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ABSTRACT 

 
JOANNA RUTH ERION 

The contributions of microglial VPS35 to adult hippocampal neurogenesis and 

neurodegenerative disorders 

 (Under the direction of WEN-CHENG XIONG) 
 

The retromer complex is a multimeric protein complex which facilitates 

intracellular trafficking of a variety of transmembrane proteins. Vacuolar protein sorting-

associated protein 35 (VPS35) is a critical component of retromer’s cargo recognition 

subunit and has been implicated in neurodegenerative disease pathology, including 

Alzheimer’s disease (AD). Without functional VPS35, trafficking of retromer cargo is 

often impaired, compromising cargo function and/or downstream signaling events. 

VPS35 expression is ubiquitous and can be found throughout the central nervous 

system (CNS). Microglia express VPS35, and microglia from AD patients exhibit reduced 

VPS35 expression. We sought to determine how microglial VPS35 loss-of-function might 

contribute to neurodegenerative disease pathology. 

We examined the CNS of a mouse model of heterozygous VPS35 deletion and 

found evidence suggesting upregulated microglial activity. To specifically examine the 

effects of microglial VPS35 loss-of-function, we developed VPS35CX3CR1 mice, a model 

which induces microglial-specific VPS35 depletion. Microglial VPS35 loss-of-function 



 

 

upregulated microglial density in a region-specific manner, which we determined to be an 

effect of increased microglial differentiation/survival. Upon further inspection, we found 

evidence of upregulated microglial inflammatory activity in the hippocampus, including 

increased levels of proinflammatory cytokine interleukin-6. 

Microglial density was increased within the subgranular zone (SGZ) of 

VPS35CX3CR1 mice, so we sought to determine if microglial VPS35 loss-of-function has 

any effect on hippocampal neurogenesis. While we found decreased doublecortin+ (DCX) 

immature neurons, an increase was observed in the differentiation/survival of neural 

progenitor cells (NPCs). Further analysis suggested the cell cycle exit of VPS35CX3CR1 

hippocampal NPCs may be compromised. To examine morphology of newborn neurons, 

hippocampi were labeled with a retroviral vector, revealing impaired dendritic 

development in newborn hippocampal VPS35CX3CR1 neurons. Aberrant regulation of 

hippocampal neurogenesis in VPS35CX3CR1 mice was associated with a depressive 

behavioral phenotype and long-term memory impairment.  

These findings implicate a novel microglial-specific role of VPS35 that might 

contribute to neurodegenerative disease pathogenesis. The full extent of this role remains 

to be determined, as well as the mechanisms underlying our observations. It also remains 

to be determined what role microglial VPS35 might play in other brain regions, and how 

microglial VPS35 depletion might contribute to other aspects of neurodegenerative disease 

pathology. 

KEY WORDS: Retromer, VPS35, Neurodegeneration, Alzheimer's Disease, Parkinson's 

Disease, Microglia, Hippocampus, Adult Neurogenesis, Subgranular Zone 
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I. INTRODUCTION 
 

A. Statement of the Problem  
 

Alzheimer’s Disease (AD) is a severely debilitating neurodegenerative condition 

that affects over 5 million individuals in the United States, with an estimated 46.8 million 

worldwide. In the United States, one in nine individuals over the age of 65 suffers from 

AD, and as populations continue to grow and life expectancies increase, AD prevalence 

will escalate, expecting to triple over the next 30 years (Alzheimer’s Disease International, 

2016; Alzheimer’s Association, 2016). AD is characterized by abnormal accumulation of 

neurotoxic amyloid beta (Aβ) peptides produced by cleavage of amyloid precursor protein 

(APP) (Small and Duff, 2008). While AD pathophysiology has fundamentally been 

identified, the underlying mechanisms which contribute to initial disease onset and 

perpetuate disease progression remain open to speculation. 

A multitude of genes have been identified as susceptibility genes in AD pathology 

(Rocchi et al., 2003; Potkin et al., 2009), including vacuolar protein sorting-associated 

protein 35 (VPS35) (Small et al., 2005). VPS35 is an essential member of the cargo 

recognition module of the retromer complex (Nothwehr et al., 1999; Hierro et al., 2007). 

Retromer is a multimeric protein complex that facilitates intracellular retrograde trafficking 

of select transmembrane proteins (Seaman et al., 1998). Molecular participants in the 

neurodegenerative cascade have been identified as retromer cargos, and when retromer is 

made dysfunctional (by depletion/mutation of VPS35 or other critical components), 
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functional activity of retromer cargos can be impaired, affecting a multitude of 

pathological consequences (Small & Petsko, 2015).  

 Effects of VPS35 deficiency vary in a cargo-specific manner, so it follows that 

VPS35 can affect the function of individual cell types differentially based upon retromer 

cargos expressed by a particular cell. In the CNS, most attention has been given to the role 

of VPS35 in neurons, where retromer and VPS35 have been shown to participate in the 

mediation of crucial cellular processes such as the regulation of amyloid precursor protein 

(APP) trafficking and proteolytic processing (Nielsen et al., 2007; Muhammed et al., 2008; 

Wen et al., 2011; Ueda et al., 2016), the trafficking of neurotransmitter receptors (Munsie 

et al., 2015; Tian et al., 2015), mitochondrial fusion/fission dynamics (Tang et al., 2015b; 

Wang et al., 2016), and the establishment and regulation of neuronal cell polarity (Prasad 

& Clark, 2006; Bonifacino, 2014; Vergés, 2016). 

While it is known that microglia express VPS35 and that microglial VPS35 is 

downregulated in the brains of AD patients (Lucin et al., 2013), how VPS35 deficiency 

within microglia might affect cellular-specific function is poorly understood. In vitro 

studies have shown that microglial VPS35 deficiency can reduce the presentation of 

microglial phagocytic receptors at the cellular membrane, impairing the phagocytic 

capacity of microglia (Lucin et al., 2013). More recently, in vitro deletion of VPS35 from 

the BV2 microglial cell line has been shown to exacerbate the microglial inflammatory 

response (Yin et al., 2016).  

Many studies have investigated the relationship between dysfunctional microglia 

and the role of the inflammatory cascade in neurodegenerative disease pathology, but 

evidence regarding any role microglial VPS35 might play in the pathogenesis of 
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neurodegenerative disease is limited. Additionally, to date, no studies have been published 

which test the in vivo effects of microglial VPS35 depletion upon microglial function, and 

how deficiency of microglial VPS35 might affect cellular function in such a manner as to 

contribute to neurodegenerative disease pathology.  

In order to address the role of microglial VPS35 in the adult CNS and how its 

dysregulation might contribute to neurodegenerative disease pathology, the specific aims 

of this project were to:  

1: Establish an in vivo model of microglia-specific VPS35 depletion;  

2: Assess the effects of microglial VPS35 depletion on in vivo microglial activity; 

3: Identify hippocampal-specific effects of microglial VPS35 depletion. 

 

 

B. Review of Related Literature  

 

Retromer complex & vacuolar protein sorting-associated protein 35 (VPS35) 
 

 The retromer complex is an evolutionarily conserved multimeric protein complex 

that plays a pivotal role in endosomal trafficking, contributing to the regulation of 

intracellular transport and recycling (Seaman et al, 1998). Retromer typically operates by 

recognition of specific proteins (retromer cargos) located in the endosomal membrane, 

where the cargo is partitioned into a nascent tubule and transported to its respective 

destination (Seaman et al., 1998; Hierro et al., 2007). Classical retromer transport operates 

along the retrograde pathway, transporting cargo proteins from the endosome to the trans-

golgi network (TGN) (Seaman, 2004), but retromer also recycles specific transmembrane 
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receptors from the endosome to the cellular membrane (Tabuchi et al., 2010; Temkin et al., 

2011; Lucin et al., 2013; Munsie et al., 2015; Tian et al., 2016) and has been observed in 

particular cases to transport cytosolic protein (Zhou et al., 2017) and mitochondrial 

membrane proteins (Sugiura, et al. 2014; Braschi et al., 2010; Tang et al., 2015b). Retrieval 

and localization of many prominent membrane proteins/receptors are mediated by 

retromer, thus retromer activity and dysfunction have been linked to multiple cellular 

processes and pathologies (Table 1). 

The retromer complex was first characterized in yeast (Saccharomyces cerevisiae), 

where it was shown to mediate endosome-to-golgi recycling of the carboxy peptidase Y 

(CPY) receptor VPS10P (Seaman et al., 1998). The retromer complex is highly conserved 

throughout the eukaryotic kingdom, with retromer’s mammalian counterpart possessing 

machinery similar to that observed in yeast (Koumandou, et al., 2011). For the sake of 

applicability, this review will focus on retromer machinery as observed in mammalian 

cells.  

Whereas in yeast, retromer is a stable heteropentameric complex, mammalian 

retromer exists as a transient association of a cargo-selective module (composed of 

VPS35, VPS26, VPS29) and a tubulation module [a sorting nexin (SNX)-BAR dimer 

(Snx1/2, Snx5/6) which mediates tubule formation through SNX C-terminal Bin-

Amphiphysin-Rvs (BAR) domains and intrinsic self-assembly activity (Nothwehr and 

Hindes, 1997; Kurten et al., 2001)].  

Retromer recruitment occurs at the endosomal membrane, occurring in tandem with 

cargo protein selection, as mediated by the cargo-selective module. VPS35 serves as the 

foundation of this trimeric subcomplex to which VPS26 and VPS29 bind.  Retromer cargo  
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Table 1 

Retromer cargo 
Functions/related 

pathologies 

Recycling 

pathway 
Reported by: 

Aquaporin-2 

(AQP2, associates 

with VPS35, 

possible cargo) 

Vasopressin-regulated water-

channel protein 
unspecified Lee et al., 2016 

β2AR (via SNX27) 
Regulation of receptor-linked 

signaling 
End. > PM Temkin, 2011 

β-secretase 

(BACE1) 
APP processing; AD End. > TGN 

Wen, 2011; 

Wang 2012 

Cation independent 

mannose 6-

phosphate receptor 

(CIMPR/MPR300) 

Delivery of soluble lysosomal 

hydrolases 
End. > TGN 

Seaman et al., 

2004; Arighi et 

al., 2004 

CD36 (cluster of 

differentiation 36) 

Phagocytic receptor that 

mediates the clearing function 

of microglia 

End. > PM 
Lucin et al., 

2013 

Crumbs (Crb) 
Apical protein required for 

cell polarity 
Unspecified 

Pocha et al., 

2011 

DLP1 
Mitochondrial  fission protein 

dynamin-like protein 1 
MM > MDV Wang, 2016 

DMT1-II/Slc11a2 

(divalent metal 

transporter 1) 

Iron transportation End. > PM 
Tabuchi et al., 

2010 

GluR1, GluR2 AMPA receptor End. > PM 
Munsie, 2015; 

Tian et al., 2015 

GLUT1 Glucose  transport End. > PM 
Steinberg et al., 

2013 

GLUT4 

Glucose transport in 

adipocytes and 

muscle cells 

EE > TGN 

Yang et al., 

1993; Ma, et al., 

2014 

Lamp2a 
Chaperone-mediated 

autophagy receptor 
LM > TGN 

Tang et al, 

2015a 

Menkes Protein 

(ATP7A) 
Copper transporter 

End. > cell 

surface PM 

Steinberg F 

2013, Petris 

1998 

Mul1 

(Mitochondrial E3 

ubiquitin protein 

ligase 1) 

Regulation of mitochondrial 

dynamics, morphology, and 

apoptosis 

MM > MDV 
Tang et al., 

2015b 

N-Ras 

Cytosolic Ras; Transmission 

of signals for proliferation, 

differentiation and survival 

Cytosolic Zhou, 2017 
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Retromer cargo 
Functions/related 

pathologies 

Recycling 

pathway 
Reported by: 

PTHR (parathyroid 

hormone receptor) 
Bone remodeling End. > TGN 

Feinstein et al., 

2011; Xiong et 

al., 2016 

pIgAR 
Polymeric IgA receptor, cell 

polarity 
trancytosis 

Vergés et al., 

2004 

Presenilin-1 (PS1) 

Catalytic core of the γ-

secretase complex required 

for Aβ generation 

End > TGN Ueda, 2016 

RANK (Receptor 

activator of NF-κB) 
Osteoclastogenesis End. > TGN Xia et al., 2013 

SorCS1 Diabetes End. > TGN 
Lane et al., 

2010; 2013 

SorL1 (sortilin-

related receptor, 

also known as 

SorLA) (via 

VPS26) 

Binds amyloid precursor 

protein (APP); AD 

pathogenesis 

End. > TGN 

Nielsen et al., 

2007; Fjorback 

et al., 2012 

Sortilin 

Cardiovascular risk gene, 

APP processing, neurotrophic 

factor signaling 

End. > TGN 

Small et al., 

2005; Anderson 

et al., 2005 

TREM2 (triggering 

receptor expressed 

on myeloid cells 2) 

Phagocytic receptor 

associated with AD 
End. > PM 

Lucin et al., 

2013; Yin et al., 

2016 

Wnt transport 

protein 

Wntless/MIG-14 

Neuronal cell migration, 

establishment of 

anteroposterior neural polarity 

Animal embryogenesis 

End. > TGN 

Eaton, 2008, 

Prasad and 

Clark, 2006 

 

 
  

Table 1: Identified retromer cargos and associated function/pathology 

Select list of retromer cargo proteins identified by the literature. End. = Endosome, PM = plasma 

membrane, TGN = trans golgi network, LM = lysosomal membrane, MM = mitochondrial membrane, 

MDV = mitochondrial derived vesicle 
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proteins include receptors that bind with VPS35 – ligands bound to these receptors are 

transported with them. Although VPS35 generally serves as the main cargo-binding 

subunit, interactions between VPS26 and other cargo have been reported (Kim et al., 2010, 

Fjorback, AW 2012). 

