptophysin, SV2A, and 

Bassoon, respectively. (e, g, i) Quantification of these showed significant decreases in the number of 

puncta in CSF1R+/- ss ctx and recovery of puncta number in CSF1R+/- mice in which microglia were 

completely eliminated, with the exception of synaptophysin. (j-m) Immunostaining of WFA and Aggrecan 

displayed decreased PNN area coverage in ss ctx of CSF1R+/- mice. Elimination of microglia restored ECM 

composition in CSF1R+/- mice. (n,o) Immunostaining and quantification of CSPG revealed increased 

immunostaining of CS-56 in CSF1R+/- parenchyma that was restored by elimination of microglia. Statistical 

analysis used a two-way ANOVA with Sidak multiple comparisons correction. Significance indicated as * 

p< 0.05; ** p < 0.01; *** p < 0.001; # 0.05 < p < 0.1. 

 

CSF1R+/- mice display cognitive deficits that are rescued by sustained low-grade 

CSF1R inhibition (CSF1Ri)  

The elimination of the microglial compartment for extended periods of time via CSF1R 

inhibitors is unlikely to be clinically feasible in ALSP patients, therefore we sought to 

identify potential treatments that could mitigate disease by modulating, rather than 

removing, the microglial phenotype.  Notably, lower doses of CSF1R inhibitors that do not 

eliminate the microglial compartment have been shown to nonetheless alter disease-

related microglial phenotypes and provide protection in animal models of Alzheimer’s 

disease (251, 252), Prion disease (253), and tauopathies (254). To that end, we 

developed a CSF1Ri regimen that led to reduced effects of CSF1R inhibition such that 
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there was modest microglial death compared to higher dosages which eliminate more 

than 95% of microglia (Supplemental Fig. 3a). WT and CSF1R+/- mice were treated with 

the specific CSF1R inhibitor PLX5622 (150 ppm in chow) for 2 months starting at 6 mo to 

induce CSF1Ri. Thus, 4 groups were generated: WT, CSF1Ri, CSF1R+/-, and CSF1Ri-

CSF1R+/- (Fig. 3a). This dosage of PLX5622 was determined in a separate subset of mice 

to provide microglial CSF1R inhibition that eliminates <25% of microglia under either 

homeostatic or inflammatory conditions (Supplemental Fig. 3b,c). Quantitative PCR 

confirmed half the level of Csf1r transcripts in CSF1R+/- mice compared to WT mice (Fig. 

3b).  

ALSP is characterized by executive dysfunction, memory decline, motor impairments, and 

a lack of social inhibitions. In studies characterizing phenotypes of Csf1r haploinsufficient 

mice, cognitive deficits are reported to begin at 7 mo (16) that resemble the clinical 

presentation of ALSP (4, 6), but overt white matter damage is not observed until 14 mo. 

To characterize behavioral phenotypes in our cohort of mice (n=8-10), we performed a 

battery of tasks consisting of EPM, Open Field (OF), Novel Object Recognition (NOR), 

Novel Place Recognition (NPR) Given the motor impairments, including gait dysfunction, 

and social withdrawal noted in ALSP patients we also included a Rotarod and Social 

Interaction Task. Behavioral assessments began 6 weeks after mice were placed on diet 

and continued for two weeks, at which point mice were euthanized. While we found no 

significant changes in mobility or anxiety measures in any group as determined by 

performance in EPM, OF, Social Interaction and Rotarod Tasks (Supplemental Fig. 4a-f), 

we observed impairments in cognitive domains as measured by NOR and NPR Tasks in 

CSF1R+/- mice (Fig. 3c, d). However, no impairments were evident in CSF1Ri mice by 
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any of these measures (Interaction: F(1,42) = 4.126 p = 0.06 and F(1,42) = 1.688 p = 0.2 

for NOR and NPR tasks respectively significance between groups displayed on graph). 

These results show that life-long loss of a Csf1r allele induces cognitive deficits detectable 

by 8 months in mice, and that such deficits are not similarly evident following sustained 

(at least 2 months) low-grade CSF1Ri in the healthy adult. Surprisingly, however, CSF1Ri 

did rescue cognitive deficits in CSF1R+/- mice in the NOR task (Fig. 3c), revealing that 

altered CSF1R signaling can induce, and be targeted to rescue, cognitive impairments.  

 

CSF1Ri restores CSF1R+/- microglia number, morphology, and homeostatic marker 

expression 

To better understand the role of CSF1R signaling in cognition, we performed 

immunohistochemical (IHC) analyses of myeloid cell attributes in the brain. Here, we 

found robust increases (~25%) in cortical and hippocampal microglia in CSF1R+/- mice, 

as shown via immunostaining with antibodies against IBA1 (Fig. 3e, f), consistent with 

previous data (16). Notably, CSF1Ri treatment of CSF1R+/- mice normalized microglial 

densities to WT numbers (Fig. 3e, f). Additionally, IBA1+ cell quantification showed a 

consistent ~25% reduction in microglia following CSF1Ri in both CSF1R+/- and WT mice, 

as CSF1Ri-treated CSF1R+/- mice exhibit the same ~25% decrease in IBA1+ cell number 

as CSF1Ri-treated WT animals relative to their respective controls (Fig. 3f), revealing that 

despite partial loss of CSF1R signaling in CSF1R+/- mice, microglia remain dependent on 

this signaling pathway for survival. Again, given the expression of Csf1r by PVMs, we 

explored PVM cell populations in our cohorts of mice. Immunostaining of CD206 revealed 

similar number of PVMs between WT and CSF1R+/- mice and an expected reduction in 
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CSF1Ri treated groups (Supplemental Fig. 1c,d; Interaction: F(1,17) = 0.0019 p = 0.9 

significance between groups displayed on graph).  

Microglial reactivity is a highly dynamic process encompassing a spectrum of phenotypic 

changes, and under conditions of activation such changes include an increase in cell size 

and a loss of process ramification (e.g. amoeboid microglia) (255). We found no changes 

in cell soma size between microglia in WT and CSF1R+/- mice, whereas CSF1Ri in WT, 

but not CSF1R+/- mice, induced significant increases in this measure (Fig. 3g; Interaction: 

F(1,13) = 6.095 p = 0.02; F(1,14) = .9976 p = 0.33; F(1,14) = 5.573 p = 0.03 for Cortex, 

Hippocampus, and Thalamus respectively significance between groups displayed on 

graph). Analysis of microglial process diameter and average process length revealed no 

differences between groups (Fig. 3h, I; Interaction: F(1,30) = 2.232 p = 0.14 and F(1,29) 

= 2.645 p = 0.11 for diameter and process length respectively significance between 

groups displayed on graph). On the other hand, measures of microglial ramification (i.e., 

primary, secondary, and tertiary branching of microglia processes) showed that CSF1R+/- 

microglia adopt a hyper-ramified state compared to WT microglia, while CSF1Ri reduced 

ramification in both WT and CSF1R+/- groups (Fig. 3j; Interaction: F(1,30) = .8740 p = 

0.35; F(1,29) = .8646 p = 0.36; and F(1,30) = 3.117 p = 0.08 for primary, secondary and 

tertiary branching respectively significance between groups displayed on graph). 

Examination of microglial P2RY12 revealed decreases in both CSF1Ri and CSF1R+/- 

microglia (Fig. 3k, l), as in iCSF1R+/- microglia (Fig. 1f,g). Rather than further reducing 

expression, CSF1Ri increased microglial P2RY12 in CSF1R+/- mice (Interaction: F(1,17) 

= 55.87 p = 0.0001 significance between groups displayed on graph). This same pattern 

was observed with TMEM119 expression (Supplemental Figure 2c,d; Interaction: F(1,18) 
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= 54.59 p = 0.0001 significance between groups displayed on graph). Together, these 

data illustrate the deviation of CSF1R+/- microglia from homeostasis, although more subtle 

than activation, and suggest that certain biophysical properties of microglia in ALSP (e.g. 

process ramification, elevated population densities) may be amenable to CSF1Ri 

treatment, in turn potentially contributing to the rescue of cognitive deficits in CSF1Ri-

CSF1R+/- mice. 
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Fig. 2.3: CSF1R+/- mice display behavioral and morphological deviations from WT counterparts 

which are restored by CSF1Ri (a) Experimental paradigm: WT and CSF1R+/- mice were treated with 150 

ppm PLX5622 for two months beginning at 6 mo. Mice were sacrificed at 8 mo (n=8-10/group) (b) Relative 

expression levels of CSF1R normalized to GAPDH via qPCR. Expression levels of CSF1R in CSF1R+/- was 

reduced ~50% compared to WT mice (p < 0.0001). Statistical analysis used two-tailed t-test (c) CSF1R+/- 

mice spent significantly less time exploring the novel object compared to WT mice. Treatment with 150 ppm 

PLX5622 rescued performance comparable to WT counterparts (d) CSF1R+/- mice spent significantly less 

time exploring an object moved to a novel place compared to WT mice. (e) Whole-brain stitches of half-

brains from WT, CSF1Ri, CSF1R+/-, and CSF1Ri-CSF1R+/- mice. Each white dot represents a microglial 

cell. Representative 63x image of ss ctx IBA1 immunofluorescence (f) Quantification of IBA1+ cells / FOV 

in cortex, Hippocampus, and Thalamus. 25-30% increase in IBA1+ cells were found in ss ctx, Hippocampus, 

and Thalamus. Treatment with 150 ppm PLX5622 reduced IBA1+ cells by 25% in both WT and CSF1R+/- 

mice. (g) Average soma size of IBA1+ cells reveal significant increase in soma size in CSF1Ri microglia. 

