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SUMMARY
Disruption of retromer-dependent endosomal trafficking is considered pathogenic in late-onset Alzheimer’s
disease (AD). Here, to investigate this disruption in the intact brain, we turn to a genetic mouse model where
the retromer core protein VPS35 is depleted in hippocampal neurons, and then we replete VPS35 using an
optimized viral vector protocol. The VPS35 depletion-repletion studies strengthen the causal link between
the neuronal retromer and AD-associated neuronal phenotypes, including the acceleration of amyloid pre-
cursor protein cleavage and the loss of synaptic glutamate receptors. Moreover, the studies show that the
neuronal retromer can regulate a distinct, dystrophic, microglia morphology, phenotypic of hippocampal mi-
croglia in AD. Finally, the neuronal and, in part, the microglia responses to VPS35 depletion were found to
occur independent of tau. Showing that the neuronal retromer can regulate AD-associated pathologies in
two of AD’s principal cell types strengthens the link, and clarifies the mechanism, between endosomal traf-
ficking and late-onset sporadic AD.
INTRODUCTION

The neuron’s early endosome, a central trafficking station of the

endolysosomal network, has proven to be an organelle funda-

mental to Alzheimer’s disease (AD) (Nixon, 2005). A combination

of genetic (Karch and Goate, 2015) and functional (Small et al.,

2017) studies have implicated endosomal trafficking as a patho-

genic biological pathway in the disease.More specifically, recent

studies have suggested that the endosome’s recycling routes

might mediate AD’s pathophysiology (Small and Petsko, 2020).

Endosomal recycling critically depends on retromer, a dedicated

trafficking complex that is considered a ‘‘master conductor’’ of

endosomal trafficking (Seaman, 2005; Burd and Cullen, 2014;

Kovtun et al., 2018). Retromer core proteins are deficient in the

hippocampal formation of patients with AD, and depleting

VPS35, the core’s central protein, has emerged as the most reli-

able approach for disrupting retromer-dependent endosomal re-

cycling (Small and Petsko, 2015). Nevertheless, attempts to

model VPS35 depletion in the mammalian brain have been hin-

dered because VPS35 knockout mice are embryonic lethal.
C
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To overcome this challenge, we have recently developed a

mouse model in which VPS35 is genetically depleted selectively

in hippocampal and forebrain neurons, allowing survival into

adulthood (Simoes et al., 2020). In parallel, we have optimized

a VPS35 repletion strategy using AAV9-VPS35, overcoming the

autoregulation observed for VPS35 expression, and showing

that exogenous VPS35 can bind other retromer core proteins

critical for retromer function.

We then combined the VPS35 neuronal-selective knockout

(VPS35 nsKO) mice with the AAV9-VPS35 protocol and

completed an extensive series of VPS35 depletion-repletion

studies to strengthen the mechanistic link between retromer-

dependent endosomal recycling and AD’s known cellular pheno-

types.Forneurons,we reliedonprior studies that haveassociated

retromer dysfunctionwith the pathogenic cleavage of the amyloid

precursor protein (APP) and the loss of hippocampal-enriched

glutamate receptors (Temkin et al., 2017), which typify AD-asso-

ciated amyloid and synaptic pathology.

Besides neurons, glia and in particular microglia are now

considered a second brain cell type phenotypic of AD’s cellular
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Figure 1. The effects of neuronal VPS35 depletion on hippocampal

neurons and glia

(A) Neuronal-selective VPS35 knockoutmicewere generated by crossingmice

expressing loxP-flanked VPS35 (exons 3-5) (VPS35fl/fl) with mice expressing

Cre recombinase under the Camk2a promoter. Camk2a-CRE mice were ob-

tained from Jackson Laboratory (Stock No: 005,359).

(B) Immunoblots from of the CA1 region of WT (VPS35fl/fl, n = 5) and

VPS35 nsKO (n = 5) mice (3 months of age) showing VPS35, VPS26a, VPS26b,

VPS29, full-length APP, total C-terminal fragments of APP (APP CTFs), GluA1,

GFAP, IBA1, and actin protein levels.

(C) Bar graph represents actin-normalized levels of VPS35 and (D) b-secre-

tase-derived C-terminal fragment of APP (C99), total C-terminal fragments of

APP (APP CTFs), and glutamate receptor ionotropic AMPA1 (GluA1), and the

microglial markers ionized calcium-binding adapter molecule 1 (IBA1) and glial

fibrillary acidic protein (GFAP).