 Recruitment of the cargo-selective trimer has been shown to rely upon the small 

GTPase Rab7 (Rojas et al., 2008; Seaman et al., 2009) and SNX3 [which relies upon Rab5-

mediated PtdIns(3)P synthesis to associate with the endosomal membrane (Harterink et al., 

2011; Vardarajan et al., 2012)]. Retromer binding to the endosomal membrane via SNX3 

has recently been shown to be coupled through a conformational change in VPS26 to 

achieve DMT1 (divalent metal transporter 1) cargo recognition (Lucas et al., 2016). Some 

scholars group SNX3, Rab7, and PtdIns3P into a separate retromer module altogether, 

labeling these as members of a “membrane-recruiting module” (Small & Petsko, 2015). 

Given that Rab5 and SNX3 are markers of the early endosome while Rab7a is a marker of 

the late endosome, this membrane-recruiting module might provide an additional level of 

regulation for retromer assembly and function (Seaman, 2012).  

 Independent of recruitment of the cargo-selective module, the tubulation module 

assembles, promoting endosomal membrane tubulation for the sorting of cargo proteins 

(Seaman, 2004; Arighi et al., 2004).  SNX recruitment is mediated by the lipid-binding 

Phox homology (PX) domain present in each SNX as a result of Vps34 (a phosphoinositide 

3-kinase), which in turn is regulated by Beclin1 (Ruck et al., 2011). This PX domain acts 

as a localization sensor by binding to endosomal PtdIns. The BAR domain acts as an 

additional level of regulation, contributing to SNX association (Carlton, et al. 2004). 
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 It is important to note that functionally distinct retromer complexes have been 

identified in which cargo transportation is sorting nexin-dependent, resulting in SNX3 

retromer that functions independently of SNX-BAR (Harterink et al. 2011; Zhang et al. 

2011), as well as SNX-BAR retromer that functions independently of SNX3 (Chen et al. 

2010; Harterink et al. 2011; Lu et al. 2011). Additional studies have supported the view of 

distinct retromer complex structure that varies by cargo as mediated by SNX27, a sorting 

nexin which is distinct from the SNX-BAR proteins and which has been shown to function 

as an adaptor for binding cargo proteins destined for recycling to the cellular membrane 

(Temkin et al., 2011; McGough et al., 2014; Gallon et al., 2014). An additional level of 

structural diversity can result from VPS26 paralogues, which are differentially expressed 

throughout the brain and have been shown to affect cargo selection (Bugarcic et al., 2011; 

McMillan et al., 2016). These findings support the concept of distinct cargo-specific 

transportation as mediated by a structural diversity of retromer mechanics.   

 Studies have identified an additional module essential for retromer assembly, 

known as the WASH complex [composed of WASH1 (Wiskott-Aldrich syndrome 

homologue 1), FAM21, strumpellin, CCDC53 and SWIP (strumpellin and WASH 

interacting protein)]. WASH remodels the actin cytoskeleton during membrane formation 

(Harbour et al., 2010; Derivery & Gautreau, 2010;  Gomez & Billadeau., 2009) by 

promoting rapid polymerization of actin to form microdomains of actin filaments on the 

endosomal membrane, which function to concentrate cargo proteins within discrete 

endosomal regions  (Puthenveedu et al., 2010).  WASH requires interaction with the cargo-

selective trimer for endosomal recruitment (Harbour et al., 2010), an association which is 
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mediated by VPS35 through VPS35’s interaction with FAM21 (Harbour et al., 2012; Jia 

et al., 2012). 

  

Retromer dysfunction and neurodegenerative disease pathology 
 

The results of retromer dysfunction can vary, depending on the trafficking pathway 

of the affected cargo/s. Cargo that is trafficked by retromer via the endosome-to-golgi 

pathway will remain localized within the endosomal compartment when it fails to be 

retrieved by retromer. From there, the protein will be degraded via the lysosomal pathway, 

but while it remains sequestered within the endosome, it can stay bound with any ligand 

with which it was endocytosed. This can increase not only the time the bound ligand 

remains within the endosome, but also may sustain any signaling intensity mediated by the 

bound ligand, exacerbating the effects of the signaling pathway (Muhammed et al, 2008; 

Wen et al., 2011; Wang et al. 2012; Xia et al., 2013).  

Cargo that is trafficked by retromer from the endosome to the cellular membrane 

will ultimately exhibit a reduction in cell surface expression of the protein following its 

failure to be recycled from the endosome (Lucin et al., 2013 ; Munsie et al, 2015; Tian et 

al., 2015). Other retromer cargo participate in the trafficking of proteases from the TGN to 

the endosome, after which retromer transports the empty receptor back to the TGN for the 

delivery of additional proteases. Inhibition of this pathway by retromer deficiency can 

result in an overall reduction of protease delivery back to the endosomal-lysosomal system 

(Seaman, 2004, Arighi et al., 2004). Because of the various deficits in cellular function that 

can occur as a result of retromer dysfunction/deficiency, the pathological consequences of 

dysfunctional retromer are diverse. 
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Alzheimer’s Disease (AD) 

 VPS35 first entered the spotlight as a potential participant in AD pathology 

following microarray-directed gene expression profiling of AD patient brain tissue, when 

VPS35 conformed to the investigators’ spatiotemporal model predicting how a molecule 

underlying AD might behave both temporally and anatomically (Small et al., 2005). This 

study also found reduced VPS35 and VPS26 levels in the entorhinal cortex of AD patients. 

Since this initial study, multiple studies have been published implicating a large number of 

retromer modules and cargo in AD pathology (Small & Petsko, 2015; Chu & Pratico, 2016; 

Vardarajan et al., 2012) 

 Other studies have investigated variation in the levels of VPS35 expressed 

throughout the CNS during AD, with one study revealing a 50% reduction in VPS35 levels 

in microglia from AD patients (Lucin et al., 2013). A recent study revealed age and region-

dependent changes in retromer component expression in Tg2576 mice, the first of its kind 

identifying such changes in an AD model (Chu & Praticò, 2017). 

 Muhammed et al. (2008) investigated the effects of retromer deficiency via VPS26 

knockdown in mice (which also exhibited reduced brain levels of VPS35), reporting 

memory and synaptic dysfunction associated with elevated levels of endogenous Aβ 

peptide. This same study generated retromer deficient flies expressing human APP and 

BACE (human β-site APP-cleaving enzyme), which developed neurodegeneration in 

concurrence with human Aβ aggregates. Investigators found high differential expression 

of VPS35 in the hippocampus, implying a regional-specific vulnerability to dysregulation 

of VPS35. Through mechanistic study, authors found VPS35 to associate with SorLA [an 
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APP receptor previously implicated as possible retromer cargo (Nielsen et al., 2007)], 

along with elevated BACE activity following retromer dysfunction, suggesting that 

retromer dysfunction might exacerbate Aβ production by impairing SorLA recycling and 

thus increasing the time APP resides within the endosomal compartment, increasing 

APP:BACE interaction, and exacerbating cleavage of Aβ.  

Wen et al. (2011) studied the effects of hemizygous VPS35 deletion in the Tg2576 

mouse model of AD, revealing that VPS35 deficiency exacerbates AD pathology in the 

Tg2576 mouse, including cognitive memory deficits, impaired postsynaptic glutamatergic 

neurotransmission, and defective long-term potentiation. The observed deficits correlated 

with elevated hippocampal Aβ and increased BACE1 (beta secretase 1) activity. After 

examining VPS35:BACE1 interaction, it was concluded that retromer mediates retrograde 

trafficking of BACE1, and when this pathway is impaired (i.e.: following VPS35 

depletion), BACE1 remains compartmentalized within the endosomal membrane, 

exacerbating its APP cleavage activity, resulting in elevated Aβ levels. Wang et al. (2012) 

supplemented these findings by showing that neuronal VPS35 depletion results in dendritic 

deficits which can partially be attributed to BACE1. Additionally, they demonstrated that 

BACE1 is in fact a retromer cargo. 

Presenilin-1 (PS1) is the catalytic core of the γ-secretase complex required for Aβ 

generation, and mutations in this gene have been indicated as risk factors for AD. A study 

by Ueda et al. (2016) suggests retromer regulates PS1 endosomal localization and retromer 

deficiency can cause PS1 to remain localized within the endosomal compartment where 

Aβ cleavage mainly occurs, in effect, enhancing Aβ pathology. 
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As a whole, the collection of studies investigating the pathological role of retromer 

dysfunction in AD pathology support a model in which retromer dysfunction exacerbates 

Aβ pathology through a failure to recycle cargo proteins involved in the process of Aβ 

cleavage (SorLA:APP, BACE1, PS1), thus sequestering APP within the endosomal 

compartment along with the machinery which facilitates pathogenic APP processing.  

 

Parkinson’s Disease (PD) 

 Unlike AD where a general reduction of VPS35 expression levels is observed in 

brain regions susceptible to AD pathology, PD is pathogenically linked to retromer 

dysfunction via autosomal-dominant mutations in VPS35 (Zimprich et al., 2011; Vilariño-

Güell et al., 2011). A point-specific VPS35 mutation, D620N, has been identified in PD 

patients across multiple studies in families worldwide (Zimprich et al., 2011; Vilariño-

Güell et al., 2011; Kumar et al., 2012; Sharma et al., 2012; Sheerin et al., 2012; Gustavsson 

et al., 2015) as a pathogenic mutation. D620N has been shown to associate normally with 

VPS26 and VPS29 to form the cargo recognition subunit, but exhibits disrupted association 

with the WASH complex (McGough et al., 2014; Zavodszky et al., 2013).  

Reports regarding the pathophysiological consequences of the D620N mutation 

vary. One set of studies suggest that PD-linked VP35 mutations impair CIM6PR (cation 

independent mannose 6-phosphate receptor) endosome to TGN trafficking (MacLeod et 

al., 2013; Follett et al., 2014; McGough et al., 2014; Miura et al., 2014), diminishing 

CIM6PR recycling back to the TGN, ultimately reducing cathepsin D delivery to the 

endosomal-lysosomal system. Α-synuclein aggregates are thought to play a key pathogenic 

role in PD and cathepsin D has been shown to be essential for normal α-synuclein 

http://www.nature.com/nrn/journal/v16/n3/full/nrn3896.html#ref69
http://www.nature.com/nrn/journal/v16/n3/full/nrn3896.html#ref69
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processing. By impairing this pathway, retromer dysfunction could hypothetically 

exacerbate PD-associated α-synuclein pathology.  

 Autophagy is an important mechanism through which neurons clear neurotoxic 

aggregates, and studies suggest that D620N-impaired binding to the WASH complex 

results in autophagy defects. One study suggested that retromer might be involved in the 

trafficking of autophagy-related protein 9A (ATG9A) to endosomes, after which it can be 

trafficked to autophagosome precursors. Decreased WASH complex binding to D620N in 

vitro impairs macroautophagy partly due to abnormal ATG9A sorting which decreased 

autophagosome formation (Zavodszky, 2014). In another study, hemizygous deletion of 

VPS35 in mice resulted in dopaminergic α-synuclein accumulation, which was associated 

with reduced levels of Lamp2a, a chaperone-mediated autophagy (CMA) receptor, due to 

increased lysosomal degradation of Lamp2a following impaired retromer recycling (Tang 

et al, 2015a). Overexpression of D620N in dopaminergic neurons resulted in a similar 

reduction of Lamp2a and the induction of α-synuclein accumulation.  

 Disruption of AMPA receptor (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 

acid receptor) recycling to dendritic spines has also been implied in the contribution of 

D620N to PD pathology as VPS35 is reported to localize at the dendritic spine to bind and 

traffic the AMPA receptor, GluR1 (glutamate receptor 1) (Munsie et al., 2015, Tian et al, 

2015).  Munsie et al. (2015) showed that D620N impairs GluR1 trafficking, resulting in 

altered synaptic transmission, effects that are suggested to support a partial loss-of-function 

effect for the D620N mutation, as other components of VPS35 function (ie: retromer sub-

unit interactions and endosomal sorting of several retromer cargo) are not affected by 

D620N. Munsie et al. also observed a gain-of-function defect when D620N over-
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expression was seen to induce GluR1 mislocalization to the cell surface instead of to 

dendritic spines. Additionally, AMPA receptors GluR1 and GluR2 have been observed to 

interact with VPS35 and are reduced at the postsynaptic membrane following VPS35 

deficiency, impairing dendritic spine maturation (Tian et al., 2015).  

 PD-linked VPS35 mutations have been heavily implicated in the impairment of 

mitochondrial dynamics. A recent study (Wang et al., 2016) demonstrated that VPS35 

mutant overexpression induces neuronal loss and mitochondrial fragmentation both in vitro 

and in vivo, with the most pronounced effects induced by D620N, effects which could be 

rescued by inhibition  of  the  mitochondrial  fission protein dynamin-like protein 1 (DLP1). 

VPS35 mutations also resulted in mitochondrial dysfunction as characterized by increased 

reactive oxygen species (ROS) production, decreased adenosine triphosphate (ATP), and 

decreased mitochondrial membrane potential.  