WT IBA1+ cells had comparable soma size to CSF1R+/- and CSF1Ri-CSF1R+/-. (h) Average process 

diameter measurements show no changes between groups (i) No changes to Average total process length 

found between groups however a trending increase in CSF1Ri microglia was found when comparing WT 

and CSF1Ri. (j) Morphological analysis of branch patterns revealed decreased number of primary and 

secondary branches in CSF1Ri microglia compared to WT.  CSF1R+/- microglia had increased numbers of 

primary, secondary, and tertiary branching which were reduced to WT levels by CSF1Ri. (k, l) 

Representative 20x image of the SS Cortex reveals a marked decrease in microglial P2RY12 

immunopositivity in CSF1Ri and CSF1R+/- mice. CSF1Ri of CSF1R+/- mice revealed an increased 

expression in P2RY12 expression. Statistical analysis used a two-way ANOVA with Sidak multiple 

comparisons correction. Significance * p< 0.05; ** p < 0.01, *** p < 0.001, # 0.05 < p < 0.1 

 

Increased microglial density is established during early postnatal development  

Given the discrepancy between global Csf1r haploinsufficiency and adult microglia-

specific Csf1r haploinsufficiency, whereby only the former results in increases in adult 
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microglial densities, we next explored steady-state turn-over of microglia in both adult and 

developing CSF1R+/- mice. Analysis of adult CSF1R+/- mice revealed no changes in either 

proliferation (via Ki67 staining; Fig. 4a, b) or apoptosis (via TUNEL; Fig. 4c, d) of microglia 

compared to WT, suggesting that steady-state microglial turnover in the adult CSF1R+/- 

mouse brain parallels that of adult WT microglia. As expected, CSF1Ri treatment in both 

WT and CSF1R+/- mice increased the number of TUNEL+ microglia (Fig. 4c, d), confirming 

that CSF1Ri acts by inducing microglia death (213). As one copy of Csf1r is absent 

throughout development in CSF1R+/- mice, and as adult microglial turnover remained 

similar between WT and CSF1R+/- mice, we next explored the establishment of CSF1R+/- 

microglial densities during brain development. Early microglia proliferate extensively 

during the first two postnatal weeks, reaching maximal numbers at P14 (256), whereafter 

this rapid proliferation is followed by a period of selective microglial die-off to establish the 

final densities of adult microglia by ~P28 (256). Quantification of microglia in developing 

CSF1R+/- mice revealed similar increases in microglial densities due to proliferation 

between P7-14 as seen in WT mice, but this proliferation was followed by decreased 

reductions in the CSF1R+/- microglial population by P26 (Fig. 4e-g). Importantly, this 

occurred despite equivalent Ki67+ proliferation at all developmental timepoints measured, 

suggesting that elevated microglial densities in adult CSF1R+/- mice could be due to 

developmental defects in the establishment of the adult microglial compartment (e.g. 

impaired microglial die-off). This data is in line with recent evidence wherein constitutive 

microglial Csf1r haploinsufficiency resulted in increased microglial density (257), 

consistent with the lack of differences we observed in iCSF1R+/- mice, in which 

monoallelic knockdown of microglial Csf1r was induced only after development. 
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Fig. 2.4: Increased microglial population established during development; Microglial-specific 

excision of one CSF1R reveals decreases in microglial molecular markers as well as dysfunction of 

a presynaptic marker (a) Representative 20x image of the SS Ctx immunostaining for ki67 and IBA1+ cells 

revealed (b) no changes to proliferation in any group when compared to WT mice suggesting that 

proliferation in the adult cannot account for increased number of IBA1+ cells found in 8 month old CSF1R+/- 

mice. (c) Representative 20x image of SS Ctx immunostaining for TUNEL and IBA1 revealed that (d) 

CSF1Ri induced an increase in TUNEL IBA1 double positive cells. (c1-c4) Arrows indicate presence of 

TUNEL+ / IBA1+ cells. (e) Representative 20x images of the SS Ctx of WT and CSF1R+/- mice at P7, P14, 

P26. Immunostaining for IBA1 and ki67 showed (f) no changes in microglial number between WT and 

CSF1R+/- mice at P7 or P14 but a significant increase in CSF1R+/- at P26 and P60. (g) No changes in ki67 

IBA1 double positive cells were found throughout the time course however; arrows indicate location of ki67 

IBA1 double positive cells. Statistical analysis used a two-way ANOVA with Sidak multiple comparisons 
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correction or two-tailed t-test for developmental study. Significance indicated as * p< 0.05; ** p < 0.01; *** 

p < 0.001; # 0.05 < p < 0.1. 

 

CSF1Ri restores CSF1R+/- synaptic and extracellular matrix deficits without 

changes to neuronal populations  

Confirming the synaptic deficits in the prior cohort of CSF1R+/- and iCSF1R+/- mice, we 

found that CSF1R+/- mice again displayed significant reductions in presynaptic markers 

(i.e., synaptophysin, SV2A, and Bassoon), but not the postsynaptic marker PSD95 (Fig. 

5a-h). Treatment of WT mice with CSF1Ri had similar effects to the loss of one Csf1r 

allele, with reductions seen in both SV2A and Bassoon, but not Synaptophysin, puncta 

(Fig. 5a-h). Treatment with the higher, microglia-depleting dose of PLX5622 (Fig 2f-i) did 

not induce these same reductions in cortical SV2a+ or Bassoon+ puncta number, 

illustrating the difference between altering microglial function with partial CSF1R inhibition 

via low dose CSF1Ri (150 ppm PLX5622) and completely eliminating the microglial 

compartment with more extensive CSF1R inhibition (1200 ppm PLX5622). As with the 

restorative effects on behavior and microglial phenotype, CSF1Ri increased presynaptic 

puncta in CSF1R+/- mice (Interaction: F(1,16) = 3.582 p = 0.07; F(1,20) = 110.5 p = 

0.0001; and F(1,20) = 24.76 p = 0.0001 for Synaptophysin, SV2a and Bassoon 

respectively significance between groups displayed on graph). Similarly, CSF1R+/- mice 

showed robust reductions in SS Ctx PNNs, which were reversed back to WT levels by 

CSF1Ri in CSF1R+/- mice (Fig. 5i-l; Interaction: F(1,25) p value = 0.48 and F(1,18) p = 

0.0003 for WFA and aggrecan respectively significance between groups displayed on 

graph), while CSF1R+/- mice showed dramatically increased CS-56 immunofluorescence 
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CSPGs throughout the brain that was also normalized to WT levels with CSF1Ri (Fig. 

5m, n; Interaction: F(1,31) = 11.17 p = 0.0022 significance between groups displayed on 

graph). Again, we noted no changes to astrocyte density or GFAP immunofluorescence 

throughout the groups (Supplemental Fig. 5m-n). 

Given the changes in synaptic densities with CSF1R manipulation, and as cerebral 

atrophy is a feature of ALSP, we next explored neuronal densities in CSF1R+/- mice. While 

unexplored in ALSP, CSF1R has been shown to be necessary for the differentiation of 

Cux1+ and Ctip2+ neurons as CSF1R null humans (222), mice (233), and zebrafish (222) 

displayed reductions in these neuronal subtypes. Analysis of neuronal subtype numbers 

(via NeuN+, Cux1+, and Ctip2+ neurons) revealed no changes between groups 

(Supplemental Fig. 5a-f) suggesting that neuronal loss is not present in 8-month-old 

CSF1R+/- mice. Investigation of white matter via immunolabeling for oligodendrocytes, 

oligodendrocyte precursor cells, and myelin basic protein (MBP) revealed no changes in 

cell number or integrated signal density between groups (Supplemental Fig. 5g-l).  
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Fig. 2.5: Microglial dyshomeostasis results deficits in presynaptic elements, perineuronal net loss 

and CSPG accumulation in CSF1R+/-  SS Ctx which is restored by CSF1Ri (a,b) Representative 63x 



56 
 

images of ss ctx reveals decreases in synaptophysin puncta in CSF1R+/- and CSF1Ri-CSF1R+/-  mice (c,d), 

decreases in SV2A in CSF1Ri and CSF1R+/- mice and recovery in CSF1Ri-CSF1R+/-   mice (e,f), decreases 

in Bassoon in CSF1Ri and CSF1R+/- mice and recovery in CSF1Ri-CSF1R+/-  mice (g,h), and no changes 

to PSD95 puncta. (i) representative 20x images of ss ctx from WT, CSF1Ri, CSF1R+/-, and CSF1Ri-

CSF1R+/-   mice immunostained for WFA. (j) Quantification of WFA area coverage revealed significant 

decrease in WFA coverage in CSF1R+/-  ss ctx and a trending recovery in the CSF1Ri-CSF1R+/- group. (k) 

Representative 20x confocal images of aggrecan immunostaining, another component ECM perineuronal 

nets quantification of which (l) revealed similar significant decreases in area coverage in the CSF1R+/- group 

and significant recovery in CSF1Ri-CSF1R+/- group. (m) Immunofluorescence of CSPG in the ss ctx and 

quantification by integrated density (n) revealed accumulation of CSPG deposits in CSF1R+/- groups that 

was restored upon CSF1Ri. Statistical analysis used a two-way ANOVA with Sidak multiple comparisons 

correction. Significance indicated as * p< 0.05; ** p < 0.01; *** p < 0.001; # 0.05 < p < 0.1.  

 

Partial disruption of CSF1R signaling induces dysregulation of microglial 

transcripts and downstream changes in neuronal gene expression 

To elucidate the mechanisms by which CSF1R signaling could both perturb and rescue 

cortical-dependent cognition, we performed RNA-seq on microdissected cortices from 

WT, CSF1Ri, CSF1R+/-, and CSF1Ri-CSF1R+/- mice. Fragments Per Kilobase of 

transcript per Million mapped reads (FPKM) for each gene, as well as FDR values for the 

relevant comparisons, can be explored at http://rnaseq.mind.uci.edu/green/csf1r_hets/. 

To explore the relationships of gene expression changes in a network we employed 

weighted gene co-expression network analysis (WGCNA) and identified 16 independent 

modules. The correlation of each module to either genotype (Fig. 6d) or CSF1Ri (Fig. 6f) 

highlighted several modules of interest – in particular the brown module was highly 

correlated to genotype (i.e. CSF1R+/- mice), the darkgrey module was highly correlated to 

http://rnaseq.mind.uci.edu/green/csf1r_hets/
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CSF1Ri, and the midnight blue module was correlated to both (correlation scores >0.5). 

Eigengenes were calculated and plotted for each group for each of the three highlighted 

modules, alongside a heatmap of all of the genes in the module (Fig. 6d,f,h), and gene 

ontology analyses (Fig. 6e,g,i). The CSF1R+/- associated brown module was enriched for 

neuronally expressed genes, associated with axonogenesis, neuronal morphologies and 

development, while the midnight blue module (associated with CSF1Ri treated CSF1R+/- 

mice) is strongly enriched for genes associated with translation, but not associated with 

any particular cell type. The CSF1Ri treatment-associated darkgrey module is enriched 

in microglial-expressed and immune-related genes as expected (Fig. 6f,g), and hub 

genes include homeostatic microglial genes such as C1qa, C1qb, Cd53, Ctss, Gpr34, 

P2ry12, Tmem119, and Siglech (Fig. 6j). Normalizing these myeloid-expressed genes to 

microglial densities reveals a clear downregulation of microglial transcripts in CSF1R+/- 

mice (Fig. 7k-m), consistent with a loss of homeostasis (Fig. 6m; established homeostatic 

genes bolded), as well as a group of genes that are upregulated with CSF1Ri (Fig. 6l).  

We next compared differentially expressed genes (DEGs) between WT and CSF1Ri mice 

and WT and CSF1R+/- mice. Notably, thirty-four percent (412 genes) of DEGs were 

common between the two comparisons, with CSF1R+/- mice having 705 unique DEGs and 

CSF1Ri only 65 (Fig. 6n), suggesting similar transcriptional effects between genetic Csf1r 

haploinsufficiency and low-grade pharmacological inhibition of CSF1R. Consistent with 

the darkgrey module from the WGCNA analyses, downregulated DEGs in WT vs CSF1Ri 

(Fig. 6o) or CSF1R+/- mice vs CSF1Ri-CSF1R+/- (Fig. 6q) mice represented myeloid-

expressed genes, as expected given the loss of ~20% of microglia with CSF1Ri. 

However, few myeloid-expressed DEGs were found comparing WT to CSF1R+/- mice 
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despite CSF1R+/- mice exhibiting ~25% higher microglial densities throughout the brain. 

In addition to an overall reduction in myeloid-expressed genes, these data also suggest 

a lack of transcripts canonically expressed by reactive or activated microglia (i.e. Cst7, 

Clec7, Tnf, Ldl, Ifitm3), further emphasizing that disease microglia do not undergo 

stereotypical classical activation. Intriguingly, given the microglial expression of CSF1R, 

these downregulated DEGs were far fewer in number than upregulated DEGs with either 

CSF1Ri or in CSF1R+/- mice, as shown in volcano plots (Fig. 6o and 6p). Top DEGs were 

similar for both comparisons, and included the circadian rhythm-associated gene NOCT, 

as well as LAMP1, FAM43b, Prr18, and Wrnip1. Gene ontology analyses of DEGs 

between WT and CSF1R+/- mice highlighted axonogenesis (Supplemental Fig. 6b) and 

similarities to gene changes in Spinal Cord Injury and Huntington’s disease 

(Supplemental Fig. 6c), both of which have been shown to involve profound ECM 

remodeling resembling what  we see in the context of Csf1r haploinsufficiency (75, 258, 

259). Furthermore, all upregulated DEGs induced by either CSF1Ri in WT mice or 

comparing WT to CSF1R+/- mice appear to be neuronally-expressed. This data suggests 

that despite CSF1R being restricted to microglia in the adult brain, altered CSF1R 

signaling in microglia induces robust gene expression changes in neurons. 

To understand how CSF1Ri of CSF1R+/- mice could rescue disease-related impairments 

in synaptic integrity, ECM remodeling, and cognition, we performed more comprehensive 

analyses of DEGs between CSF1R+/- and CSF1Ri-treated CSF1R+/-  mice (Fig. 6q, r). The 

most significantly downregulated gene was MRC1, a myeloid-expressed gene associated 

with phagocytosis (260). Conversely, most DEGs are upregulated in CSF1Ri treated 

CSF1R+/- mice, as depicted in Fig. 6r. Gene ontology analyses of these DEGs highlight 
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their roles in synaptic function and morphology (Fig. 6r) confirming changes to synapses 

that could account for the changes in synaptic landscape that we have observed here. 

Collectively, from these analyses we conclude that there is a loss of microglial 

homeostatic signature in CSF1R+/- mice, rather than a reactive or activated signature.  
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Fig. 2.6: CSF1R signaling disruptions induces loss of microglial homeostasis but primarily affects 

neuronal gene expression (a) Correlation of modules generated by weighted gene correlation network 

analysis (WGCNA) to the genotype (Z-score cut-off: +/-0.5). (b) Correlation of modules generated by 

WGCNA to the treatment (Z-score cut-off: +/-0.5) (c) Cell-type enrichment heatmap displays genes 

associated with specific cell types within a given color module. Values provided indicate the number of 

genes within the network associated with that a specific cell type. *** = 6+ genes. ** = 3+ genes. (d,e) 

CSF1R+/- signature: Module eigengene trajectory and heatmap of gene expression value in brown (d), as 

well as gene ontology (GO) term enrichment for brown (e). (f,g) CSF1Ri signature: Module eigengene 

trajectory and heatmap of gene expression value in dark grey (f), as well as gene ontology (GO) term 

enrichment for dark grey (g). (h,i) CSF1Ri signature: Module eigengene trajectory and heatmap of gene 

expression value in midnight blue (h), as well as gene ontology (GO) term enrichment for midnight blue (i). 

Curated gene ontology grids were ranked based on pathway p-value where cutoff was 0.05. Colors are 

associated with an adjusted p-value cut off of 0.1 herein pathways with lighter color had lower adjusted p-

value than darker colors. (j) Interactive plot between hub genes extracted from the dark grey module 

showing a distinct CSF1Ri signature. (k) Heatmap of genes found in the dark grey module normalized to 

the average microglial numbers found within a group. (l) List of genes displaying increased expression in 

mice that are upregulated CSF1Ri-CSF1R+/- compared to CSF1R+/- mice. (m) List of downregulated genes 

between WT and CSF1R+/- mice normalized for number of microglia. (n) Venn diagram displaying the 

number of differentially expressed genes (DEGs, numbers provided) generated in transcriptional 

comparisons between CSF1Ri mice and CSF1R+/- mice in comparison with WT mice. (o-q) Volcano plots 

displaying the fold change of genes (log2 scale) and their p-values (-log10 scale) between WT vs CSF1Ri 

mice (o), WT vs CSF1R+/- mice (p) and CSF1R+/- vs CSF1Ri-CSF1R+/- (q). (r) Heatmap of DEGs between 

CSF1R+/- and CSF1Ri-CSF1R+/- mice. (s) Top biological processes gene ontology (GO) term enrichment for 

upregulated genes from the heatmap (r). 
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MMP-14 is a putative mediator of perineuronal net loss 

Our results repeatedly link altered microglial phenotypes with PNN disruption and 

synaptic loss, and therefore we next sought to explore the molecular mechanism by which 

this occurs. To accomplish this, we used a candidate-driven approach utilizing our RNA-

seq data to identify potential genes that could be linked to regulation of the ECM. We 

observed Mrc1 mRNA significantly decreased by CSF1Ri in CSF1R+/- cortices (Fig. 6Q). 

Immunostaining revealed increased expression of MRC1 by microglia in CSF1R+/- mice 

with normalization to WT expression in CSF1Ri-CSF1R+/- mice (Fig. 7a, b). Similarly, 

iCSF1R+/- mice displayed an increase in microglial MRC1 expression(Fig. 7e, f), 

suggesting alternative microglia activation (258). It has been proposed that cooperative 

actions between MMPs and phagocytic receptors, such as MRC1, can lead to cleavage 

of ECM components into manageable fragments for subsequent phagocytosis and 

degradation (259, 260). We similarly found that Mmp-14 mRNA was increased in 

CSF1R+/- mice. Supporting this, a recent study investigating the microglial modulation of 

perisynaptic ECM and downstream changes in dendritic spine density also observed 

increased Mmp-14 gene expression associated with ECM disruption, proposing that such 

proteases could be integral to remodeling of the ECM compartment (74). Furthermore, 

MMP-14 has been associated with degradation of the ECM either by directly cleaving 

components associated with PNNs, such as aggrecan (261), or by activating other MMPs, 

such as MMP-2 (262, 263). Accordingly, immunostaining for MMP-14 revealed increased 

microglial expression in CSF1R+/- mice, with subsequent normalization to WT levels with 

CSF1Ri (Fig. 7c, d). In addition, microglial MMP-14 expression was significantly 

increased in iCSF1R+/- mice (Fig. 7g, h). After confirming the association between 
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increased microglial MMP-14 and PNN loss in disease, we next sought to investigate 

whether MMP-14 could directly degrade PNNs. To this end, recombinant MMP-14 was 

injected into one cortical hemisphere of 4-month-old WT mice and Penicillinase, a 

−lactamase that does not degrade PNNs, was injected into the contralateral cortex as a 

control, after which mice were euthanized 10 days post-injection. (Fig. 7i). 

Immunofluorescent staining of these tissue revealed marked decreases in the general 

marker WFA and core PNN component aggrecan in MMP-14 injected hemispheres (Fig. 

7j-m). These data reinforce the concept that MMPs can influence the structure of the ECM 

in vivo, and suggest a possible mechanism by which microglia induce ECM degradation 

via elevated expression of MMP-14. Taken together, these results indicate that targeting 

microglia with elevated MMP-14 expression may at least partly prevent the aberrant 

modulation of ECM components during disease or injury, presenting a novel and 

attractive therapeutic approach for CNS diseases and disorders in which ECM 

dysregulation (specifically PNN loss) is a hallmark feature (75, 76, 264).  
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Fig. 2.7: Microglia increase expression of MMP-14 and intracortical injection of recombinant MMP-

14 is sufficient to induce PNN breakdown (a) Representative 63x immunofluorescent images of MRC1+ 

and IBA1+ cell in ss ctx of WT, CSF1Ri, CSF1R+/-, and CSF1Ri-CSF1R+/-  mice (b) Quantification of 

colocalized MRC1+ IBA1+ area displayed significant increases in colocalized area in CSF1R+/- that was 

restored to WT levels in CSF1Ri-CSF1R+/- microglia. (c) Representative 63x immunofluorescent images of 

MMP-14+ and IBA1+ cells in ss ctx of WT, CSF1Ri, CSF1R+/-, and CSF1Ri-CSF1R+/-   mice (d) Quantification 

of colocalized MMP-14+ IBA1+ area displayed significant increases in colocalized area in CSF1R+/- that was 
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restored to WT levels in CSF1Ri-CSF1R+/- microglia. (e) Representative 63x immunofluorescent images of 

MRC1+ and IBA1+ in Control and iCSF1R+/- ss ctx. (f) Quantification of colocalized area displayed increased 

area of colocalized MRC1 in iCSF1R+/- microglia. (g) Representative 63x immunofluorescent images of 

MMP-14+ and IBA1+ in Control and iCSF1R+/- ss ctx. (h) Quantification of colocalized area displayed 

increased area of colocalized MMP-14 in iCSF1R+/- microglia. (i) WT mice were aged to 4 months at which 

point they received injection of recombinant MMP-14 and Penicillinase in contralateral cortices. 10 days 

post injection (d.p.i.) mice were sacrificed and brains were harvested. (j) Representative 20x confocal 

immunofluorescent staining of WFA or (l) Aggrecan in the respective injection area. (k) Quantification of 

WFA+ area and (m) Aggrecan+ area revealed significant decreases in MMP-14 injection site compared to 

Penicillinase injection site. Statistical analysis used a two-way ANOVA with Sidak multiple comparisons 

correction or Two-Tailed T-Test. Statistical analysis used a two-tailed paired T-Test for MMP-14 injection 

comparisons. Significance indicated as * p< 0.05; ** p < 0.01; *** p < 0.001 
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DISCUSSION: 

Accumulating evidence indicates that microglia are critically involved in 

neurodegenerative disease progression. However, it remains unclear whether these cells 

play a causative role in driving disease pathology and neurodegeneration, a reactive role 

by responding harmfully to existing pathology, or both. CNS disorders that present genetic 

etiologies linked to microglia-specific genes provide unique opportunities to investigate 

and answer these questions (e.g. how microglia drive brain disease). While such 

disorders have been reported, the cellular mechanisms by which these underlying genetic 

disturbances lead to overt CNS pathology remain largely unknown. In this study, we 

conditionally induced microglial Csf1r haploinsufficiency in adult mice to explore the role 

of partially disrupted CSF1R signaling on microglial homeostasis and CNS function. 