 While the above study implicates impaired mitochondrial fission as a potential 

mechanism underlying D620N-induced PD pathology, D620N has also been linked to 

impaired mitochondrial fusion through VPS35’s interaction with the mitochondrial E3   

ubiquitin ligase 1 (MUL1) (Tang et al., 2015b). Using a dopaminergic neuron-specific 

mouse model of VPS35 depletion, PD-like deficits were observed (dopaminergic neuron 

loss and α-synuclein accumulation). Both in vitro and in vivo, neurons depleted of VPS35 

exhibited exacerbated mitochondrial fragmentation that could be rescued by wildtype 

VPS35 expression, but not the D620N mutant. Following VPS35 depletion or mutation, 

MUL1 levels increased, exacerbating MFN2 degradation and mitochondrial fragmentation.  

 Given the variable consequences of PD-linked VPS35 mutations observed 

throughout the literature, it is conceivable that the variety of pathological consequences 
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effected by these mutations could work synergistically to affect PD pathology, possibly co-

occurring with other PD-linked mutations converging on common pathways to influence 

disease pathology. 

 

VPS35 expression in the CNS 
 

 Although VPS35 is a ubiquitously expressed protein, its expression levels vary 

throughout the CNS. In the mouse brain, VPS35 levels vary in an age-dependent, region 

dependent manner. In adult mice, VPS35 is highly expressed in layer IV–V cortical 

neurons and regions CA1–3 of the hippocampus (Wen et al., 2011). The highest level of 

VPS35 protein in the hippocampus can be detected at P15, slowly decreasing throughout 

adulthood (Wang et al., 2012).  

VPS35 expression levels also vary in a cellular-specific manner. In the human CNS, 

neurons exhibit the highest level of VPS35 expression with glial cells exhibiting similar 

levels of expression (Fig. S1A).  In the mouse CNS, oligodendrocytes exhibit the highest 

level of VPS35 expression, followed by endothelial cells and neurons (Fig. S1B).  

While the primary focus in CNS VPS35 and retromer research has focused on the 

consequences of neuronal retromer dysfunction, how VPS35 deficiency within microglia 

affects microglial-specific function is poorly understood. In vitro studies have shown that 

microglial VPS35 deficiency can reduce the presentation of phagocytic receptors CD36 

(cluster of differentiation 36) and TREM2 (triggering receptor expressed on myeloid cells 

2) at the cellular membrane, impairing the phagocytic capacity of microglia (Lucin et al., 

2013). In vitro deletion of VPS35 from the BV2 microglial cell line has been shown to 

exacerbate the microglial inflammatory response and IL-6 expression following impaired 
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TREM2 recycling to the plasma membrane (Yin et al., 2016). The role of microglial VPS35 

in vivo, along with the in vivo functional consequences of microglial VPS35 depletion 

remain to be determined. 

 

Microglia – key regulators of CNS homeostasis 
 

 Microglia are classically known as the resident immune cells of the CNS, assuming 

a regulatory role in response to injury and disease with inflammatory and phagocytic 

activity. For decades, their only known function was as the resident macrophages of the 

CNS, until later studies exposed microglia as fast moving, dynamic structures in the brain 

(Nimmerjahn et al., 2005) and revealed microglial processes extending outward to nearby 

neurons, forming contacts with synaptic structures (Wake et al., 2009). Subsequent 

discoveries have revealed the dynamic nature of these multifunctional cells and their 

essential role in maintaining CNS homeostasis and synaptic function. 

Microglial embryonic origin differs from that of other neuroglia, in that microglia 

arise from hematopoietic precursors originating from the embryonic mesoderm (yolk sac). 

In mice, mesodermal macrophages seed the brain during early fetal development to 

colonize the neuroepithelium (Ginhoux et al., 2010; Ginhoux et al., 2013). In utero, these 

cells maintain a macrophagic profile, playing an important role in the developing brain by 

contributing to synaptic wiring via activity-dependent synaptic pruning, and supporting the 

regulation of programmed cell death (PCD) (Bilimoria & Stevens, 2015).  

 One manner in which embryonic microglia contribute to the regulation of PCD in 

the developing brain is by responding to dying neurons with phagocytic activity (Ferrer et 

al., 1990, Bessis et al., 2007 and Sierra et al., 2013). In this capacity, they function as 

http://www.sciencedirect.com.ezproxy.gru.edu/science/article/pii/S0006899314016163#bib20
http://www.sciencedirect.com.ezproxy.gru.edu/science/article/pii/S0006899314016163#bib20
http://www.sciencedirect.com.ezproxy.gru.edu/science/article/pii/S0006899314016163#bib6
http://www.sciencedirect.com.ezproxy.gru.edu/science/article/pii/S0006899314016163#bib71
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responders to PCD, clearing the surrounding tissue of dead cells and debris. Additionally, 

embryonic microglia have been shown to actively mediate cell death and tissue remodeling 

ex vivo (Frade and Barde, 1998, Sedel et al., 2004). In vivo evidence for a microglial role 

in the mediation of cell death is evolving, indicating that the microglial-specific receptor 

CD11B [integrin alpha M/complement receptor 3 (CR3)] is necessary for PCD in the 

neonatal hippocampus (Wakselman et al., 2008). Elimination of microglia in vivo increases 

the number of neural progenitor cells (NPCs) in the developing cortex whereas microglial 

activation reduces the number of NPCs observed (Cunningham et al., 2013). 

Embryonic microglia may also promote NSC proliferation and neuronal survival. 

Microglial conditioned culture medium enhances neuronal survival and proliferation in 

vitro, suggesting that microglia release soluble factors promoting neuronal viability and 

cellular proliferation (Morgan et al., 2004). In mice lacking microglia, NPC proliferation 

and astrogenesis are impaired, and in vitro NPC microglial exposure is sufficient to rescue 

this deficit (Antony et al., 2011). Pharmacological suppression of microglial activity in the 

subventricular zone (SVZ) of the early postnatal rat brain inhibits neurogenesis and 

oligodendrogenesis (Shigemoto-Mogami et al., 2014). This study showed microglia to 

enhance oligodendrogenesis through a combination of interleukin-1 β (IL1-β) and 

interleukin-6 (IL-6), with the observed effects targeted towards the later stages of 

oligodendrocyte development. 

In addition to PCD, the phagocytic capacity of microglia in the developing brain 

also contributes to the wiring process as excess synapses and axonal branches are fine-

tuned by microglia-mediated synaptic elimination and pruning (Kano and Hashimoto, 2009 

and Lichtman and Colman, 2000; Katz and Shatz, 1996; Stretavan and Shatz 1984).  
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Tremblay et al. (2010) reported a comprehensive study in which two photon imaging of 

GFP-expressing microglia in the visual cortex was employed to visualize microglial 

dynamics during a critical developmental period. This study observed physical 

microglia:dendritic spine interfacing, reporting alterations in synaptic size and elimination. 

Microglial phagocytosis of synaptic elements was increased in the visual cortex following 

light exposure, suggesting an activity-dependent mechanism underlying spine remodeling.  

Using stimulated emission depletion (STED) microscopy, another group 

demonstrated that post-synaptic density protein-95 (PSD95) immunoreactivity was present 

within murine hippocampal microglial processes during development, suggesting that 

microglia can uptake postsynaptic material (Paolicelli et al., 2011). Collectively, these 

studies implicate microglia as primary mediators of activity-dependent synaptic pruning in 

the developing brain 

 Microglia have been shown to directly phagocytose developmental synapses via 

expression of the C1q complex, as recognized by microglial complement receptors. C1q 

belongs to the classical complement cascade and is localized to developing synapses to 

mediate synaptic pruning in the postnatal CNS (Stevens et al., 2007). C1q loss of 

expression in the murine CNS results in synaptic elimination defects, including the failure 

to refine synaptic connections. In subsequent studies, Stevens’ group demonstrated 

presynaptic terminals of developing retinal ganglion cells to be pruned in a complement-

dependent manner (Schafer et al., 2012; Tyler and Boulanger, 2012). Disruption of 

microglia-specific CR3:C3 signaling led to increased synaptic density and connectivity. 

While these studies provide some insight into how synapses might be identified by 
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microglia for elimination, the exact mechanisms by which synapses are tagged for 

elimination require further elucidation. 

Following birth, murine microglia present an ameboid morphology until P14, when 

they begin to express a mature microglial phenotype (Hirasawa et al., 2005; Bennett et al., 

2016). Separated from the periphery by the blood brain barrier, the CNS microglial pool is 

maintained locally, exhibiting minimal cellular turnover without peripheral macrophagic 

contribution (Ajami et al., 2007; Mildner et al., 2007; Sieweke and Allen, 2013; Jenkins 

and Hume, 2014).) During development and adulthood, colony stimulating factor 1 

[(CSF1, also known as macrophage colony stimulating factor (M-CSF)], has been shown 

to induce microglial proliferation via the colony stimulating factor 1 receptor 

(CSF1R/cFMS) and promote microglial maintenance (Elmore et al., 2014; Gomez-Nicola 

et al., 2013) 

Microglia in the adult brain maintain a basal state, where they survey the brain 

parenchyma in a dynamic manner. The dynamic activity of microglia in the basal state has 

been extensively investigated using two photon microscopic techniques to visualize 

microglia within the adult murine CNS (Feng et al., 2000, Hirasawa et al., 2005, Davalos 

et al., 2005; Nimmerjahn et al., 2005; Wake et al., 2009). These studies identified 

microglial processes forming brief, direct contact with synapses in an activity-dependent 

manner, during which they surveyed the microenvironment for signals and debris 

clearance. Findings such as these inspired the concept of microglia-neuron crosstalk, in 

which the interaction between microglia and neurons is multifarious, involving a multitude 

of ligands and receptors with which neurons “communicate” with microglia (Correa, et al, 

2013).  
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Microglial response to neuronal crosstalk depends on the signals detected, which 

can signal for microglial activity such as inflammation, phagocytosis, or neurotrophic 

support. The dynamics of microglial activation are complex, with much debate in the 

literature abounding in regards to the variety of activation/polarization states, phenotypical 

presentations, and morphological features that accompany varying modes of activation 

(Walker et al., 2014). In the literature, classically activated microglia are referred to as 

displaying an “M1” polarization and presenting a “proinflammatory” phenotype, 

characterized by elevated levels of the proinflammatory cytokines IL-6, IL1-β, and TNFα. 

Alternatively activated microglia are reported to represent an “M2” polarization, presenting 

an “anti-inflammatory” phenotype, characterized by IL-4, IL-10, IL-13, and a variety of 

neurotrophic factors such as BDNF (brain-derived neurotrophic factor), NGF (nerve 

growth factor), and TGFβ (transforming growth factor beta) (Ponomarev et al., 2007; Raes 

et al., 2002; Durafourt et al., 2012; Leidi et al., 2009). Efforts to target microglial 

polarization state have been heavily investigated, with different groups employing various 

methods to identify microglial activation phenotype by the usage of polarization-specific 

markers and methods of morphological quantification (Walker et al., 2014; Varnum & 

Ikezu, 2012; Bell-Temin et al., 2015). 

Through their capacity to respond to a variety of factors with differing modes of 

activity and functional responses, microglia assume multiple roles in the adult CNS outside 

of their renowned role as immune modulators. Synaptic remodeling occurs on an ongoing 

basis in the adult CNS as synaptic connections are fine-tuned through the process of 

synaptic plasticity. Microglia are believed to participate in this process, acting in parallel 

with their roles in the developing brain as regulators of synaptic stripping and pruning (Wu 
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et al., 2015). Raggozzino et al. (2006) reported evidence that a neuronally-expressed 

chemokine acts on microglia to reduce neuronal activity, although the exact mechanisms 

remain to be discovered.  One study found that chronic reduction of microglial chemokine 

signaling in mice increased IL-1β levels and reduced long-term potentiation (LTP). 

Impaired LTP could be rescued by IL-1β suppression (Rogers et al., 2011), implicating a 

role of microglia and IL-1 β in the regulation of synaptic plasticity. In a study implicating 

microglia in the stripping of adult synapses, Chen et al. (2014) demonstrated microglial-

mediated displacement of inhibitory presynaptic terminals in the adult cortex as a 

neuroprotective mechanism. 

Microglia have also been identified as participants in the regulation of neurogenesis 

in the adult CNS. Development of newborn neurons in the adult brain occurs in two distinct 

regions – the subventricular zone (SVZ) of the lateral ventricles and the subgranular zone 

(SGZ) of the hippocampal dentate gyrus (DG).  Continuous integration of newborn 

hippocampal neurons is essential for hippocampal synaptic function and plasticity (Dupret 

et al., 2008; Massa et al., 2011; Sahay et al., 2011; Deng et al., 2010). During adult 

hippocampal neurogenesis, SGZ neural stem cells (NSCs) give rise to neuroprogenitor 

cells (NPCs), which differentiate to assume either a neuronal or a glial cell fate. The 

majority of newborn neuroblasts undergo PCD-mediated apoptosis during this transition 

and are phagocytosed by SGZ surveillant microglia (Sierra et al., 2010), a process assumed 

to be important for maintaining homeostasis in the neurogenic niche.  

Following differentiation, synaptic integration of newborn neurons occurs over 

several months (Zhao et al., 2006). Due to the microglial capacity for synaptic remodeling 

and synapse elimination during development, Ekdahl (2012) proposed that microglia might 
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function to support synaptic integration of newborn neurons via three potential 

mechanisms: phagocytic elimination of nonapototic dendritic spines and axon terminals 

(potentially through the complement cascade), proteolytic remodeling of the perisynaptic 

environment, and/or structural remodeling of dendritic spines. 