Additionally, we used a constitutive mouse model of Csf1r haploinsufficiency and 

explored the consequences of low-grade modulatory and high-grade microglia-depleting 

doses of the pharmacological CSF1R inhibitor PLX5622. It is important to stress that 

CSF1R inhibition is highly dynamic – sustained, potent inhibition can eliminate the entire 

microglial compartment for the duration of treatment, while low-grade inhibition modulates 

microglial activity/function in a dose-dependent manner, with less extensive depletion of 

the microglial population  (62). For this reason, and because sustained loss of the adult 

microglial pool is not clinically viable in the long-term, a modulatory dose of PLX5622 for 

low-grade CSF1R inhibition (CSF1Ri) was utilized to assess how pharmacologically 

impairing CSF1R signaling in healthy adult mice (or further inhibiting this pathway in Csf1r 

haploinsufficient mice) influences CNS homeostasis in the presence of microglia.  
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To establish whether post-developmental Csf1r haploinsufficiency in microglia was 

sufficient to induce pathology, we utilized a tamoxifen-inducible Cre recombinase system 

in which one floxed copy of the Csf1r allele was conditionally excised in adult CX3CR1+ 

microglia (iCSF1R+/- mice). As human ALSP patients are Csf1r haploinsufficient from 

birth, we validated our findings in an additional constitutive CSF1R+/- model. We noted a 

loss of microglial P2RY12 expression following iCSF1R+/- tamoxifen recombination and in 

CSF1R+/- mice, conventionally reflective of a loss of microglial homeostasis in disease 

(30-32) and similar to the downregulation of P2RY12 expression in human ALSP patients 

harboring Csf1r mutations (34). Accordingly, our RNA-seq data revealed a general 

downregulation of canonical microglial gene expression, consistent with a departure from 

homeostasis. We were also unable to detect an enrichment of inflammatory gene 

transcripts associated with microglial activation (e.g., Cst7, Axl, or Ldl, as seen in 

damage-associated microglia (DAM)) (30). Interestingly, the phenotypes of CSF1R+/- 

microglia we describe here resemble those we recently reported in a mouse model of HD 

(20), as supported by GO analysis of WT vs CSF1R+/- gene enrichment (Supplemental 

Fig. 6c). These results suggest that phenotypic states of microglia independent from 

traditional paradigms of immune activation may also contribute negatively to disease 

outcome. It should be noted that CSF1Ri did not rescue deficits in NPR tasks (Fig. 3d). 

NPR memory has been critically linked to hippocampal activity(70), as opposed to the 

cortical dependence of tasks like NOR(71, 72). These results informed our decision to 

specifically focus on cortical regions for subsequent analyses. However, future studies 

should explore the divergent effects of CSF1Ri on myeloid populations among various 

regions of the CNS especially with regard to their effects on CNS health.  
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Further, our data emphasize the concept of the tetrapartite synapse as a particularly 

disease-relevant neurological unit, in which synaptic structure and function are regulated 

by four key elements: pre- and post-synaptic compartments, glial cells, and the ECM. 

With regards to this, we observed a consistent downregulation or elimination of 

presynaptic markers (Sv2a, Bassoon, Synaptophysin) in iCSF1R+/- (Fig. 1) and CSF1R+/- 

mice (Fig. 5), while post-synaptic proteins (PSD95) appeared to be spared. This is 

consistent with microglial trogocytosis of synaptic elements (e.g. partial engulfment by 

microglia of target substrate, rather than complete phagocytosis), whereby microglia 

sculpt presynaptic elements to refine neural circuits, while sparing postsynaptic 

components (19). In terms of the ECM we observed deficits in PNNs, specialized lattice-

like structures composed of CSPGs that provide structural and biochemical stability to 

proximal synapses (73). Genetic or enzymatic modifications to PNN composition induce 

changes in synapse number (74, 75), transmission (76), and receptor makeup (77), and 

as such these structures play a critical role in regulating synaptic connectivity and 

plasticity (41, 42). Furthermore, PNNS augment neuronal excitability/firing (78)  and 

protect neurons against neurotoxins (79). We recently reported microglia-facilitated loss 

of PNNs as a general feature of neurodegeneration in HD (20) and AD (45). Here, we 

highlighted a loss of microglial homeostasis following induction of Csf1r 

haploinsufficiency, whether genetic (iCSF1R+/- or CSF1R+/-) or pharmacological, that was 

concomitant with reductions in presynaptic puncta and disruptions to ECM structures, 

strongly supporting a microglial origin for these deficits.  

In support of this microglial basis of pathology, we found that elimination of the microglial 

compartment (with sustained high dose CSF1R inhibition) prevented both loss of 
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presynaptic surrogates and PNNs, as well as disease-related CSPG deposition in 

CSF1R+/- mice.  Crucially, these results suggest that specific targeting of microglia can 

prevent Csf1r haploinsufficiency-associated CNS damage and demonstrates how altered 

microglial phenotypes can exert profound effects on neuronal function. A caveat of our 

experiments is that we focused our analyses on microglial populations in the CNS. As 

mentioned previously, macrophages that also express Csf1r, such as PVMs, could 

theoretically play a role in inducing pathology given their involvement in the maintenance 

of steady-state tissue (73) and should be explored in future studies. That being said, we 

believe that microglia are the most likely culprits for the pathology observed here. Our 

findings also demonstrate that CSF1R signaling deficiency, either via genetic 

haploinsufficiency or CSF1Ri, leads to microglial dyshomeostasis, further suggesting that 

CSF1R is a critical regulator of homeostatic function in microglia. Indeed, we observed 

overlapping phenotypes induced by CSF1Ri in WT mice and genetic haploinsufficiency 

in CSF1R+/- mice, e.g. down-regulation of P2RY12 expression in microglia, and loss of 

presynaptic puncta. RNA-seq analyses also showed ~34% overlap in DEG’s between 

CSF1Ri and Csf1r haploinsufficiency and strikingly, most of these genes were of neuronal 

origin. These data emphasize how changes in microglial phenotype can modulate 

neuronal gene expression, function, and structure, and link genetic and pharmacological 

impairments in CSF1R signaling to specific changes in microglial homeostasis synaptic 

integrity, and ECM organization.  

In this study, we also reported paradoxical observations whereby inhibiting CSF1R 

signaling in a system already deficient in Csf1r lead to recovery, rather than exacerbation, 

of multiple facets of CNS homeostasis. This included improved cognitive performance 
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and normalization of microglial phenotypes (densities, morphologies, P2RY12 

expression), PNNs, CSPGs, and presynaptic puncta. Furthermore, RNA-seq data 

highlighted dramatic increases in neuronal- and synaptic-associated genes with CSF1Ri 

in CSF1R+/- cortices, such as Syn2, Begain, and Rims3. Prior studies using CSF1R 

inhibitors in mouse models of AD and MS have also shown modulatory effects on 

neurodegenerative pathologies (55, 80, 81). Importantly, and in parallel with our findings, 

restoration of microglial homeostasis by genetic knockout of a single Csf2 allele in 

CSF1R+/- mice, which exhibit increased Csf2 mRNA expression, prevented loss of myelin 

and reversed CSF1R+/- behavioral deficits in CSF1R+/- mice by reinstating balanced 

CSF1R/CSF2 signaling (51). While a genetic approach to normalizing microglial 

homeostasis is attractive in its specificity, the pharmacological approach of CSF1Ri 

presents an alternative to targeting this pathway with its own unique advantages (e.g. 

CSF1R inhibitors can be utilized at virtually any time and for any duration, can be titrated 

as desired, and readily cross the blood-brain barrier). It is important to note that while 

haploinsufficiency is considered by some to be a valid model of ALSP, given the 

emergence of human ALSP patients with Csf1r haploinsufficiency (2, 11), there is still 

debate on how haploinsufficiency may account for all cases of ALSP (82-84). Indeed, a 

vast number of ALSP mutations result in kinase dead receptors leading to a dominant 

negative phenotype (8, 83, 85). While in our study, treatment of Csf1r haploinsufficient 

mice managed to reverse pathology, further studies are necessary to explore how 

CSF1Ri would affect kinase dead mutations. 

Constitutive CSF1R haploinsufficiency resulted in elevated microglial densities in adult 

mice, in line with prior reports (12, 51), including in microglia-specific CSF1R 
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haploinsufficient mice (58). In line with an impaired developmental establishment of the 

microglial population we find that microglial densities were not increased in adult 

iCSF1R+/- mice; despite this, induction of microglial specific CSF1R haploinsufficiency in 

the adult was sufficient to cause loss of microglial homeostasis and associated loss of 

presynaptic puncta and remodeling of the ECM indicating that increased microglial 

number do not contribute to the pathology observed here. Accordingly, discrepancies 

exist between microglial densities reported in constitutive CSF1R haploinsufficient mice, 

and CSF1R haploinsufficient rats (76) and zebrafish (26), which do not show these 

increases, while studies in post mortem human ALSP brains suggest an initial increase 

in microglial densities followed by later reductions (3). These data further suggest that 

changes in microglial densities, at least in mice, are not key drivers of pathology, but that 

it is altered microglial phenotypes induced by a loss of a Csf1r allele that is important.  

It should be highlighted that there is a marked difference in the effects of CSF1Ri that 

modulate microglial phenotypes vs. microglia depleting doses – none of the neuronal 

gene changes seen in the context of genetic or pharmacological Csf1r haploinsufficiency 

are observed in MD-WT mice ((20, 27) ; http://rnaseq.mind.uci.edu/green/ad_plx/), nor 

are reductions in synaptic puncta seen (Fig. 2d-g). Similarly, elimination of microglia from 

healthy adult mice in a prior study does not confer ALSP pathology (i.e. cognitive deficits, 

PNN degradation, synaptic loss),  despite 6 months of microglial depletion (27). In fact 

microglial depletion is generally associated with improved performance in memory and 

cognitive tasks (25, 27, 86).  Moreover, our data with respect to MD-CSF1R+/- pathology 

recovery provide further evidence of these cells being viable targets for therapeutic 

intervention especially at early stages of disease onset. The recent development of the 
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Csf1rΔFIRE/ΔFIRE mouse line (87) and Csf1r-/- rats (88) which do not develop microglia in 

the brain but are otherwise healthy further suggest at least partial functional redundancy 

in the maintenance of adult CNS homeostasis by microglia. Collectively, our results 

indicate that improperly functioning or “dyshomeostatic” microglia are worse for the adult 

brain under baseline conditions than the lack of microglia altogether (31, 69). 

 

SUPPLEMENTAL FIGURES: 

 

 

Supplemental Fig. 2.1: No changes to Perivascular Macrophage (PVM) population via genetic CSF1R 
haploinsufficiency. CSF1Ri treatment reduces PVM number. (a,b) Representative 20x confocal images 
of CD206 and CD163 immunostaining reveals no differences to PVM quantities in iCSF1R+/- mice. (c,d) 
Similarly, 20x representative images of PVMs of CSF1R+/- mice show no differences compared to WT 
counterparts. CSF1Ri however reduced the number of PVMs in both CSF1Ri and CSF1Ri-CSF1R+/- mice. 
Statistical analysis used t-test or a two-way ANOVA with Sidak multiple comparisons correction. 
Significance indicated as * p<0.05. 
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Supplemental Fig. 2.2: TMEM119 expression is reduced by CSF1R haploinsufficiency. (a) 
Representative 20x images in ss cortex immunostaining of TMEM119 (b) reveals marked reduction of 
TMEM119 expression by myeloid cells. Inserts show overlap of IBA and TMEM119 immunopositivity. (c) 
Representative 20x confocal imaging of ss ctx shows (d) reduction of TMEM119 expression in CSF1Ri and 
CSF1R+/- mice. CSF1Ri treatment of CSF1R+/- mice increases TMEM119 immunostaining. Statistical 
analysis for inducible CSF1R+/- comparisons used a two-tailed t-test. Significance indicated as * p<0.05. 
Statistical analysis used a two-way ANOVA with Sidak multiple comparisons correction. Significance * 
p<0.05; ** p<0.01; *** p<0.001. 
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Supplemental Fig. 2.3: Development of a 150 ppm PLX5622 dosage to eliminate ~25-30% of IBA1+ 

cells (a) 2-month-old mice were treated with either PBS + BrdU throughout the course of a week on days 
0, 3, 5, and 7. Similarly, each group was treated with either control diet or 150 ppm PLX5622 lasting the 
duration of that week. (b) Representative 20x image of IBA1+ and BrdU+ immunofluorescence in the SS 
Cortex. (c) Quantification of IBA1+ cells in the SS Cortex. Low dose PLX5622 treatment reduced IBA1+ 
immunofluorescence by 25-30% in both PBS and LPS treated groups. (d) Quantification of BrdU+/IBA1+ 

cells in the SS Cortex. Treatment with PLX5622 did not induce any changes to proliferative capacity as 
measured by BrdU expression. Statistical analysis used a two-way ANOVA with Sidak multiple comparisons 
correction. Significance indicated as * p<0.05; ** p<0.01. 
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Supplemental Fig. 2.4: Behavioral analysis of CSF1R+/- mice reveals no locomotor or anxiety changes 
(a,b) WT, CSF1Ri, CSF1R+/-, and CSF1Ri-CSF1R+/- mice showed no obvious differences in motor 
capabilities as observed by distance traveled and speed. (c) All groups of mice spent similar times in the 
perimeter and center of the open field testing apparatus. (d) No differences were observed between groups 
in time spend in open or closed arms of the elevated plus maze as a measure of anxiety. (e) Performance 
on a rotarod across five trials showed no differences between groups. (f) Time spent on rotarod averaged 
across five trails revealed no differences amongst the groups. Statistical analysis used a two-way ANOVA 
with Sidak multiple comparisons correction. Significance indicated as * p<0.05. 
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Supplemental Fig. 2.5: No change in number of various cell types observed in non-microglial cell 
types in SS Ctx between groups. Representative 20x image of ss ctx reveals no differences in number 
of (a,b) NeuN+ cells, (c,d) Ctip2+ cells or (e,f) Cux1+ cells. (g) MBP immunofluorescence of the cc found no 

changes as assessed by Integrated Density via ImageJ (i) 20x representative image of PDGFR marker 
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for oligodendrocyte progenitor cells and (k) Olig2, a marker for mature oligodendrocytes, revealed no 
changes to either suggesting changes to oligodendrocyte pools are undisturbed by CSF1R alterations. 
(m,n) Similarly, 20x representative images of cortical astrocytes showed no changes in S100+ cells and 
nonexistent GFAP immunofluorescence throughout, suggesting a lack of astroglial activation as a product 
of dysregulated CSF1R signaling. Statistical analysis used a two-way ANOVA with Sidak multiple 
comparisons correction. Significance indicated as * p<0.05. 

 

 

Supplemental Fig. 2.6: Gene ontology terms for differentially expressed genes WT and CSF1R+/- 
comparison (a) Signed bicor network shows the effects of genotype, treatment, age and gender which are 
separated into distinct colored modules. (b) GO terms for biological processes and (c) GO Terms for 
Disease Pathways. 
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Chapter Three: 

Microglial dyshomeostasis in aged CSF1R+/- mice can be restored with CSF1Ri 

and can partly reduce pathological burden 

INTRODUCTION 

ALSP is clinically delineated by cognitive dysfunction with motor and neuropsychiatric 

symptoms including bradykinesia, depression, and personality changes. Symptoms are 

oftentimes non-specific in the early stages of ALSP and may be difficult to distinguish 

from other neurological diseases in the absence of CSF1R genetic mutation verification. 

The diagnosis of ALSP thus requires exclusion of disorders with symptoms that overlap 

with ALSP, as many neurodegenerative disorders share symptoms with ALSP and further 

complicate the differential diagnosis of ALSP, confirming the need for genetic testing, 

such as a leukodystrophy panel or whole exome testing. Efficient and accurate diagnosis 

of ALSP is further complicated given that there is no major correlation of genotype to 

phenotype. Indeed, family members with identical CSF1R mutations often do not present 

with the same clinical phenotype. Similarly, the rate of symptom progression varies 

among patients and even within family members who carry the same mutations, arguing 

for the presence of environmental influences and genetic mosaicism that can alter 

disease penetrance.  

In chapter two, we show that the regulation of microglial homeostasis via CSF1Ri 

treatment of CSF1R+/- mice leads to the amelioration of ALSP pathology as described by 

the recovery of PNN and synaptic structures. It is important to highlight that these data 

implicated microglia dyshomeostasis specifically as the driving force for the pathology 
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observed. However, the paradigm established in our previous study focused on the 

treatment of mice prior to pathology onset, examining CSF1R haploinsufficient mice at 8 

months of age. In the clinical population, patients are diagnosed with ALSP once 

pathology has set in, given the complexity of the disease, spurring a necessary 

investigation into whether CSF1Ri treatment can still be used as a pharmacological 

intervention when treating patients who have already begun developing ALSP pathology. 

To that end, we extended our prior work exploring the effects of CSF1Ri and CSF1R 

haploinsufficiency in aged mice. We find that similar to the 8 month cohort, the 16 month 

CSF1R+/- also displayed evidence of dyshomeostatic microglia, as assessed by 

decreased expression of P2RY12, as well as increased expression of CD68 and 

microglial Lamp1, which were restored upon CSF1Ri treatment. This was accompanied 

by a loss in corpus callosum and cortical MBP immunostaining of CSF1R+/- mice. 

Measurements of PNN and synaptic structures were also restored upon CSF1Ri, as well 

as measurements of Nf-L immunoreactivity, a marker for axonal damage in the CNS. 

Collectively these data suggest that while only modest restorations were found across a 

variety of measurements, CSF1Ri could still be used as a possible therapeutic for CSF1R 

haploinsufficiency at more advanced stages of disease. 

MATERIALS AND METHODS 

Compounds: 

PLX5622 was provided by Plexxikon Inc. and formulated in AIN-76A standard chow at a 

dose of 150 ppm or 1200 ppm by Research Diets Inc.  

Mice: 
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All mice were obtained from The Jackson Laboratory. Mice were mixed sex C57BL/6 

(000664) mice. Animals were housed with open access to food and water under 12h/12h 

light-dark cycles. All mice were aged to 16 months unless otherwise indicated. Csf1r+/- 

mice were generously provided by Dr. Karina Cramer (University of California – Irvine; 

Department of Neurobiology and Behavior) and were maintained and genotyped as 

described previously (224). For genotyping Csf1r+/- mice the following primers were used: 

Forward, 5’ ATCCAGCATTAGGCAGCCT; reverse, 5’ GCCACCATGTGTCCGTGCTT.  

Animal treatments: 

All rodent experiments were performed in accordance with animal protocols approved by 

the Institutional Animal Care and Use Committee (IACUC) at the University of California, 

Irvine. The CSF1R+/-   mouse model (16, 225) has been previously described in detail. At 

the end of treatments, mice were euthanized via CO2 inhalation and transcardially 

perfused with 1X phosphate buffered saline (PBS). For all studies, brains were removed, 

and hemispheres separated along the midline. Brain halves were either flash frozen for 

subsequent biochemical analysis, drop-fixed in 4% Paraformaldehyde (PFA; Thermo 

Fisher Scientific, Waltham, USA) for subsequent immunohistochemical analysis. Half 

brains collected into 4% PFA for 48 hrs and then transferred to a 30% sucrose solution 

with 0.02% sodium azide for another 48-72 hrs at 4C.  Fixed half brains were sliced at 40 

µm using a Leica SM2000 R freezing microtome. The flash-frozen hemispheres were 

microdissected into cortical, hippocampal, and thalamic/striatal regions and then ground 

with a mortar and pestle to yield a fine powder.  

Behavioral assays: 
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The following behavioral paradigms were carried out in the following order (213) WT 

and CSF1R+/- underwent behavioral assessment six weeks after being placed on their 

respective diet beginning at 14 mo. 

Elevated plus maze (EPM) 

Mice were placed in the center of an elevated plus maze for 5 minutes to assess anxiety. 

Unless otherwise stated, ANY-Maze software was employed to video-record and track 

animal behavior. The total number of open and closed arm entries, as well as the time 

spent in each arm was determined.   

Open field (OF) 

In brief, mice were placed in a white box for 5 min to assess anxiety. The amount of time 

spent in the center versus the perimeter of the arena was obtained. Measurements on 

distance traveled as well as average speed of the mice were also observed. Of note, the 

same arena was used for OF, Novel Object, Novel Place and Social Interaction tasks. 