Microglial function within the healthy adult CNS has progressively gained more 

attention over the last decade, with many questions remaining regarding the exact nature 

of microglial contribution to CNS function outside of their traditional immune response.  

 

The role of dysfunctional microglia in CNS disease pathology 
 

While there is much evidence implicating the functional roles of microglia in the 

healthy adult CNS, much more evidence exists to implicate microglia in the dysregulation 

of these roles and how dysfunctional/actived microglia might contribute to disease 

pathology. There exists a wealth of information in the literature regarding the neurotoxicity 

of neuroinflammation and it is widely accepted throughout the literature that dysfunctional 

microglia are associated with neurodegenerative disease pathology. What remains 

debatable is the exact role/s dysfunctional microglia play in the onset of neurodegenerative 

pathology, or whether they merely function to exacerbate disease progression. 

One way in which microglial activity is believed to contribute to CNS disease 

pathology is through the neurotoxic effects of proinflammatory cytokines. During classical 

M1 activation, microglia secrete proinflammatory cytokines, such as IL-1β, IL-6, and 

TNFα (tumor necrosis factor α). In turn, these can activate neighboring astrocytes to secrete 

proinflammatory cytokines as well. Under disease conditions, or in the presence of 

dysfunctional microglia, this can set off a neuroinflammatory cascade where continuous 
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proinflammatory activity stimulates further inflammation, resulting in a form of self-

perpetuating neurotoxicity (Block et al., 2007).  

The neurotoxic effects of proinflammatory cytokines vary, with different effects 

being observed based on level of cytokine exposure, brain region effected, and underlying 

pathological conditions. The following studies represent a small portion of the evidence 

that exists implicating proinflammatory cytokines as mediators of neurotoxicity. 

Gilmore et al. (2004) examined the effects of IL-1β, TNFα, and IL-6 treatment of 

embryonic cortical neurons. They found low levels of TNFα treatment decreased dendritic 

nodes and total dendrite length. The combination of low treatment levels of IL-1β and 

TNFα; or high dose administration individually of IL-1β, IL-6, and TNFα; resulted in a 

significant decrease in number of primary dendrites, dendritic nodes, and total dendrite 

length. High dose administration of each cytokine individually also reduced neuronal 

survival. In hippocampal neuronal cell culture, TNFα significantly decreases neurite 

outgrowth and branching (Neumann et al, 2002) and interferon-γ (IFNγ) inhibits dendritic 

growth (Kim et al, 2002). An additional neurotoxic effect of IL-1β may be the cytokine’s 

ability to interfere with the neuroprotective effects of BDNF, compromising neuronal 

survival (Tong et al., 2008). IL-6 neurotoxicity has been observed in vivo, when 

overexpression of IL-6 in the mouse brain was shown to induce severe neurodegeneration 

(Campbell et al, 1993).  

Cytokines are also known to influence the CNS by participating in the survival and 

differentiation of NSCs. Ekdahl et al. (2003) reported suppression of hippocampal 

neurogenesis by activated microglia. In support of this finding, Monje et al. (2003) reported 

induction of neuroinflammation was sufficient to inhibit neurogenesis. Neurogenesis was 
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restored by inflammatory blockade. Both IL-6 and TNFα treatment of NPC culture 

decreased neurogenesis by 50%, a defect that could be rescued by treatment with an IL-6 

neutralizing antibody (Monje et al., 2003). In an interesting study recently published, TNF 

activation of the NF-κB pathway (nuclear factor kappa-light-chain-enhancer of activated 

B cells) induced dedifferentiation of astrocytes, which were observed to reacquire NSC 

potential (Gabel et al., 2016). Vallières et al. (2002) overexpressed astroglial IL-6, 

decreasing hippocampal neurogenesis in adult mice. The proliferation, survival, and 

differentiation of NPCs were all reduced in the granule cell layer of these mice, effects 

which were observed in the absence of neuronal cell death and a lack of changes in glial 

cell number and morphology.  

Extrapolating these studies within the context of CNS disease pathology allows us 

to conceptualize a model in which microglial inflammatory activity might contribute to 

neuropathology in the diseased state. In AD mouse models, impaired hippocampal 

neurogenesis compromises hippocampal function and contributes to cognitive deficits 

(Rodriguez et al., 2008; Demars et al., 2010; Hamilton et al., 2010; Lazarov & Marr, 2010, 

2013). Neurogenesis in the majority of AD mouse models has been reported as decreased, 

but other models exhibit increased neurogenesis.  In vivo and in vitro Aβ exposure has been 

shown to increase neurogenesis (Sotthibundhu et al. 2009) and  post mortem analysis of 

AD patient brain tissue reported increased numbers of progenitor cells in the dentate gyrus 

(Jin et al. 2004) while a separate study in AD patient tissue reported a reduction of SVZ 

progenitors (Ziabreva et al. 2006).  

Microglial participation in the neurodegenerative cascade has been extensively 

investigated, with many potential mechanisms identified through which microglial activity 



 

25 

 

and dysfunction might affect neurodegenerative disease pathology (Mosher & Wyss-

Coray, 2014; Heneka et al., 2015; ElAli & Rivest, 2016). An overall model exists in which 

microglia affect AD disease pathology through neurotoxic inflammatory activity coupled 

with an impaired capacity for phagocytic Aβ clearance.  

Of note is the identification of TREM2 as a risk factor for AD (Guerreiro et al., 

2013; Jonsson et al., 2013). TREM2 functions as a phagocytic receptor that negatively 

regulates the microglial inflammatory response (Boutajangout & Wisniewski, 2013). 

While the exact effects of AD-linked TREM2 mutations on disease pathology are still 

being investigated, it is hypothesized that these mutations upregulate the inflammatory 

response to promote Aβ production and impair phagocytic clearance of Aβ (Hickman & 

Khoury, 2014). A recent study investigated soluble TREM2 (sTREM2) activity in the 

hippocampus of adult mice. sTREM2 is derived from the proteolytic cleavage of TREM2 

and peaks in the early stages of AD progression  (Piccio et al., 2016; Heslegrave et al., 

2016). sTREM2 was found to regulate microglial cell survival and trigger the microglial 

inflammatory response, functions which were impaired by AD-linked TREM2 mutants 

(Zhong et al., 2017).  

 Also implicated in AD pathology is the microglial complement receptor, CR3. 

Hong et al. (2016) identified microglial CR3 mediated synaptic toxicity upon hippocampal 

neurons preceding other AD pathology (plaque formation, neuroinflammation) and 

associated with loss of synapses in an AD mouse model. This study implicates the 

microglial CR3 pathway as a possible mediator of synaptic degradation in the AD brain. 

 The predominant consensus within the scientific community is that microglial 

dysfunction acts as a key player in the neurodegenerative cascade, but whether microglia 
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participate in the onset of disease progression, or merely exacerbate disease pathology 

remains debatable.  
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II. MATERIALS AND METHODS 
 

Animals 

VPS35+/m mice were generated as described by Wen, et al. (2011) and were 

backcrossed on a C57BL/6J background. Rosa26tDTomato mice (Jackson Laboratory, stock 

number 007905) and CX3CRE1Cre-ER/Cre-ER mice (Jackson Laboratory, stock number 

021160) were purchased from Jackson laboratories. VPS35flox/flox mice were generated as 

described previously (Tang, et al., 2015) and were backcrossed on a C57BL/6J 

background.  VPS35flox/flox were crossed with CX3CRE1Cre-ER/Cre-ER mice and backcrossed 

with a C57BL/6J background to generate VPS35flox/flox:CX3CRE1Cre-ER/+ mice (labelled in 

this text as VPS35CX3CR1-CreER). Mice were group housed under constant light/dark 

conditions of 12 hours and fed a diet of standard rodent chow. All experimental procedures 

were approved by the Animal Subjects Committee at Augusta University according to US 

National Institutes of Health guidelines. 

At P15, VPS35CX3CR1-CreER mice were administered 75mg/kg of Tamoxifen (Sigma) 

dissolved in corn oil (Sigma) intraperitoneally daily for 5 consecutive days to induce Cre 

expression via the CX3CR1 promoter, resulting in VPS35CX3CR1/+ mice (labeled in this text 

as VPS35CX3CR1). Age-matched littermate control mice were either: tamoxifen-injected 

CX3CR1Cre-ER/+, tamoxifen-injected VPS35flox/flox, or vehicle (corn oil) injected 

VPS35CX3CR1-CreER.  
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For all experiments, preliminary data was obtained using tamoxifen injected 

controls (tamoxifen-injected CX3CR1Cre-ER/+ and/or tamoxifen-injected VPS35flox/flox), 

with full experiments carried out in corn oil-treated VPS35CX3CR1-CreER mice, labelled in the 

text as CX3CR1Cre-ER mice, with the majority of the images presented obtained from the 

vehicle treated controls. Unless otherwise noted, male mice were used for all experiments 

in order to exclude any potential differential effects of the female estrous cycle. 

5-Bromo-2’-deoxyuridine (BrdU) labeling of dividing cells: 50mg/kg of BrdU (EMD 

Millipore) in solution was administered intraperitoneally every 3 hours over a 12 hour 

timespan, resulting in four injections in total. Mice were sacrificed seven days following 

the initial BrdU injection. 

Stereotaxic injection of retroviral vector: CAG-GFP retrovirus was generated in which 

the expression of enhanced GFP is driven by the compound promoter CAG (which contains 

the cytomegalovirus enhancer chicken β-actin promoter and a large synthetic intron). 

Retrovirus was produced as described previously by Zhao et al. (2006). Resulting titer was 

~3 x 108 cfu/mL. Mice were placed under anesthesia (isoflurane, Aldrich, 792632) and 

stereotaxic injections of 2uL of CAG-GFP retrovirus were placed into the right dentate 

gyrus of mice immediately following tamoxifen or corn oil treatment (at P20). Stereotaxic 

coordinates of injection were AP: -2.0 mm, lateral: 1.5 mm, ventral: 1.7 mm relative to 

bregma. One month following administration of the retrovirus, mice were perfused with 

PBS, followed by perfusion with 4% PFA. Brain tissue was removed and fixed overnight 

in 2% PFA and 100um sections were cut by the Leica vibratome system for 

immunohistochemical analysis. 



 

 

29 

 

Behavior analyses 

 Groups of male mice were prepared for behavioral analysis by daily handling by 

the investigator two weeks prior to behavioral assessment. Behavioral analyses were 

carried out in a dedicated behavioral facility. Animals were relocated to the facility daily 

at least one hour prior to the onset of testing to allow for acclimation. All behavioral 

assessments were initiated no earlier than two hours before the onset of the animals’ active 

cycle to ensure alertness. Mice had at least two days of resting time between tests to 

decrease carryover effects from prior tests. The order of tests occurred as follows: open 

field test, Y-maze, novel object recognition, tail suspension test, forced swim test, sucrose 

preference. Arenas were cleaned with 70% ethanol between each animal. Unless otherwise 

noted, all behavioral trials were recorded on digital video and manually assessed in a blind 

manner.  

- Open field test: The open-field test was performed in an arena of 50 cm2. Mice, placed in 

the center of the open field, were allowed to explore the arena undisturbed for 10 minutes. 

Video analysis and data acquisition were obtained with Noldus tracking software 

(EthoVision XT, 7.0) to analyze total distance and mean velocity. 

- Y-maze: Spatial memory was analyzed with the y-maze test, conducted using a 

symmetrical Y-maze with 35 cm long arms and 8 cm tall walls, allowing the animal to see 

distal spatial landmarks. Each arm contained differently shaped markers upon the opposing 

face. For each trial, the mouse was placed in the starting arm for 30 seconds, after which it 

was allowed to explore the maze. Upon entering an arm, the animal was blocked off within 

that arm for 60 seconds and then returned to the starting arm for the next trial. Arms were 

cleaned with 70% ethanol between trials to prevent olfactory cues. Animals were subjected 
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to 5 trials, with each arm entry manually recorded by the investigator. Percentage 

alternation was reported as number of trials in which the animal alternated arm entry 

divided by total number of trials.  

- Novel object recognition: Recognition memory was assessed using the novel object 

recognition paradigm, in which an animal’s memory regarding a previously encountered 

object is gauged. Each animal was placed in a 25cm x 50cm arena, with objects being 

placed at each end of the arena. All objects used were fixed on a stationary base and 

location in the arena varied pseudorandomly across trials so that position of novel and 

familiar object varied between trials. Objects and cages were thoroughly cleansed with 

70% ethanol between trials to remove olfactory cues. At time point zero, animals were 

individually placed into arenas containing two identical objects on opposing sides of the 

cage. Following 10 minutes exploration, animals were removed and returned to home 

cages. After 30 minutes, one of the familiar objects was replaced with a novel object (N1) 

and animals were returned to cages and allowed 5 minutes exploration before being 

returned to home cage. Two hours after time point zero, novel object N1 was replaced with 

novel object N2 and animals were allowed 5 minutes exploration. 48 hours following time 

point zero, novel object N2 was replaced with novel object N3 and animals were allowed 

5 minutes exploration. All trials were videotaped and exploratory intervals were manually 

scored by a blind observer where exploration of an object was defined as time spent with 

nose oriented within 3cm or less in the direction of the object for the duration of the 

recording. Recognition Index (RI) is reported as time spent investigating novel object 

divided by time spent investigating novel object plus time spent investigating familiar 

object (total time of exploratory behavior).  
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- Tail suspension test: Tail suspension test was carried out using a specially manufactured 

tail suspension box (55cm x 60cm) sectioned into four 15cm compartments. Within each 

compartment, a small, plastic bar hung from the base. The tail of each animal was taped to 

this bar and animals were suspended for six minutes. Percentage immobility is reported as 

time spent immobile divided by total time, where immobility was gauged as a lack of 

escape-driven activity.  

- Forced swim test: Clear, plastic cylinders with a radius of 30cm were filled with room 

temperature water and partitioned so that animals were unable to observe animals in the 

neighboring apparatus. Mice were placed into the water for six minutes, after which they 

were removed, dried, and returned to a cage warmed on a heating mat. The last four minutes 

of testing time were scored and percentage immobility was reported as time spent immobile 

divided by total time scored (4 minutes) where mobility was defined as “any movement 

other than those necessary to balance the body and keep the head above the water” (Cryan 

et al., 2002). 

- Sucrose preference testing: Mice were individually housed into cages containing two dual 

bearing sipper tubes filled with water for 3 days in order to habituate mice to the presence 

of two water sources. Following the acclimation period, one tube was filled with 2% 

sucrose while the other contained water only. Tube levels were measured daily for four 

days and rotated to prevent location bias. Sucrose preference is reported as a percentage of 

the volume of sucrose intake over the total volume of fluid intake averaged over the testing 

period. 
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Isolation of microglia for protein analysis 

 Microglial cell lysates were prepared from adult brain tissue (1-2 months of age) 

following isolation with the Miltenyi Biotec MACS cell separation system (Bergisch 

Gladbach, Germany) with minor modifications to the manufacturer’s protocol. Briefly, 

brains from female VPS35CX3CR1 mice or corn oil-treated controls were dissected and tissue 

was dissociated using the Neural Tissue Dissociation Kit – Postnatal (Miltenyi) with the 

gentleMACS Octo dissociator with heaters using program 37C_ABDK_1. The dissociated 

tissue was filtered through a 100um mesh filter, rinsed with DPBS, and cellular debris were 

removed with Debris Removal Solution (Miltenyi). Microglia were isolated from the final 

single-cell suspension using the magnetic activated cell sorting (MACS) technology with 

anti-cluster of differentiation molecule 11b (CD11b) MicroBeads (Miltenyi) in 

combination with MS or LS cell separation columns (Miltenyi). 

Isolation of primary microglia 

Brain tissue from female adult VPS35CX3CR1 mice or corn oil-treated controls was 

dissociated using the Miltenyi Neural Tissue Dissociation Kit as described above. 

Following the debris removal step, dissociated tissue was rinsed with DPBS and 

resuspended in microglia culture medium [DMEM (EMD Millipore), 10% Fetal Bovine 

Serum (Sigma), 1% Penicillin-Streptomycin (Sigma)] + 10ng/mL GM-CSF (Sigma). The 

single cell suspension was plated to a poly-l-lysine (Sigma) coated 75cm flask and culture 

medium was replaced 24 hours later. The mixed glial cell culture was maintained for 10-

14 days until microglia cells were observed to detach from the glial cell layer. Further 

microglia detachment was encouraged by manual agitation and medium was collected to 

isolate the detached microglia. The number of cells post-isolation were counted and cells 
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were resuspended in microglia medium (without GM-CSF) at a density of 1 × 105/mL and 

plated at 2 mL per well into a 12 well plate. Cells were maintained in 5% CO2 incubator 

at 37 °C, replacing culture medium every 3 days. Primary cell cultures were used after 1-2 

days-in-vitro (DIV) following isolation from the mixed glial culture. 

Histology, immunohistochemistry, and immunofluorescence 

For immunostaining analysis, male mice were perfused with PBS followed by 

perfusion with 4% PFA. Brain tissue was removed and fixed overnight in 2% PFA. 40um 

sections were cut using the Leica vibratome system and blocked with blocking solution 

containing 0.1% Triton X-100 for permeabilization. Prior to blocking, sections to be 

analyzed for BrdU immunostaining were first incubated in 2N HCL at room temperature 

for one hour, followed by one 5 minute rinse and one 10 minute rinse with 0.1 M sodium 

borate buffer, pH 8.5. Sections were incubated at 4C overnight with primary antibody as 

follows: GFP (AVES, GFP-1020; 1:1000), IBA1 (Abcam, ab5076, 1:300), DCX (Santa 

Cruz, SC-8066, 1:200), BrdU (Sigma, B-2531, 1:200), VPS35 (Abcam, ab10099, 1:150), 

CD16/32 (ab24187, 1:200), Ki67 (Dako, MIB-1, 1:200), Olig2 (Abcam, 2276294, 1:500). 

Sections were incubated for one hour at room temperature the following day using the 

appropriate secondary antibody at 1:500 (Thermo Fisher, Alexa Fluor conjugates). Slides 

were mounted using Prolong Diamond Antifade mounting media with and without DAPI 

(Thermo Fisher) and confocal images were obtained using a Nikon A1R MP+ multiphoton 

confocal microscope with 20x or oil immersion 60x objective with sequential-acquisition 

setting. Quantitative analyses were performed using ImageJ software as a measure of mean 

optical density. 
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Western blotting analysis 

Cells and tissue were homogenized in RIPA lysis buffer (50 mm Tris, 150 mm NaCl, 1 

mm EDTA, 1% Triton X-100, 0.1% SDS, and 0.5% sodium deoxycholate) supplemented 

with protease inhibitors (Roche Applied Science). After a 20 minute incubation on ice, 

protein extracts were clarified by centrifugation at 12,000 × g for 20 min at 4°C and protein 

concentrations were determined by BCA Protein Assay Kit (Pierce Biotechnology). For 

Western blot analysis, 20-40 μg of lysate per lane was separated by Bis-Tris SDS-PAGE 

gel. After transfer to nitrocellulose membranes, the membranes were immunoblotted with 

the following antibodies: rabbit anti-VPS35 (1:10,000; gift from Dr. K.-W. Kim, Columbia 

University, New York), IBA1 (1:10,000; Abcam, ab5076), MHCII (1:10,000; eBioscience 

14-5321), IL-6 (1:500; Santa Cruz, sc-1265). For semiquantitative analysis, protein bands 

were detected by the Odyssey Infrared Imaging System (Li-Cor) and analyzed using 

ImageJ software. 

Inflammatory cytokine array panel 

 The Proteome Profiler Mouse Cytokine Array Kit, Panel A (R&D Systems) was 

used following the manufacturer’s instructions. In brief, hippocampal tissue was collected 

from animals and lysed using the included cell lysis buffer. Protein concentrations were 

determined by BCA Protein Assay Kit (Pierce Biotechnology) and normalized across 

samples. Membranes were incubated with protein samples and included reagents and 

visualized using chemiluminescent detection. Relative protein concentration was analyzed 

using ImageJ software. 
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Stereological analysis of cellular density 

  Stereological estimation for cell count density was obtained manually in a blind 

manner as follows: Regional images of every fourth section of brain tissue from each 

animal were obtained by Nikon NS Elements imaging software, large image acquisition. 

Images were analyzed and total cell counts by regional area were obtained manually. 

Cellular density was calculated based upon total section volume (# cells/mm3).  

 Microglial morphological analysis 

Random images of GFP+ cells in the region of interest were obtained using an oil 

immersion 60x objective lens on a Nikon A1R MP+ multiphoton confocal microscope. 

Nd2 files were converted into .ser files using Reconstruct software 

(synapseweb.clm.utexas.edu) and individual cell somas were traced at each step of the 

series. Only cell somas which were fully included within the section were included in this 

analysis. Each Reconstruct series was scaled to size and the volume of each object traced 

(ie: total soma) was calculated by the software. 

Cells were identified in which the cell soma was centered in the tissue section and 

all processes were included in the image stack. Using ImageJ, the image stack was merged, 

scaled, and threshold applied. This image was loaded using the ImageJ plugin, NeuronJ, 

and the microglial processes were traced to provide calculation of total process length.  

 

Statistical Analysis 

Statistical analyses were performed using Prism 5 (GraphPad Software). All values are 

expressed as mean ± SEM. The test was considered significant when p < 0.05. For all 

analyses, the following apply: *, significant p < 0.05; ns, not significant p > 0.05. Normally 
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distributed data were analyzed by ANOVA followed by Bonferroni or Fisher’s LSD post 

hoc tests as necessary. Student’s t-test was used to compare pairs of means. 
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III. RESULTS 

 

Preliminary studies of glial cell presentation in a mouse model of hemizygous 

VPS35 deletion 

 To determine if hemizygous VPS35 deletion might have an effect upon glial cell 

function in the CNS, preliminary studies were pursued to examine VPS35+/m mice (Figs. 

1A,B) for evidence that VPS35 deficiency might alter glial function. Various brain regions 

from 1 month old and 7 month old mice were immunostained for ionized calcium-binding 

adapter molecule 1 (IBA1), a microglia-specific marker known to upregulate upon 

microglial activation, and glial fibrillary acidic protein (GFAP), a marker commonly used 

to analyze astrocytes. An age-specific, region-specific increase of both factors was 

observed in VPS35+/m mice, with the highest IBA1 immunofluorescence observed in 7 

month VPS35+/m striatum and entorhinal cortex, and the highest GFAP 

immunofluorescence observed in the 1 month hippocampus and entorhinal cortex (Fig. 

1C). 

 As actived microglia are key regulators of CNS inflammation, we sought to further 

assess the effects of hemizygous VPS35 deletion on microglia-specific function. Soluble 

tissue lysates from various brain regions of 2-3 month old mice were examined via western 

blot technique for relative protein levels of IBA1 and major histocompatibility complex   
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Figure 1

A B 

C 

D 

E 

Figure 1: Preliminary studies of glial cell presentation in a mouse model of hemizygous VPS35 

deletion  

A: Schematic of retrotransposon insertion into VPS35 gene, resulting in hemizygous deletion of VPS35 

in the VPS35+/m mouse (Wen et al., 2011). B: Genotyping of the heterozygous VPS35+/m mouse. C: IBA1 

and GFAP immunofluorescence display regional-specific age-specific variations in VPS35+/m CNS. 

D,E: CNS regions of interest from 2-3 month old VPS35+/m mouse were solubilized and analyzed for 

relative protein content of IBA1 and MHCII, showing a regional-specific increase in both. (student’s t-

test, n=3-4, p < 0.05).  

Fig. 1C data collected and analyzed by Dr. Fulei Tang 
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class II (MHCII, expressed by actived microglia and used as a marker of proinflammatory 

activity) (Figs. 1D,E). IBA1 was upregulated in both the hippocampus and the entorhinal 

cortex of 2-3 month old VPS35+/m mice, while MHCII was upregulated in the 

hippocampus. Both MHCII and IBA1 levels remained unaltered in the prefrontal cortex, 

suggesting a regional-specific increase in MHCII and IBA1. 

These preliminary data suggest that VPS35 depletion might upregulate microglial 

activity - possibly in a proinflammatory manner. The VPS35+/m mouse model exhibits 

VPS35 downregulation in a ubiquitous manner, thus making it difficult to ascertain 

whether alterations to glial function in the VPS35+/m mouse could be attributed to the 

cellular-specific function of VPS35 within glial cells themselves, or whether upregulated 

glial activity in VPS35+/m mice could be attributed to the external effects of other cells 

impaired by VPS35 depletion (i.e.: neuronal interaction, astrogliosis, indirect effects of 

peripheral macrophages, etc.).  Thus, it became necessary to target VPS35 specifically 

within microglia to determine any exact cellular-specific function/s of VPS35 and whether 

VPS35 depletion within microglia alone could act upon the CNS in a manner that might 

replicate the glial phenotype observed in the VPS35+/m mouse. 

 

Microglial VPS35 expression  

Gene expression profiling studies have indicated variable expression levels of 

microglial VPS35 throughout the murine lifespan (Fig. 2A). To confirm expression of 

VPS35 in murine microglia, microglia were isolated from the brains of C57BL/6J mice. 

VPS35 was observed in the cytoplasm of the main cell body and the cellular processes 

(Fig. 2B). 
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Figure 2  
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Figure 2: VPS35 expression in murine microglia 

A: Murine microglia & whole cortex VPS35 gene expression level by age, as adapted from 

http://web.stanford.edu/group/barres_lab/brainseq2/brainseq2.html. FPKM = Fragments Per Kilobase 

of transcript per Million mapped reads. (B,C) VPS35 expression in primary microglia. B: Soluble 

extracts from primary microglia and neuronal culture obtained from C57BL/6J mice were subjected to 

western blot analysis and display presence of VPS35 in the microglial fraction. C: Primary microglia 

cultures were obtained from C57BL/6J mice and immunostained with primary antibody for IBA1 and 

VPS35. (D) Representative images of in vivo microglial VPS35 expression in various brain regions 

[CA1 (Hippocampus), Striatum (STR), Entorhinal Cortex (Ec-Ctx)] as exhibited by IBA-1 

coimmunofluorescence. 

B-D: Data provided by Dr. Fulei Tang 

 

http://web.stanford.edu/group/barres_lab/brainseq2/brainseq2.html
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Western blot analysis confirmed the presence of VPS35 in primary microglia at a 

slightly higher molecular weight than neuronal VPS35 (Fig. 2C), suggesting that microglial 

VPS35 might be of a different isoform/splice variant than that found in neurons. In vivo 

microglial VPS35 expression was observed to vary by region, with low levels of microglial 

VPS35 observed in the hippocampus and medium expression levels observable elsewhere 

(Fig. 2D). 