Novel object recognition (NOR) 

Mice were allowed to freely explore two identical objects (either small glass beakers or 

plastic building blocks; counterbalanced for treatment) and exploratory behavior was 

recorded for 5 min. 24 hrs later, one familiar object is replaced with a novel object (either 

beaker or block) and behavior is recorded for 3 min. The amount of time spent 

investigating the novel object was determined by calculating the discrimination index (time 

investigating novel object—time investigating old object / total time) and is presented as 

a percentage, where chance level of investigation for each object is 50%. 
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Novel place recognition (NPR) 

Mice were allowed to freely explore two identical objects (either small glass beakers or 

plastic building blocks; counterbalanced for treatment) and exploration behavior is 

recorded for 5 min. 24 hrs later, one familiar object is moved to a new location and 

behavior is recorded for 3 min. The amount of time spent investigating the novel object 

was determined by calculating the discrimination index (time investigating novel place—

time investigating old place / total time) and is presented as a percentage, where chance 

level of investigation for each place is 50%. 

Social Interaction Task 

Mice we allowed to freely explore the arena for 5 minutes. After habituation, a control 

mouse of the same sex was placed inside a wire containment cup that is located to the 

side of the arena. Subject mouse was allowed free access to the arena and control mouse 

for 5 minutes. Number of direct contacts between the subject mouse and the containment 

cup housing a control mouse were quantified as active contacts. Duration of active 

contact points were measured and determined by calculating the discrimination index 

(time of active contact points / total time) and is presented as a percentage. 

Rotarod 

The motor capabilities of the mice were tested using an accelerating rotarod (Ugo Basile). 

Each mouse was placed on the rotarod beam for a maximum of 5 min while it accelerated 

from 8 to 40 rpm. The experimenter stopped the timer when either the mouse fell off the 

beam or the mouse held on to the beam and its body completed two full rotations. A total 

of 5 trials were performed per mouse, each with a 15-min intertrial interval.  
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Histology and confocal microscopy: 

For immunostaining of P2RY12, Aggrecan and CSPG CS-56 antigen retrieval was 

performed by heating the sections in citrate buffer (10 mM [pH 6.0]) for 30 minutes at 80C 

followed by 10 minute cooling period and 5 minute 1X PBS wash. Fluorescent 

immunolabeling followed using a standard indirect technique as described previously 

(119). Brain sections were stained with primary antibodies against: ionized calcium 

binding adaptor molecule 1 (IBA1; 1:1000; 019-19741, Wako and ab5076, Abcam), 

wisteria floribunda agglutinin (WFA; 1:1000, B1355, Vector), Aggrecan (1:200; ab1031 

Millipore), CSPG CS-56 (1:200; ab11570 Abcam), S100β (1:200; Abcam), glial fibrillary 

protein (GFAP; 1:1000; Abcam), Ki67 (1:200; Cell Signaling), NeuN (1:1000; Millipore), 

MBP (1:200; Millipore), PDGFR (1:200; Thermofisher Scientific), Olig2 (1:200; Abcam), 

Synaptophysin (1:1000; Sigma Aldrich), P2RY12 (1:200; Sigma-Aldrich), Nf-L (1:200; 

Synaptic Systems).  

For RNAscope In-Situ Hybridization we followed manufacturer’s instructions. Briefly, 

tissue sections were mounted onto slides and warmed at 60 ̊C for 30 minutes. Sections 

were dehydrated with 50%, 70%, and 100% ethyl alcohol gradients for 5 minutes each at 

room temperature and followed by hydrogen peroxide (Cat No.322335 ACDBio) at room 

temperature for 10 minutes each and then washed with Deionized (DI) water. Tissue 

sections were placed in boiling 1X Target Retrieval Reagent (Cat No.322380 ACDBio) for 

15 minutes then immediately transferred to DI water and washed in 100% Ethyl Alcohol 

and allowed to dry. Slides were covered in Protease III (Cat No.322337 ACDBio) for 30 

minutes at 40 ̊C. Probes were then added for 2 hrs at 40 ̊C within a humidity control 

chamber. Signal amplification and detection reagents (Cat No.322310 ACDBio) were 
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applied sequentially and incubated in AMP 1, AMP 2, and AMP for 30 minutes each. 

Before adding each AMP reagent, samples were washed twice with washing buffer (Cat 

NO.310091 ACDBio). Respective HRPs were placed on slides for 15 minutes at 40 ̊C 

followed by 30 minutes of respective Opal dye (FP1487001KT Akoya Biosciences) for 30 

minutes at 40 ̊C and HRP blocker for 15 minutes at 40 ̊C. 

High resolution fluorescent images were obtained using a Leica TCS SPE-II confocal 

microscope and LAS-X software. For confocal imaging, one field of view (FOV) per brain 

region was captured per mouse using the Allen Brain Atlas to capture comparable brain 

regions. For synaptic quantifications three FOVs per brain region were captured and 

quantifications for each animal was averaged. Total cell counts and morphological 

analyses were obtained by imaging comparable sections of tissue from each animal at 

the 20X objective, at multiple z-planes, followed by automated analyses using Bitplane 

Imaris 7.5 spots and filaments respectively, as described previously (214). Colocalization 

analyses were conducted using Bitplane Imaris 7.5 colocalization and surfaces modules. 

For hemisphere stitches automated slide scanning was performed using a Zeiss 

AxioScan.Z1 equipped with a Colibri camera and Zen AxioScan 2.3 software. Cell 

quantities were determined using the spots module in Imaris. Integrated density 

measurements were determined in ImageJ (NIH). 

Data analysis and statistics  

Statistical analysis was performed with Prism Graph Pad (v.8.0.1; La Jolla, USA). To 

compare two groups, the unpaired or paired Student’s t-test were used. Behavioral, 

biochemical, and immunohistological data were analyzed using Two-way ANOVA (Diet: 

Control vs. PLX5622 and Genotype: WT vs. CSF1R+/-) using GraphPad Prism Version 8. 
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Tukey’s post hoc tests were employed to examine biologically relevant interactions from 

the two-way ANOVA regardless of statistical significance of the interaction. For all 

analyses, statistical significance was accepted at p < 0.05. and significance expressed 

as follows: *p < 0.05, **p< 0.01, ***p < 0.001. n is given as the number of mice within each 

group. Statistical trends are accepted at p<0.10 (#). Data are presented as raw means 

and standard error of the mean (SEM). 

RESULTS 

Aged CSF1R+/- mice display cognitive deficits that are no longer rescued by 

sustained low-grade CSF1R inhibition 

Previous data from pre-pathological mice suggested that CSF1Ri is a viable treatment 

avenue for restoring microglial homeostasis and downstream pathology (i.e. ECM and 

synaptic elimination). However, whether CSF1Ri has similar efficacy in advanced stages 

is still unclear. To that end, WT and CSF1R+/- mice were treated with the specific CSF1R 

inhibitor PLX5622 (150 ppm in chow) for 2 months starting at 14 mo to induce CSF1Ri 

generating 4 groups: WT, CSF1Ri, CSF1R+/-, and CSF1Ri-CSF1R+/- (Fig. 1a). To 

characterize the behavioral phenotypes in our cohort of mice (n=8-10), we once again 

performed a battery of tasks consisting of EPM, Open Field (OF), Novel Object 

Recognition (NOR), Novel Place Recognition (NPR). Behavioral assessments began 6 

weeks after mice were placed on diet and continued for two weeks, at which point mice 

were euthanized. Herein, we found reduced performance of CSF1R+/- mice in both NOR 

and NPR tasks. While CSF1Ri treatment did not restore cognitive capacity as in chapter 

two, there was a trending increase on recognition in the novel place task by the CSF1Ri-

CSF1R+/- suggesting a promising effect by CSF1Ri (Fig. 1b,c). 
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Fig. 3.1: Aged CSF1R+/- mice display behavioral and phenotypic deviations from WT counterparts of 

which microglial losses in homeostasis are restored by CSF1Ri (a) Experimental paradigm: WT and 

CSF1R+/- mice were treated with 150 ppm PLX5622 for two months beginning at 14 mo. Mice were 

sacrificed at 16 mo (n=8-10/group) (b) CSF1R+/- mice spent significantly less time exploring the novel object 

compared to WT mice. Treatment with 150 ppm PLX5622 did not rescued performance on this task (c) 

CSF1R+/- mice spent significantly less time exploring an object moved to a novel place compared to WT 

mice. Treatment with CSF1Ri trended towards rescued performance. (d) Representative 20x confocal 
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image of Iba1 immunostaining in the SS Ctx reveals (e) reduced number of Iba1+ cells in CSF1Ri treated 

groups and (f) increased microglial immunostaining of Lamp1 which was restored upon CSF1Ri treatment. 

Intriguingly, CSF1Ri mice showed increased Lamp1 staining that mirrored that seen in CSF1R+/- mice (g, 

h) Representative 20x images of the SS Cortex reveals a marked decrease in microglial P2RY12 

immunopositivity in CSF1Ri and CSF1R+/- mice. CSF1Ri of CSF1R+/- mice revealed an increased 

expression in P2RY12 expression. (i) Representative 20x confocal images of cc Iba1 Lamp1 staining 

reveals (j) increased Iba1+ cells in CSF1R+/- mice which was normalized in CSF1Ri-CSF1R+/- mice and (k) 

increased Lamp1+ Iba1+ immunostaining in CSF1Ri and CSF1R+/- mice which was normalized in CSF1Ri-

CSF1R+/- mice. Similarly, (l) representative 20x imaging of cc Iba1+ cells revealed increased CD68 

immunopositivity in CSF1Ri and CSF1R+/- mice. CSF1Ri-CSF1R+/- mice showed reduced CD68 

immunopositivity. Statistical analysis used a two-way ANOVA with Sidak multiple comparisons correction. 

Significance * p< 0.05; ** p < 0.01, *** p < 0.001, # 0.05 < p < 0.1 

Aged CSF1R+/- mice display dyshomeostatic microglia can be restored to 

homeostatic state by sustained low-grade CSF1R inhibition 

Given the the trending increases to cognitive faculties, we aimed to clarify whether 

CSF1Ri treatment managed to restore microglia to a homeostatic status. To this end we 

immunostained and characterized the Iba1+ cell population in the ss ctx and the cc (Fig. 

1d-m). Analysis of the brain microglial population in this more advanced cohort of mice 

revealed that, unlike at 8 months, 16-month-old CSF1R+/- mice did not display an increase 

in cortical microglial density (Fig. 1d,e). This is not too surprising as in human cases of 

ALSP microglia densities gradually decline during advanced disease stages (261). Once 

again, we aimed to quantify the expression level of homeostatic markers by microglia and 

so stained for P2RY12 (Fig. 1g). Quantification of colocalized P2RY12 Iba1 

immunostaining revealed similar losses of P2RY12 expression by CSF1Ri and CSF1R+/- 

as in the previous pre-pathology cohort. Indeed, as before, P2RY12 expression was 
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increased in CSF1Ri-CSF1R+/- microglia suggesting a restoration of microglial 

homeostasis.  