 

Development of a mouse model of microglia-specific VPS35 depletion 

To analyze the specific role of microglial VPS35 in vivo, the CX3CR1Cre-ER mouse 

line was analyzed for its potential as a microglia-specific Cre recombinase-inducible 

model. As described by Parkhurst et al. (2013), the CX3CR1 promoter can be used to 

specifically target microglia 30 days following tamoxifen injection of CX3CR1Cre-ER mice, 

due to the high turnover rate of peripheral macrophages versus the slow turnover rate of 

central microglia. In this line, the CX3CR1 promoter is tagged with enhanced yellow 

fluorescent protein (EYFP), which can be used to identify all CX3CR1-expressing cells. 

GFP antibody (green fluorescent protein) also recognizes EYFP, as it is reactive against all 

variants of Aequorea Victoria, thus GFP immunofluorescent labelling can be employed to 

specifically label microglia of CX3CR1Cre-ER mice.  

To confirm the functionality of this model, we analyzed CX3CR1Cre-ER mice for 

GFP+ cells, endogenously expressed via the CX3CR1 promoter, and GFP co-

immunofluorescence with IBA1+ cells (Fig. 3A). Consistent GFP:IBA1 colocalization was 

observed (Fig. 3B), confirming microglia-specific targeting of the CX3CR1 promoter. 

  



 

 

42 

 

  Figure 3  

A B 

C 

D 

E 

Figure 3: Confirmation of microglial-specific Cre expression in the CX3CR1Cre-ER mouse 

(A,B) Microglia-specific expression of GFP was verified in the CX3CR1Cre-ER mouse by 

coimmunofluorescence with microglia marker IBA1. (C-E) Microglia-specific Cre induction following 

Tamoxifen injection was confirmed by crossing the CX3CR1Cre-ER mouse with the Rosa26tDTomato reporter 

line. C: tdTomato immunofluorescence in the CNS and spleen. D: Quantification of GFP:tdTomato 

cofluorescence.throughout the CNS. E: GFP cofluorescence with tdTomato in the hippocampus, cortex, 

hypothalamus, and spleen displays high GFP+:tdTomato+ reporting throughout the CNS with low 

coexpression in the spleen. 

Experiment performed by Joanna Erion, Figs. 3C-E: data collected and analyzed by Dr. Fulei Tang 
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CX3CR1Cre-ER mice were crossed with the Rosa26tDTomato reporter line to confirm 

microglia-specific Cre expression. Tamoxifen was administered starting at P15, and mice 

were sacrificed 30 days following the final treatment. TdTomato reporter expression in 

CX3CR1Cre-ER:Rosa26tDTomato mice was widely observed throughout the CNS, with 

minimal expression in the spleen (Figs. 3C-E).  

The VPS35flox/flox mouse line (Tang et al, 2015) (Fig. 4A) was crossed with the 

CX3CR1Cre-ER mouse line to specifically target VPS35 via the CX3CR1 promoter. Cre 

expression was induced via tamoxifen injection starting at P15 to specifically target VPS35 

deletion in mature microglia, generating VPS35CX3CR1 mice (Fig. 4B). VPS35CX3CR1 mice 

were aged 30 days before performing experiments to ensure microglia-specific VPS35 

deletion without the interference of VPS35 deletion from CX3CR1-expressing peripheral 

macrophages (Parkhurst et al., 2013).  

Microglia from adult VPS35CX3CR1 mice were isolated, solubilized, and subjected 

to western blot to confirm microglial VPS35 depletion (Fig. 4C). Additionally, primary 

microglia from adult VPS35CX3CR1 mice were isolated, and VPS35 deletion was confirmed 

by immunofluorescence (Fig. 4D). 

 

 In vivo microglial VPS35 depletion upregulates microglial density in a region-

specific manner  

 Brains of VPS35CX3CR1 mice were sectioned and GFP+ cells were quantified. Total 

microglial density by regional volume was calculated revealing a region-specific increase 

in microglial density (Fig. 5A).  
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Figure 4 

 

   

A 

B 

C 

D 

Figure 4: Generation of the VPS35CX3CR1 mouse 

A: Schematic of targeted VPS35 allele in the VPS35flox/flox mouse line (as reported by Tang et al., 2015b). 

B. Diagram of the crossing of VPS35flox/flox:CX3CR1CreER mice to generate VPS35CX3CR1-CreER mice, 

subsequently treated with tamoxifen at P15-P19. C: Microglia isolated from the brains of adult 

VPS35CX3CR1 mice and vehicle treated controls were immediately lysed and analyzed for protein levels 

of VPS35 via western blot technique to exhibit microglia-specific depletion of VPS35 in the CNS of 

VPS35CX3CR1-CreER mice. D: Primary microglia isolated from adult mice (P45-P60) and immunostained 

for VPS35 show depletion of VPS35 from VPS35CX3CR1 microglia. 
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Figure 5  

A 

B 

C 

D 

Figure 5: Regional-specific increase in microglial density following VPS35 depletion 

(A, B) Microglial VPS35 depletion affects a regional-specific increase in microglial density. A: 

Representative images from the Prefrontal Cortex (PFC), Hippocampus (HC), and Entorhinal Cortex 

(EC). B: Statistical analysis of microglial density by region (student’s t-test, n=4, p < 0.05). (C,D) 

Increased hippocampal microglial density following VPS35 depletion. C: Statistical analysis of 

hippocampal microglial density by hippocampal region. [DG = Dentate Gyrus, SGZ = Subgranular 

Zone, GCL = Granular Cell Layer. (student’s t-test, n=5, p < 0.05). D: Representative images of 

subgranular zone microglia. 
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Most notably, the hippocampus (HC) and entorhinal cortex (EC) – regions 

specifically affected by AD pathology – showed significant increases in microglial density 

(Fig. 5B), with a sizable increase also observed in the subgranular zone (SGZ) of the 

dentate gyrus (DG) (Figs. 5C-D).  

Microglia have been shown to proliferate and differentiate from CNS nestin-

positive progenitor cells (Elmore et al., 2014). To examine microglial proliferation, mice 

were administered BrdU (4 times over 12 hours) and sacrificed 24 hours after the 

commencement of BrdU treatment (Fig. 6A). Hippocampal BrdU+:GFP+ cells were 

quantified, with no observable difference in the density of BrdU+:GFP+ cells in the 

hippocampi of VPS35CX3CR1 mice (Figs. 6B-D). To examine microglial differentiation, 

mice were administered BrdU and sacrificed seven days later (Fig. 6E). Whereas there 

were low, often no, numbers of BrdU+:GFP+ cells in the hippocampi of CX3CR1Cre-ER 

controls, Brdu+:GFP+ cells were frequently observed in the hippocampi of VPS35CX3CR1 

mice (Figs. 6F-H), indicating that increased microglial density might be a result of 

increased microglial differentiation or cell survival. As a control, GFP:BrdU 

coimmunofluorescence in the prefrontal cortex (PFC) of VPS35CX3CR1 mice was examined 

7 days following BrdU treatment, since no increase in microglial density was observed in 

this region. Although a slightly higher number of BrdU+ microglia was observed in the 

VPS35CX3CR1 PFC, this increase was not statistically significant (Figs. 6I,J). 
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Figure 6 

  
A 

B 

C 

D 

Figure 6: Increased microglial differentiation/survival in the VPS35CX3CR1 hippocampus 

(A-D) Analysis of hippocampal microglial proliferation. A: Schematic of BrdU treatment for analysis 

of proliferation. B Statistical analysis of Brdu+ proliferative microglia. (student’s t-test, n=2, p < 0.05) 

C,D: Representative images of GFP:BrdU costaining. (E-H) Analysis of hippocampal microglial 

differentiation. E: Schematic of BrdU treatment for analysis of NPC differentiation. F: Increased density 

of BrdU+ differentiated microglia in the hippocampus of VPS35CX3CR1 mice suggests increased 

hippocampal differentiation/survival of microglia. (student’s t-test, n=4, p < 0.05) G,H: Representative 

images of GFP:BrdU costaining show increased GFP+:BrdU+ costaining in the hippocampus of 

VPS35CX3CR1 mice (white arrows: BrdU+ microglia in the dentate gyrus; orange arrows: BrdU+ 

microglia in CA1 and CA2). I,J: No significant difference was observed in the density of BrdU+ 

differentiated microglia in the prefrontal cortex (PFC) of VPS35CX3CR1 mice. (student’s t-test, n=2, p < 

0.05)  
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In vivo microglial VPS35 depletion upregulates hippocampal microglia activity 

 Due to the role of the hippocampus in AD pathology, microglia activity was 

assessed in this region using markers known to upregulate in concurrence with microglial 

activation. There was a significant increase in hippocampal IBA1 and CD16/32 [CD16: 

low affinity IgG Fc receptor III (FcR III), CD32: FcR II; a marker upregulated under M1 

proinflammatory conditions] immunofluorescence in VPS35CX3CR1 mice (Figs. 7A-D), 

both of which were also significantly upregulated in the SGZ of the VPS35CX3CR1 dentate 

gyrus (Figs. 7B, D). 

Since microglia morphology generally correlates with activation state, with 

increased soma volume and process complexity associated with microglial activity, 

microglial morphology in the SGZ of VPS35CX3CR1 mice was analyzed. Both microglial 

soma volume and total process length were found to be significantly increased in the 

VPS35CX3CR1 SGZ (Figs. 7E-G), indicating that microglial morphology in the SGZ of 

VPS35CX3CR1 mice are skewed toward an activated phenotype. 

 

Microglial VPS35 depletion disrupts adult hippocampal neurogenesis  

 Recent advances implicate a role of microglia in adult hippocampal neurogenesis, 

a phenomenon which occurs primarily in the SGZ and can be impaired by dysfunctional 

microglia and elevated proinflammatory factors (as discussed in the literature review). 

Given that we observed evidence of increased microglial proliferation and activity in the 

SGZ of VPS35CX3CR1 mice, dentate gyri of VPS35CX3CR1 mice were assessed for indices of 

hippocampal neurogenesis.  
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Figure 7 
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Figure 7: Upregulated hippocampal microglial activity following microglial VPS35 depletion 

(A-D)  Increased microglial factors in the hippocampus, indicative of microglial activation, following 

microglial VPS35 depletion. A: Representative images of IBA1 immunofluorescence in the hippocampus 

following microglial VPS35 depletion. B: Statistical analysis of hippocampal IBA1 fluorescent optical 

density. (student’s t-test, n=3, p < 0.05). C: Representative images of CD16/32 immunofluorescence in the 

hippocampus following microglial VPS35 depletion. D: Statistical analysis of hippocampal CD16/32 

fluorescent optical density. (student’s t-test, n=3, p < 0.05). E: Representative images of SGZ microglial 

morphology and 3D visualizations of soma volume as calculated using Reconstruct software. F: Statistical 

analysis of increased microglia soma volume in SGZ microglia of VPS35CX3CR1 mice (student’s t-test, n=14-

31, sampled from 3 animals per group, with a minimum of 4 microglia per animal analyzed, p < 0.05). G: 

Statistical analysis of increased total microglia process length in SGZ of VPS35CX3CR1 mice (student’s t-test, 

n=13-23, sampled from 3 animals per group, with a minimum of 4 microglia per animal analyzed, p < 0.05). 
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 To examine immature neurons in the SGZ, hippocampi were immunostained for 

doublecortin (DCX). Not only was DCX immunofluorescence significantly reduced in 

VPS35CX3CR1 mice (Figs. 8A,B), but cellular process complexity of DCX+ cells also 

appeared diminished (Fig. 8A). Reduced DCX levels in the hippocampi of VPS35CX3CR1 

mice were confirmed by western blot analysis (Figs. 8C,D), confirming a reduction of 

newborn neurons in the hippocampus following microglial VPS35 depletion. 

 To assess neuronal differentiation, mice underwent BrdU treatment and BrdU:DCX 

coimmunofluorescence was analyzed 7 days later to determine the percentage of BrdU+ 

cells that differentiated into surviving immature neurons (Figs. 8E-H). The percentage of 

BrdU+:DCX+ cells out of total BrdU+ cells in the SGZ of VPS35CX3CR1 mice was 

significantly lower than that of controls (Fig. 8F), suggesting an overall decrease in 

newborn neurons. To determine if glial differentiation was affected as well, BrdU+ cells 

were analyzed for various glial markers and calculated as a percentage of the total BrdU+ 

cells (Fig. 8I). Increased microglial density only accounted for increased BrdU+ cells in 

the DG molecular layer (as assessed by GFP immunofluorescence), but not the SGZ or 

other DG regions. There was no observable increase in differentiation of oligodendrocytes 

(Olig2) or astrocytes (AldoC and GFAP) within the DG. 

To determine if the reduction of DCX immature neurons was due to impaired 

neuronal differentiation, total BrdU was quantified 7 days following BrdU treatment (Figs. 

9A-D). Surprisingly, an increased density of BrdU+ cells in the DG of VPS35CX3CR1 mice 

was observed (Figs. 9C,D). To determine if this was due to increased NSC proliferation, 

BrdU+ cells were quantified 24 hours following BrdU treatment (Figs. 9E-H), with no 

difference in BrdU+ cells at this stage of neurogenesis observable.   
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Figure 8 
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Figure 8: Aberrant adult hippocampal neurogenesis following microglial VPS35 depletion 

(A-D) Decreased hippocampal doublecortin (DCX) following microglial VPS35 depletion. A: Representative 

images of hippocampal DCX immunofluorescence and 60x zoomed images, demonstrating the reduced levels 

of DCX following microglial VPS35 depletion. B:  Statistical analysis of Dentate Gyrus DCX fluorescent 

optical density. (student’s t-test, n=3, p < 0.05)  C,D: Hippocampal tissue was solubilized and subjected to 

western blot analysis, confirming reduced levels of DCX in VPS35CX3CR1 mice. (student’s t-test, n=3, p < 

0.05) E: Schematic of BrdU treatment. F: Statistical analysis of percentage of BrdU+ cells expressing 

doublecortin 7 days following BrdU treatment (as a percentage of total BrdU+ cells) (student’s t-test, n=3, 

p < 0.05). G,H: Representative images of BrdU:DCX coimmunofluorescence. I: Statistical analysis of glial 

differentiation based upon percentage of BrdU+ microglia, oligodendrocytes, or astrocytes out of total BrdU 

7 days following BrdU treatment. (student’s t-test, n=3, p < 0.05)  
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Figure 9  
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Figure 9: Effects of microglial VPS35 depletion on hippocampal NSC proliferation and differentiation 

(A-D) Increased hippocampal NPC differentiation/survival following microglial VPS35 depletion. A: 

Schematic of BrdU treatment for analysis of NPC differentiation. B: Representative images of BrdU 

immunofluorescence 7 days following BrdU treatment. C,D: Statistical analysis of BrdU density throughout 

the hippocampus 7 days following BrdU injection. SGZ = subgranular zone, GCL = granular cell layer, ML 

= molecular layer. (student’s t-test, n=4, p < 0.05) (E-H) NSC proliferation is not affected by microglial 

VPS35 depletion. E: Schematic of BrdU treatment for analysis of NSC proliferation. F: Representative 

images of BrdU immunofluorescence 24 hours following BrdU treatment. G,H: Statistical analysis of BrdU 

density throughout the hippocampus 24 hours following BrdU injection. (student’s t-test, n=3, p < 0.05) (I-

K) Analysis of Ki67+:BrdU+ cells 7 days following BrdU treatment shows no effect on Ki67+ proliferating 

NPCs. (student’s t-test, n=3, p < 0.05) (L-N) Analysis of MCM2+:BrdU+ cells 7 days following BrdU 

treatment shows an increase in MCM2+ NPC. (student’s t-test, n=3, p < 0.05) 
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Since these observations coincided with the observed decrease in DCX+ immature 

neurons with no increase in glial cell differentiation, BrdU+ cells were assessed for other 

cell cycle markers 7 days following BrdU treatment (Figs. 9I-N). Ki67 is a proliferative 

marker that can be used to identify dividing cells throughout the cell cycle with the 

exception of G0 and early G1 phases (Zhang & Jiao, 2015). Ki67:BrdU 

coimmunofluorescence and Ki67 quantification indicated no alterations in Ki67+ 

differentiating (Fig. 9J) or proliferating (Fig. 9K) cells.  

MCM2 (minichromosome maintenance protein 2) is another marker used to 

identify proliferating cells, labelling all proliferating cells during the active phases of cell 

cycle, including G1. Unlike Ki67, MCM2:DCX colabeling has been observed in late 

neuroblasts and is detectable in cells of neuronal fate determination (Amrein et al., 2015). 

While no increase in density of MCM2+ cells was observed (Fig. 9N), BrdU+MCM2+ 

cells were increased in VPS35CX3CR1 mice (Fig. 9M). This suggests a specific impairment 

to cell cycle exit may occur in VPS35CX3CR1 mice, preventing differentiating neuroblasts 

from assuming neuronal fate determination, providing evidence for increased BrdU+ 

differentiating cells in correlation with decreased DCX+ immature neurons. 

 

Investigating potential mediating factors as candidates for aberrant 

neurogenesis following microglial VPS35 depletion 

 As discussed in the literature review, microglial inflammatory factors have been 

shown to act upon the neurogenic niche to affect neurogenesis. To assess whether 

inflammatory factors were altered in the hippocampus following microglial VPS35 

depletion, an inflammatory cytokine array panel was performed with hippocampal tissue 



 

 

57 

 

lysates. While there were varying trends in increases and decreases in quite a few of the 

proteins analyzed, significantly increased levels of IL-6 were found in the VPS35CX3CR1 

hippocampus (Fig. 10A). Hippocampal tissue was directly examined for IL-6 via western 

blot, which also showed a significant increase in VPS35CX3CR1 hippocampi (Fig. 10B), 

suggesting increased IL-6 specific proinflammatory activity in the hippocampus of 

VPS35CX3CR1 mice. Microglia were isolated from brain tissue of adult VPS35CX3CR1 mice 

and cellular lysates were subjected to western blot analysis. IL-6 levels in the isolated 

microglia were elevated (Fig. 10C), indicating that microglial VPS35 depletion might 

elevate microglial IL-6. 

 Taken together, these data suggest that microglial VPS35 depletion results in 

increased hippocampal IL-6 levels. As IL-6 has been shown to influence neurogenesis, 

these data present IL-6 as a potential mediator of aberrant hippocampal neurogenesis in the 

VPS35CX3CR1 mouse. 

 

Functional consequences of microglial VPS35 depletion on newborn neurons 

in the mouse hippocampus 

 As an overall reduction in DCX+ neurons was observed in the VPS35CX3CR1 mouse, 

it was of importance to determine whether this reduction was a result of neurodegenerative 

activity. To assess the functional effects of microglial VPS35 depletion on newborn 

neurons in the adult dentate gyrus, a retroviral-mediated labelling strategy was 

implemented to visualize dividing cells and their progeny. Dentate gyri of VPS35CX3CR1 

mice were stereotaxically injected with a GFP labelled retrovirus (Fig. 11A). One month  
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Figure 10  
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Figure 10: Elevated levels of proinflammatory cytokine IL-6 following depletion of microglial VPS35 

A: Inflammatory cytokine array panel from hippocampal tissue lysate revealed increased IL-6 in 

hippocampi of VPS35CX3CR1 mice (student’s t-test, n=3, p < 0.05).) B: Hippocampal tissue was 

solubilized and subjected to western blot analysis, revealing increased IL-6. (student’s t-test, n=3,p < 

0.05). C: Microglia isolated from brain tissue of adult mice reveal increased microglial IL-6 following 

depletion of microglial VPS35. 
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Figure 11  
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Fig. 11: Microglial VPS35 depletion results in neurodegenerative morphology of newborn neurons 

A: Schematic of timeline for stereotaxic injection of a GFP-expressing retroviral vector into the dentate gyrus 

to selectively label dividing cells B,C: GFP+ neurons in VPS35CX3CR1 mice were found to have decreased 

total length of processes and total number of branches (student’s t-test, n=20 neurons from a total of two 

animals per group, p < 0.05). D: Sholl analysis indicates decreased number of intersections in GFP+ 

neurons in the DG of VPS35CX3CR1 mice. E,F: GFP+ neurons in DG of VPS35CX3CR1 mice exhibited decreased 

dendritic spine density (student’s t-test, n=10 secondary branches from a total of two animals per group, p 

< 0.05) G: Representative images of GFP+ neurons and tracings.  
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following retrovirus injection, mice were sacrificed and morphological features of GFP-

expressing neurons in the DG were examined. GFP+ neurons in the DG of VPS35CX3CR1 

mice exhibited significant reductions in dendritic process length and complexity (Figs. 

11B-D,G)) and reduced dendritic spine density (Figs. 11E,F). This implicates a novel role 

of microglial VPS35 in the regulation of newborn neurons in the adult CNS, in which 

microglial VPS35 deficiency causes neurodegenerative morphological deficits upon 

hippocampal newborn neurons prior to synaptic integration. 

 

Behavioral phenotype following microglial VPS35 depletion 

 To determine if microglial VPS35 depletion functionally affects VPS35CX3CR1 

mouse behavior, a behavioral panel was performed to assess behavioral phenotype. Open 

field test was performed to analyze locomotor activity and assess any proclivity for anxiety. 

No difference was observed in distance traveled, velocity, or time spent in the center (Fig. 

12A). Mice were subjected to y-maze to assess spatial recognition – no difference in 

number of alternations was observed (Fig. 12B). Recognition memory was assessed by the 

novel object recognition paradigm at 30 minutes, 120 minutes, and 48 hours to assess both 

short-term and long-term memory. A slight reduction (ns) in recognition index (p-value = 

0.06) was observed after 30 and 120 minutes following the training session. A significant 

reduction in recognition was observed after 48 hours, suggesting impaired long-term 

memory following microglial VPS35 depletion (Fig. 12C).  

 Sucrose preference testing, forced swim test, and tail suspension test were applied 

to measure depressive behavior. Decreased sucrose preference in VPS35CX3CR1 mice 

suggests a reduced drive for pleasure-seeking activity (Fig. 12D). Time VPS35CX3CR1 mice  
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Figure 12  
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Figure 12: Behavioral phenotype of VPS35CX3CR1 mouse 

Fig A: Open field test locomotor activity and anxiety-related behavior are not altered in VPS35CX3CR1 mice 

as gauged by time spent in the center (anxiety), and mean velocity and total distance (locomotor).  

B: No change was observed in y-maze performance, suggesting that spatial memory is not impaired in 

VPS35CX3CR1 mice. C: Novel object recognition suggests a slight impairment in VPS35CX3CR1 recognition 

memory as indicated by a p-value of 0.06 and a recognition index of 50% 30 and 120 minutes following 

initial exposure and a significant impairment in long term memory (48 hours after exposure). (D-F) 

Depressive model behavioral testing revealed tendency towards depressive behavior in VPS35CX3CR1 mice. 

D: Sucrose preference is significantly lower in VPS35CX3CR1 mice than controls, suggesting a reduced 

tendency VPS35CX3CR1 pleasure-seeking behavior. E: Time spent immobile during tail suspension is 

significantly higher in VPS35CX3CR1 mice. F: Forced swim test shows a trend towards increased time spent 

immobile by VPS35CX3CR1 mice, but not significantly. All tests were statistically analyzed by student’s t-test, 

except for novel object recognition, which was analyzed by one-way ANOVA. n=8, p < 0.05). 
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spent immobile during tail suspension was significantly increased (Fig. 12E), suggesting 

a tendency of VPS35CX3CR1 mice for depressive behavior. While there was no significant 

difference in time spent immobile during the forced swim test, VPS35CX3CR1 mice did 

exhibit a trend towards increased immobility (Fig. 12F).  
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IV. DISCUSSION 
 

 

The findings presented here provide the first in vivo evidence that VPS35/retromer is 

essential for maintaining microglial homeostasis, and when microglial retromer mechanics 

are disrupted, increased microglial differentiation and/or survival induce/s increased 

microglial density in a region-specific manner. Microglial retromer dysfunction was also 

shown to upregulate microglial activity within the hippocampus in a proinflammatory 

manner. Disturbances to the local pool of hippocampal microglia co-occurred with 

disrupted hippocampal neurogenesis, as observed by increased differentiating NPCs, 

impaired cell cycle exit, a decrease in immature neurons, and abnormal dendritic 

morphology of newborn neurons (Fig. 13). In vivo microglial VPS35 deficiency induced a 

behavioral phenotype of depressive behavior and impaired long-term memory, assays 

which have been shown to be dependent upon hippocampal neurogenesis (Breul-

Jungerman et al., 2005; Sahay & Hen, 2007; Sahay et al., 2011; Pan et al., 2012; Lee et al., 

2013). 

These findings present a novel, microglial-specific role of VPS35 and raise many 

questions regarding the mechanisms underlying the above observations and the myriad 

implications these findings hold for the field of retromer research and the role of retromer 

dysfunction in neurodegenerative pathophysiology. They also implicate a pivotal role of 

microglia in the regulation of adult hippocampal neurogenesis and the survival/integration 

of newborn neurons in the adult hippocampus. 
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Figure 13  
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Figure 13: Model of hippocampal microglial VPS35 loss-of-function 
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A novel, microglial-specific function of VPS35 in the adult CNS 

 These findings present a novel, microglial-specific role of VPS35 and retromer 

function, in which microglial VPS35 is essential for maintaining microglial function in 

vivo. Depletion of VPS35 from mature microglia in vivo increases microglial proliferation 

and density in a regional-specific manner as well as upregulates regional microglial 

activity.  Going forward, it will be imperative to gain a better understanding of the 

mechanisms underlying microglial retromer function and how microglial retromer operates 

to maintain microglial activity.  

 Of importance is the mechanism underlying the observed increase of microglial 

density following microglial VPS35 loss-of-function. One potential candidate is 

CSF1R/cFMS (colony stimulating factor 1 receptor), a key mediator of microglial 

proliferation and differentiation (Elmore et al., 2014). Given that CSF1R expression is 

increased in VPS35 deficient Raw264.7 macrophagic cells (Xia et al., 2013), it is possible 

that the same effect of VPS35 deficiency may be observed in microglia. It will be of 

importance to investigate CSF1R expression in VPS35CX3CR1 microglia as a potential 

mediator of upregulated microglial density following VPS35 loss-of-function. Microglial 

activity can increase in response to CSF signaling, so it will also be useful to investigate 

CSF1R as a potential mediator of upregulated microglial activity following VPS35 

depletion. TREM2 is another candidate through which microglial VPS35 depletion in vivo 

may function to increase microglial activity given the in vitro findings of Yin et al. (2016). 