Examination of the microglia population in the cc revealed marked microgliosis that was 

ameliorated with CSF1Ri treatment in the CSF1R+/- mice (Fig. 1i,j). Previous studies have 

observed increased microglial Lamp1+ and CD68+ immunostaining in dyshomeostatic 

microglia with enlarged lysosomal vesicles related to CNS white matter pathology induced 

by increased phagocytosis of myelin (ref: 34433069). To that end, we immunostained for 

Lamp1 and examined expression in the cortex and cc (Fig. 1d,i) and found increased 

Lamp1 expression by microglia in both CSF1Ri and CSF1R+/- microglia. In both ctx and 

cc we observed a trending decrease of Lamp1 expression in CSF1Ri-CSF1R+/-. Similarly, 

immunostaining for CD68 in the cc (Fig. 1l) revealed increased expression of CD68 by 

CSF1Ri and CSF1R+/- that was trending towards reduction in CSF1Ri-CSF1R+/- mice. 

Together these data suggest that CSF1Ri treatment still had the capacity to restore 

functions of homeostatic microglia, albeit to a lesser extent than was achieved with the 

pre-pathological cohort in chapter two.  

Aged CSF1R+/- mice display signs of Corpus Callosum damage which are 

attenuated upon CSF1Ri 

Previous reports on both ALSP patients and CSF1R haploinsufficient mice have shown marked 

reductions in white matter integrity in the corpus callosum (16, 218, 225, 262). Consistent with 

this, we observed decreased immunostaining of MBP in both the cc (Fig. 2a,b) and the cortex  
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Fig. 3.2: CSF1R+/- mice display signs of Corpus Callosum damage which is attenuated upon CSF1Ri 

(a) Representative 20x confocal images of MBP immunostaining in the cc and ctx (insert) show (b,c) 

marked reduction in MBP integrated density of CSF1R+/- mice. (d) Representative 63x confocal images of 

Iba1+ MBP+ immunostaining revealed (e) increased MBP deposits inside Iba1+ cells in the cc of CSF1Ri and 

CSF1R+/- cells which was ameliorated in CSF1Ri-CSF1R+/- microglia. (f) Representative 20x images of Nf-

L and SMI31 (insert) display (g) increased immunofluorescence as measeured by integrated density of cc 
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Nf-L in CSF1R+/- mice that was partially ameliorated in CSF1Ri-CSF1R+/- mice as well as (h) decreased 

immunostaining of SMI31 in CSF1Ri and CSF1R+/- mice. (i) Representative immunofluorescent image of 

Olig2+ cells in the cc showed (j) no differences between the groups. (k) Representative image of 20x in situ 

hybridization of MOG RNA revealed (l) decreased expression of MOG in CSF1Ri and CSF1R+/- which is 

trending towards recovery in CSF1Ri-CSF1R+/- mice. (m) Representative 20x immunofluorescent images 

of NG2+ cells in the cc of aged mice displayed (n) increased amount of NG2+ immunostaining in CSF1R+/- 

mice that was ameliorated with CSF1Ri treatment. Statistical analysis used a two-way ANOVA with Sidak 

multiple comparisons correction. Significance * p< 0.05; ** p < 0.01, *** p < 0.001, # 0.05 < p < 0.1 

(Fig.2a insert, c). However, CSF1Ri-CSF1R+/- mice showed only marginal recovery in MBP 

integrated density when compared to CSR1R+/- mice. Recent evidence has implicated microglia in 

the clearance of myelin debris in several CNS disorders such as MS and progressive multifocal 

leukoencephalopathy (184-186). Given such an ability for myelin control, we next investigated 

whether CSF1R+/- microglia displayed internalized MBP structures. Indeed, colocalization of Iba1+ 

cells with MBP+ immunofluorescence revealed increased colocalization in CSF1Ri and CSF1R+/- 

groups (Fig. 2d,e) which was normalized in CSF1Ri-CSF1R+/- microglia, suggesting that aged CSF1Ri 

and CSF1R+/- may have enhanced phagocytic capacity which is mitigated in aged CSF1Ri-CSF1R+/- 

mice. Given the increasing relevance of neurofilament light chain (Nf-L) as a biomarker for axonal 

injury we immunostained for Nf-L and noted a marked increase in the intensity of Nf-L in CSF1R+/- 

mice which was reduced by ~30% in CSF1Ri-CSF1R+/- mice (Fig. 2f,g). Similarly, immunostaining 

for SMI-31 labeled axons showed reductions in CSF1Ri and CSF1R+/- groups that was ameliorated 

in the CSF1Ri-CSF1R+/- groups (Fig. 2f (insert),h).  

Having seen the burden of white matter pathology in CSF1R+/- mice we next examined whether 

the oligodendroglial population had similarly been affected by dysregulated CSF1R signaling. To 
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that end, we immunostained for Olig2, however, we found no differences between the groups 

with regards to Olig2+ spots throughout the cc (Fig. 2i,j). Intriguingly, RNAscope in-situ 

hybridization of MOG RNA did reveal a decrease in the amount of MOG+ RNA in CSF1Ri that 

mirrored that seen in CSF1R+/- cc. This was recovered in CSF1Ri-CSF1R+/- mice (Fig.  2k,l). Recent 

studies into spinal cord injuries have found that in response to such lesions, NG2+ cells 

proliferate(263). As such, we immunostained for NG2 and found a marked increase in NG2+ cell 

density in CSF1R+/- mice compared to their WT counterparts. CSF1Ri-CSF1R+/- mice showed 

reduced levels of NG2+ immunostaining that was comparable to that found in WT, suggesting 

that reactivity from these cells to white matter pathology had been assuaged in CSF1Ri-CSF1R+/- 

mice.  

Aged CSF1R+/- mice display signs of ECM dyshomeostasis which are marginally 

restored upon CSF1Ri 

Given the increasing relevance of the ECM in overall CNS health(264), as well as prior 

data from chapter two, we aimed to characterize ECM structural changes in 16 month old 

CSF1R+/-  mice and investigate whether CSF1Ri treatment at this time point could 

replicate the ameliorative properties seen at 8 months of age. To that end, we 

immunostained for WFA and Aggrecan and found that 16-month-old CSF1R+/- mice 

displayed enduring PNN loss that was restored with CSF1Ri (Fig. 3a-d). Reduced PNNs 

were also evident in CSF1Ri-treated WT mice at 16 months despite no such changes 

following CSF1Ri at 8 months of age (Fig. 3a-d). Immunostaining for CS-56+ deposits in 

the cortex found that CSF1R+/- mice showed dramatically increased CS-56 

immunofluorescence CSPGs as before that was normalized in CSF1Ri-CSF1R+/- mice 
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(Fig. 3e,f). Importantly, these data suggest that, while sustained early intervention with 

CSF1Ri may be more efficient in preventing the overt CNS damage seen here, treatment 

during pathological phases still induce beneficial effects to CNS health. 

 

Fig. 3.3: CSF1R+/- mice present with diminished perineuronal net density and increased CSPG 

islands which are modestly restored upon CSF1Ri (a) Representative 20x confocal image of 

immunostaining for WFA in aged cohort of mice revealed (b) significant reduction in PNN structures in 

CSF1Ri and CSF1R+/- mice that was trending towards recovery in CSF1Ri-CSF1R+/- mice. (c) 

Representative 20x image of Aggrecan immunofluorescence showed (d) similar pattern in Aggrecan 

expression amongst the groups with CSF1Ri and CSF1R+/- showing reductions in PNNs and trending 

restoration in CSF1Ri-CSF1R+/- mice. (e) Representative 20x confocal image of CS-56 immunostaining 

revealed (f) increased density of DAC structures in CSF1R+/- mice. Statistical analysis used a two-way 

ANOVA with Sidak multiple comparisons correction. Significance * p< 0.05; ** p < 0.01, **** p < 0.0001, # 

0.05 < p < 0.1 
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DISCUSSION: 

Our previous work had established that CSF1Ri targeting of microglia homeostasis was 

a valid target for intervention at pre-pathological stages of CSF1R haploinsufficiency 

induced pathology (i.e. synaptic and PNN downregulation). However, given the rarity of 

ALSP, human patients with CSF1R genetic mutations are often not diagnosed until 

symptom onset and pathology has progressed. With that in mind, we designed the 

experiments in this chapter to address whether CSF1Ri treatment would remain a valid 

therapeutic approach for the amelioration of pathology associated with ALSP. In line with 

data from chapter two, we found that CSF1R+/- mice had cognitive deficits as assessed 

by the NOR and NPR tasks (Fig. 1b,c). CSF1Ri treatment did show promising results with 

regards to ameliorating these cognitive deficits, however, in 16-month-old CSF1R+/- mice, 

indeed suggesting that the use of CSF1Ri for treatment of ALSP pathology in advanced 

stages remains a valid therapeutic approach.  

Microglial homeostasis was similarly reintroduced both in the cortex as well as in the 

corpus callosum (Fig. 1d-m). This notion was emphasized by immunostaining of the 

homeostatic marker P2RY12, as well as Iba1+ Lamp1+ colocalized immunostaining. 

Lamp1 acts as a protein essential for the fusion of phagosomes with lysosomes and their 

subsequent degradation, here suggesting an enlargement of lysosomal structures by 

microglial populations in CSF1R+/- mice. Indeed, increased Lamp1+ immunostaining in 

microglia been observed in various models of white matter pathology including mouse 

models of Frontotemporal Dementia in which microglial lysosomal disfunction contributed 

heavily towards observed white matter pathology (265, 266). Similarly, increased CD68 

immunostaining by microglia is often used as a general marker for microglial activation 
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as its increased expression is related to microglial phagocytic capacity (267, 268). 

Intriguingly, quantification internalized MBP+ immunopositive staining in Iba1+ cells 

revealed increased levels of internalized MBP in CSF1Ri and CSF1R+/- mice. This was 

reduced in CSF1Ri-CSF1R+/- mice to levels that were comparable to the WT controls. 

These data support the CD68 and Lamp1 immunostaining data as these point toward 

increased phagocytic capacity by microglia in both investigated regions. Indeed, microglia 

are active participants in myelin remodeling by way of phagocytic pathways, pathways 

which could, as hypothesized here, be incurred by dysregulated CSF1R signaling. Further 

in vitro and in vivo studies should be performed, however, to ascertain the phagocytic 

capacity of microglia with dysregulated CSF1R signaling. Given the general upregulation 

in both CD68 and Lamp1 by CSF1R haploinsufficient microglia and subsequent 

downregulation in CSF1Ri treated CSF1R+/- mice we concluded that CSF1Ri treatment at 

these late stages remains a viable approach towards reinstating microglial homeostasis.  