  Further studies into the molecular details underlying microglial retromer 

function are also of interest. The findings presented here suggest that microglial expression 

of VPS35 varies in a regional and age-specific manner. The extent of this variability can 
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easily be validated by isolating microglia from various brain regions at various ages to 

quantify levels of VPS35 expression. This could then enable us to identify regions most 

prone to the effects of microglial VPS35 depletion and how these effects might be 

amplified in the aging brain. It would also be of interest to analyze other retromer 

component expression within microglia (ie: VPS26, SNX27, etc) to determine the 

vulnerability of microglial retromer to mechanistic defects in a regional manner. As it has 

been hypothesized that retromer mechanistic structure might vary based upon cellular 

expression and cargo transportation, and given that the molecular mass of microglial 

VPS35 appears to be slightly higher than that of neurons, it would be of great interest to 

investigate the mechanistic components of microglial retromer to further elucidate the cell-

specific presentation of this complex. 

 

A novel mediator of microglial regulation of adult hippocampal neurogenesis 

 The role of microglia in adult hippocampal neurogenesis has been emerging over 

the past decade, but the full extent of this regulation and its mechanisms remain to be 

elucidated. These findings indicate a regulatory role of microglia during hippocampal 

neurogenesis which is disrupted following microglial VPS35 loss-of-function. The exact 

nature of this regulatory role of microglia and the mechanisms through which VPS35-

deficient microglia disturb hippocampal neurogenesis will require further investigation.  

 Microglial VPS35 depletion increases NSC/NPC differentiation/survival in the 

SGZ, possibly by disrupting cell cycle exit, raising the question of how VPS35 depletion 

acts upon microglia in a way as to affect such an important process in the maintenance of 

CNS homeostasis and structural integrity. It will be of interest to carry out in vitro studies 
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in which NPCs are exposed to microglial-conditioned medium to determine if soluble 

factors secreted by VPS35 depletion are acting upon NPCs to disrupt cell cycle exit. If so, 

IL-6 will be investigated as a potential mediator. Given that the cytokine array produced 

high variability with an n of 3, making it difficult to determine if expression levels of other 

cytokines varied to a lesser degree following VPS35 depletion, it would be helpful to 

analyze hippocampal RNA expression of an assortment of cytokines in order to establish 

the inflammatory profile presentation of the hippocampus and DG in VPS35CX3CR1 mice. 

Doing so could provide further insight into soluble factors which might be influencing 

proliferation of NSCs following microglial VPS35 depletion. 

 If no in vitro effects of soluble factors from VPS35CX3CR1 microglia are observed 

to affect NPC cell cycle exit, it remains a possibility that the increased BrdU+ cells 

observed in the VPS35CX3CR1 SGZ were in fact apoptotic cells that failed to be 

phagocytosed by microglia due to faulty phagocytic machinery. This is a possibility that 

can initially be investigated by examining BrdU+ cells in the VPS35CX3CR1 SGZ for signs 

of cellular death, followed by confirmation in an in vitro  NSC/microglia co-culture system. 

Another mediator of the increase in SGZ differentiating NPCs following microglial VPS35 

depletion could be dedifferentiation of cells back to NSCs, which - as the literature review 

suggests - is also a possibility (Gabel et al., 2016).  

 As noted in the text, increased MCM2+ differentiating NPCs with no change to 

Ki67+ differentiating NPCs following microglial VPS35 loss-of-function suggests a defect 

in cell cycle exit at a very particular stage in the neurogenesis cycle, specifically, the stage 

at which late neuroblasts are exiting the cell cycle. This is also the stage at which 

GABAergic synaptic integration occurs, during which parvalbumin interneurons mediate 
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the integration of hippocampal neurogenesis with neuronal circuitry to promote the 

survival and development of newborn neurons (Song et al., 2013). It would be of interest 

to investigate whether microglial VPS35 loss-of-function in a region upstream of this 

circuitry could indirectly alter hippocampal neurogenesis as observed in these findings. 

 The data reported here suggest microglial VPS35 depletion in the VPS35CX3CR1 

hippocampus imparts aberrant morphology of newborn neurons in a neurodegenerative 

manner, suggesting the possibility that VPS35 deficient microglia are acting directly upon 

newborn neurons via an unidentified neurotoxic mechanism. The literature review 

identifies two ways in which microglia have been shown to affect dendrites at the synaptic 

level: 1 – direct cellular contact with the synaptic machinery to impart synaptic pruning & 

stripping via phagocytic activity (via complement receptor or chemokine receptor 

dependent pathways); 2 – by soluble factors secreted by microglia to impart a neurotoxic 

effect upon synaptic components. 

 The question of whether direct microglia-neuron interaction or microglial-derived 

soluble factors impart neurodegenerative morphology in newborn neurons of the 

VPS35CX3CR1 dentate gyrus can be investigated by treating hippocampal neurons with 

VPS35CX3CR1 microglia-conditioned medium. If aberrant dendritic structure is observed, 

then it can be concluded that a soluble factor is the mediator. If there is no difference in 

morphology between control cells and cells treated with VPS35CX3CR1 microglia-

conditioned medium, then a hippocampal neuron / microglial co-culture system can be 

developed to observe direct phagocytic activity of VPS35 deficient microglia upon 

dendritic synapses and explore the potential of CR3 as being a mediator of any such activity 

observed. 
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Functional consequences of microglial VPS35 deficiency 

 The findings presented here raise the question of whether structural deficits 

observed in VPS35CX3CR1 mice correlate with functional deficits. This study presents a 

behavioral phenotype of VPS35CX3CR1 mice concurrent with the literature describing 

behavioral impairments that co-occur with impaired hippocampal neurogenesis. 

Depressive behavior is a classic hallmark of disrupted hippocampal neurogenesis (Sahay 

& Hen, 2007; Lee et al., 2013) and long-term memory has shown to be reliant upon 

hippocampal neurogenesis, with deficiencies observed following impaired hippocampal 

neurogenesis (Breul-Jungerman et al., 2005; Sahay et al., 2011; Pan et al., 2012).  

 Newborn hippocampal neurons in the dentate gyrus integrate into the hippocampal 

circuitry to send axonal projections to hippocampal CA3 neurons (Markakis & Gage, 

1999), so it follows that hippocampal circuitry might be adversely regulated in 

VPS35CX3CR1 mice. Further investigations into the functional consequences of microglial 

VPS35 deficiency should incorporate electrophysiological recordings to determine if 

hippocampal LTP is impaired via dysregulation of hippocampal circuitry. 

  It is important to note that, since adult hippocampal neurogenesis is altered by 

microglial VPS35 depletion, development of the neonatal brain could possibly be affected 

by microglial VPS35 depletion as well. To fully understand the role of microglial VPS35, 

it would be prudent to examine the developing brain in a mouse model that constitutively 

imparts VPS35 deletion via a microglial-specific promoter to identify any effects VPS35 

deficient microglia might have upon developing dendritic morphology, synaptic circuitry, 

and neurogenesis. 
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Examining the effects of microglial VPS35 depletion in different disease models 
 

 The findings of this study suggest a region-specific effect of microglial VPS35 

depletion, as well as the potential for an age-specific effect. Further studies should 

investigate the consequences of microglial VPS35 depletion in an age and region specific 

manner. Of primary interest are the entorhinal cortex (EC), in which increased microglial 

density was also observed, and the substantia nigra (SN), in which we did not observe 

increased microglial density, but we did observe increased GFP immunofluorescence 

(unreported data).  

AD pathogenesis first begins to manifest in the EC, and EC VPS35 levels are down-

regulated in AD compared to the dentate gyrus (Small et al., 2005). It can be hypothesized 

that VPS35CX3CR1 microglial activity in this region would be similar to observations made 

in the hippocampus and might affect EC dendritic morphology. EC stimulation has been 

shown to promote the proliferation and neurogenesis of newborn neurons in the dentate 

gyrus (Stone et al., 2011), so it is feasible the neurogenic abnormalities observed in 

VPS35CX3CR1 mice could be attributed to functional impairment of the EC. 

 Since dysfunction of VPS35 is implicated in PD, it is necessary to also investigate 

whether VPS35 deficient microglia affect functional and/or morphological changes in this 

region. Neurogenesis has been documented in the SN (Zhao et al., 2003; Yoshimi et al., 

2005), so investigations into whether SN neurogenesis is altered in VPS35CX3CR1 mice – as 

well as the functional results thereof – would be intriguing. Unreported data from 

VPS35CX3CR1 mice suggested that the SN might also present a neurodegenerative 

morphological phenotype (examined via golgi staining of SN neurons), so mechanisms 
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underlying microglial VPS35-mediated regulation of this region could contribute to our 

understanding of VPS35’s role in PD pathology. 

  This study raises the question of “how much does dysfunction of microglial 

retromer contribute to neurodegenerative disease pathology?” The best way to address this 

question would be to examine if depletion of microglial VPS35 exacerbates pathological 

presentation in AD and PD models of neurodegeneration. Another method of addressing 

this question would be to directly target regional-specific, microglial specific VPS35 

depletion via delivery of a lentiviral vector driven under the expression of a microglial-

specific promoter, injected directly into the region of interest. In this way, one could 

eliminate any effects of regional crosstalk (ie: EC > DG, CA1 > DG, etc).  

 To further investigate the effects of microglial VPS35 depletion on AD pathology, 

it would be prudent to examine Aβ levels in the hippocampi of VPS35CX3CR1 mice. As the 

literature review indicates, microglial VPS35 deficiency in vitro impairs recycling of the 

phagocytic receptor CD36, potentially, hindering the ability of VPS35 deficient microglia 

to phagocytose Aβ in vivo. This in turn, could contribute to the cumulative effects of VPS35 

deficiency upon APP processing and Aβ cleavage. Additionally, Aβ itself could be 

explored as a potential mechanism through which VPS35 deficient microglia might 

indirectly alter the proliferation of NSCs (Sotthibundhu et al. 2009). 

 Another model which would facilitate the elucidation of mechanisms underlying 

microglial VPS35 regulation of hippocampal neurogenesis is the kainic acid (KA) model 

of temporal lobe epilepsy (Lévesque M & Avoli , 2013). In this model, KA is a potent 

glutamate analogue that induces neuronal hyperactivation to induce spontaneous seizures, 

triggering aberrant augmentation of hippocampal neurogenesis and migration of newborn 
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neurons. Through usage of this model, one could augment VPS35CX3CR1 neurogenesis to 

further investigate the effects of microglial VPS35 depletion on hippocampal neurogenesis. 

Overall clinical and translational implications 
 

 Uncovering the molecular mechanisms underlying disease pathology is the first 

step towards disease prevention and discovery of curative solutions.  Retromer and VPS35 

have been implicated as molecular mediators in neurodegenerative pathology, but the exact 

mechanisms through which retromer dysfunction imparts disease pathology have yet to be 

elucidated. Identification of cell-specific mechanisms underlying disease pathology is an 

important step for improving the experimental models used to investigate disease. By 

further identifying retromer-associated mediators of the neurodegenerative pathway, we 

can hopefully establish new methods for early detection of disease onset, preventative 

measures to counter pathological mechanisms, and therapeutic options to target the 

retromer pathway.  

Retromer-specific targeting is a therapeutic possibility. One group in particular has 

identified a class of pharmacological chaperones that can bind and stabilize the cargo-

recognition module of the retromer complex and increase retromer levels in neurons 

(Mecozzi et al., 2014). These chaperones succeed in enhancing retromer function, by 

increasing endosomal APP transportation and reducing APP-derived neurotoxic 

fragmentation. It is feasible for these chaperones to be administered in vivo to counter the 

effects of VPS35 depletion. 

 

 



 

 

75 

 

V. SUMMARY 
 

 

1. Mice deficient in VPS35 via hemizygous VPS35 deletion present an abnormal 

glial phenotype suggestive of upregulated neuroinflammatory activity. 

2. Murine microglia express VPS35 in an age-dependent, region-dependent manner. 

3. Microglial VPS35 can be specifically targeted for deletion via the CX3CR1 

promoter. 

4. In vivo depletion of microglial VPS35 increases microglial density in a region-

specific manner, most notably within the hippocampus and SGZ. Increased 

microglial density may be attributed to enhanced microglial 

differentiation/survival. 

5. In vivo microglial VPS35 depletion upregulates microglial activity in an 

inflammatory manner. 

6. Microglial VPS35 depletion induces aberrant differentiation/survival of 

hippocampal NSCs/NPCs, possibly through interference with the cell cycle exit. 

7. Microglial VPS35 depletion reduces the number of immature/newborn neurons. 

8. IL-6 is increased in the hippocampus of VPS35CX3CR1 mice and microglia isolated 

from VPS35CX3CR1 brain tissue, implicating IL-6 as a potential mediator of aberrant 

neurogenesis in VPS35CX3CR1 mice. 

9. Neurodegenerative morphological deficits occur in newborn dentate gyral neurons 

following microglial VPS35 depletion. 

10. The behavioral phenotype of VPS35CX3CR1 mice suggests functional deficits 

resulting from hippocampal neurogenesis.  
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Supplementary Figure 1 
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Supplementary Figure 1: VPS35 expression in CNS cells 

VPS35 expression levels in CNS cells measured in the human (A) and mouse (B) tissue. FPKM = 

Fragments Per Kilobase of transcript per Million mapped reads. Data adapted from 

http://web.stanford.edu/group/barres_lab/brainseq2/brainseq2.html. 
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