As white matter degeneration is a significant component of ALSP pathology, we 

characterized the corpus callosum in our aged cohort of mice. As expected, we found 

loss of MBP immunostaining that was trending towards recovery in the CSF1Ri-CSF1R+/- 

mice, again, suggesting that CSF1Ri treatment at these late stages might have some 

efficacy for improving clinical outcome. Analysis of Nf-L and SMI-31 immunostaining both 

showed increased axonal damage in CSF1R+/- mice that was mitigated upon CSF1Ri 

treatment. Nf-L has recently emerged as a clinical biomarker used across a variety of 

neurodegenerative disorders (269-272) as increased levels of Nf-L increase 

proportionately with levels of axonal damage. In the context of ALSP, human patients with 

ALSP show similar increased levels of plasma Nf-L (273) as those seen in our current 
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dataset suggesting a replicable and important measure for disease progression 

monitoring.  

Given the intimate relationship between white matter and cells of oligodendrocyte lineage 

we also analyzed levels of oligodendrocytes here and found no differences in this 

population as assessed by Olig2+ immunostaining. Further characterization of this 

population is still necessary, however, as OPCs and intermediate stage oligodendrocytes 

may have been affected. It is interesting to note, however, that the levels of MOG mRNA 

were vastly reduced in CSF1Ri and CSF1R+/- mice which was restored in CSF1Ri-

CSF1R+/- mice. The significance of such altered expression of MOG mRNA necessitates 

further study but does point towards a non-cell autonomous affect by dyshomeostatic 

microglia as had been suggested by the bulk RNA-sequencing data in chapter two. 

Characterization of NG2+ cells showed a remarkable increase in NG2 immunostaining in 

CSF1R+/- mice that was ameliorated upon CSF1Ri treatment. While NG2 cells are still 

under intense investigation and their roles in CNS homeostasis are still up for debate, this 

increased number of NG2+ cells has been reported by prior studies using different mouse 

models of white matter damage (274-276). Similar studies have found NG2+ cells reacting 

to changes in axonal structure induced by Nf-L knockout studies(277) further reinforcing 

the concept that white matter damage in CSF1R+/- mice can be restored upon CSF1Ri 

treatment, even at the late stages of pathology. This theme of increased damage was 

replicated when we characterized the ECM landscape by way of immunostaining for 

PNNs and DACs. Thus, dyshomeostatic microglia in chapter three similarly showed a 

capacity to enact profound damage to the CNS at large. Importantly, targeting microglia 

specifically via CSF1Ri treatment remained a valid therapeutic approach towards 
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restoring microglial homeostasis and ameliorating downstream pathology. It is important 

to note, however, that extended treatment at earlier timepoints may allow for improved 

efficacy in treatment of ALSP-like pathology. 
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DISSERTATION CONCLUDING REMARKS 

Currently, there are no disease-modifying therapies for ALSP. The lack of such treatment 

options stems from the relatively recent identification of CSF1R mutations as the genetic 

etiology of ALSP. More importantly, the variable phenotypic presentation of pathology in 

patients complicates the formation of a collective set of criteria by which ALSP can be 

identified/treated. As such, rigorous clinical trial methodologies are still evolving. Current 

treatments for symptoms of ALSP temporarily relieve motor and behavioral ailments as 

the disorder progresses with the sole intent of maintaining quality of life. Patients with 

ALSP tend to fail to respond to immunomodulators, however, the effectiveness of pre-

symptomatic immunosuppression (278) and allogeneic HSCT (279, 280) have shown 

potential efficacy in case reports but still require testing in controlled clinical trials. 

Although data on HSCT in ALSP are few, given the risks and associated complications 

of HSCT for the treatment of leukodystrophies, the early detection and therapy of this 

disorder is highly recommended. 

CSF1R is expressed primarily by microglia in the brain (213) and mutant CSF1R proteins 

in ALSP present with suboptimal receptor function that leads to dysfunctional cells with 

abnormal distribution and physiology (261). Microglial replacement thus represents a 

potential therapeutic avenue for ALSP and so has been the subject of recent research. 

Microglia are the resident innate immune cells that monitor and maintain the homeostatic 

environment of the CNS. Aside from their roles in controlling neuroinflammation, microglia 

respond to various types of cellular signals and regulate responses for the repair and 

remyelination of white matter tracts, phagocytosis of dead cells, and are largely involved 
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in the maintenance of synapses and ECM structures. Such key roles in CNS upkeep 

highlights a potential role for impaired microglia as primary drivers of pathology underlying 

CSF1R-related leukoencephalopathies.  

For my dissertation I sought to explore how dysregulated CSF1R signaling could affect 

the microglial pool in the CNS and the downstream effects of such altered signaling. To 

that end, I created a mouse model that excises one Csf1r allele under the direction of the 

Cx3cr1 promoter. In doing so, I was able to specifically target microglial cells in the CNS. 

This mouse model was created to emulate CSF1R haploinsufficient human cases of 

ALSP. CSF1R haploinsufficiency was induced at a post-developmental timepoint, in 

doing so bypassing any developmental influences of CSF1R dysregulated expression. 

Data from this initial study identified dysregulated CSF1R signaling as sufficient to induce 

decreased expression of the homeostatic markers P2RY12 and TMEM119 in microglia, 

suggesting a loss of homeostatic function in the inducible CSF1R+/- mice.  

Having observed a conspicuous downregulation in microglial homeostasis prompted an 

investigation into the downstream effects of this altered microglial pool on CNS health. 

Given recent evidence of microglia involvement in synaptic and ECM maintenance under 

homeostatic conditions, I hypothesized that dysregulated microglia would alter the 

tetrapartite synaptic landscape. Indeed, inducing a dysregulated microglial state led to a 

downregulation of presynaptic surrogates as well as PNN structures. The exact 

mechanism by which such events occur remain elusive. However, investigations into 

myeloid cell biology do suggest that microglia are equipped with the necessary tools to 

exert similar controlled effects under homeostatic conditions, whether it be through 

phagocytosis or the secretion of matrix remodeling enzymes such as MMP9 or MMP14, 
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and so it is possible that these mechanisms are also used in an unregulated fashion when 

microglia are dysregulated. Importantly, the observed effects on non-microglial CNS 

structures were driven solely by microglial dyshomeostasis. Unlike other 

neurodegenerative disorders where microglia react to protein aggregates, for example, 

our system clearly delineates the extent to which microglia have the capacity to induce 

synapse and ECM degeneration independent of external pathology.  

Extending these studies, I turned to a global CSF1R haploinsufficient system wherein we 

pharmacologically depleted the microglial population with a CSF1R inhibitor to investigate 

whether elimination of dyshomeostatic microglia could restore synaptic and ECM 

structures. The elimination of dyshomeostatic microglia lead to recovery of both, however, 

given that elimination of the microglial population is not a clinically feasible option we 

turned to a microglial modulating approach with a lower dosage of the CSF1R inhibitor. 

Under this paradigm we treated WT and CSF1R+/- mice for 2 months with the CSF1R 

inhibitor at which point mice were sacrificed at 8 months of age, before any canonical 

ALSP pathology has been reported. With the treatment of this modulating dose, we noted 

an astounding recovery of homeostatic state in CSF1R+/- microglia that resulted in the 

restoration of synaptic and ECM homeostasis, as well as behavioral output on the Novel 

Object recognition task suggesting targeting of microglia in CSF1R haploinsufficient 

organisms as a viable therapeutic, in agreement with another study which restored 

microglia homeostasis via genetic ablation of Csf2 which was highly upregulated upon 

CSF1R haploinsufficiency in both mice and humans. 

Intriguingly, WT mice treated with the modulating dose of CSF1R inhibitor showed similar 

decreases in P2RY12 and TMEM119 expression, which resulted in decreased levels of 
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presynaptic puncta that mirrored losses seen in genetic CSF1R+/- haploinsufficiency. 

Moreover, analysis of bulk cortical RNA revealed striking similarities between 

pharmacological and genetic CSF1R dysregulated signaling raising an important point 

about the importance of CSF1R signaling in maintaining microglia, and consequently 

CNS, homeostasis. Contrary to data in which the loss of microglia densities is suggested 

to lead to ALSP pathology, our data argue that dysregulated CSF1R signaling results in 

a toxic gain of function status by which microglia begin to exert their pathological effects 

on the CNS. This idea is supported by my depletion study as well as prior data from our 

lab showing that extended depletion of microglia in WT mice (up to 6 months of depletion) 

does not induce ALSP like pathology.  

Because ALSP is an extremely rare disorder and correct diagnosis is often achieved once 

disease pathology is already advanced, it is important to investigate whether CSF1R 

inhibitor treatment would remain a viable therapeutic avenue. Chapter three of this 

dissertation thus focused on studying CSF1R haploinsufficient mice at more advanced 

stages of pathology. To this end, I aged mice to 14 months at which point they underwent 

similar 2-month pharmacological treatment with the microglia modulating dose of the 

CSF1R inhibitor. Here, microglia homeostasis was once again restored in CSF1Ri-

CSF1R+/- mice as evident by increased P2RY12 expression and reduced CD68 and 

Lamp1 microglial colocalization. This, however, was not sufficient to completely restore 

MBP levels in the cortex or corpus callosum. Despite this lack in MBP restoration, Nf-L, 

SMI-31, Synaptophysin and PNN levels were modestly restored, albeit not to WT levels. 

This line of evidence suggests that pharmacological treatment at more advanced stages 

does have the potential to serve as a valid therapeutic, but perhaps the treatment duration 
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needs to be reconfigured. Given the extent of pathology found in these advanced stages 

of disease there is only so much that can be restored, once again arguing for the early 

detection and therapy of patients suffering from ALSP.  

Unexpectedly, aged CSF1Ri microglia differed from their younger counterparts in that 

aged CSF1Ri microglia appeared more detrimental to CNS health. Treatment with 

CSF1Ri at 8 months did not result in losses of MBP, PNNs nor SMI-31, for example, that 

was found in the aged cohort. This effect of aging on microglia necessitates further 

exploration, however, as treatment of non-CSF1R related degenerative disorders are 

currently undergoing clinical trials. Ultimately, these studies highlight the significance of 

properly functioning microglia and point towards their critical role for CNS health. 

Importantly, the restoration of homeostasis through pharmacological means is possible, 

at least in mice, suggesting the possibility for less invasive treatment options for a clinical 

population that is already vulnerable. With hope, studies such as those presented in this 

thesis will accelerate the development of disease-modifying therapies for ALSP that target 

and modulate microglial function. 
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