See also Figure S1. WT = VPS35fl/fl, n = biological replicates. Data are repre-

sented as mean ± SEM. ! p = 0.07, **p < 0.01, ***p < 0.001.
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pathologies (Salter and Stevens, 2017; Hansen et al., 2018; Ta-

katori et al., 2019; Streit et al., 2020), which play a dominant

role in modulating how the brain responds to AD’s triggering

neuronal-based pathologies. We therefore took advantage of
2 Cell Reports 38, 110262, January 18, 2022
our VPS35 depletion-repletion paradigm to ask whether the

neuronal retromer will not only regulate AD-associated neuronal

phenotypes but might also regulate glial phenotypes.

RESULTS

The effects of neuronal VPS35 depletion on neurons and
glia
By crossing mice expressing loxP-flanked VPS35 (VPS35fl/fl)

with mice expressing Cre recombinase under the Camk2a pro-

moter, we generated VPS35 nsKO mice (Figure 1A), in whom

VPS35 is selectively depleted in forebrain and hippocampal neu-

rons (Simoes et al., 2020).

The dorsal CA1 hippocampal region wasmicro-dissected in 3-

month-old VPS35 nsKO mice and wild-type (WT = VPS35fl/fl) lit-

termates, an age when previous studies have established that

there is no cell or synaptic loss in these mice (Simoes et al.,

2020). By immunoblotting, VPS35 depletion was found to result

in AD-associated indicators of neuronal dysfunction, including

an accumulation of the C-terminal fragments (CTFs) of APP (t =

9.08, p = 0.00002) (when normalized to either actin or APP)

and a reduction in the glutamate receptor GluA1 (t = 4.93, p =

0.0011) (Figures 1B–1D and S1).

Additionally, neuronal VPS35 depletion was observed to

cause an increase in the astrocytic marker glial fibrillary acidic

protein (GFAP) (t = 7.8, p = 0.00005) and an increase in themicro-

glial marker IBA1 (t = 5.69, p = 0.0005) (Figure 1D).

Optimizing an in vivo VPS35 repletion protocol
Next, we turned to viral vector technology to replete VPS35. We

C-terminally tagged human VPS35 with green fluorescent pro-

tein (GFP) and delivered AAV9-VPS35-GFP (Figure S2) to mouse

neuronal cultures. Immunoblot levels of endogenous and exog-

enous VPS35 were measured across three doses. Interestingly,

a pattern consistent with autoregulation was observed (Fig-

ure 2A), whereby the higher the levels of exogenous VPS35

expressed, the lower the levels of endogenous VPS35 were de-

tected. A significant increase in total VPS35 was observed at

both the middle dose (t = �10.74, p < 0.001) and the highest

dose (t = �26.02, p < 0.001), but not at the lowest dose (t =

�1.53, p = 0.199).

Because VPS35 acts as a scaffold to which other retromer

proteins bind, we next tagged the human VPS35 with HA, which

is smaller than GFP and less likely to interfere with VPS35’s scaf-

fold function.We find that AAV9-VPS35-HA, delivered at the high

dose, caused higher total VPS35 expression than AAV9-VPS35-

GFP (Figure 2B). A co-immunoprecipitation study was per-

formed using anti-HA antibody, showing that exogenously

expressed VPS35 pulls down endogenous VPS29 and VPS26

(Figure 2C), the other two retromer proteins that comprise the

retromer’s heterotrimeric core complex (Seaman, 2005). These

studies establish that exogenous VPS35 binds other endoge-

nous retromer core proteins, forming a complex that is critical

for retromer’s function.

To determine the optimum in vivo AAV9-VPS35 delivery,

we completed a series of experiments (two to six animals

per experiment), delivering AAV9-VPS35-HA intracranially to

the dorsal CA1 region of the hippocampus of wild-type
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Figure 2. The effects of AAV9-VPS35 on the endogenous neuronal retromer

(A) Immunoblots showing expression levels of exogenous and endogenous VPS35 after delivery of three doses of AAV9-VPS35-GFP in primary neuronal culture

(5E+9 vg/well, 2E+10 vg/well, 1E+11 vg/well), and after delivery of AAV9-GFP as a control. Bar graphs show the mean levels of total VPS35 (light gray bars),

endogenous VPS35 (medium gray bars), exogenous VPS35 (black bars). Mean level of VPS35 with AAV9-GFP expression (white bars) is shown as control (n = 3).

(B) Representative immunoblots showing expression levels following AAV9-VPS35-HA at 1E+11 vg/well (n = 16). Bar graphs show mean levels, normalized by

actin; AAV9-GFP and AAV9-EV (empty vector) were used as controls (n = 23).

(C) Immunoblots showing that anti-HA antibody co-immunoprecipitated endogenous retromer core proteins VPS26a, VPS26b, and VPS29. Bar graphs represent

levels of VPS35, total (light gray; input), endogenous VPS35 (medium gray; unbound), and exogenous VPS35 (black; unbound subtracted from input) extracted

from the co-immunoprecipitation data (right three bands on blots). Control bar (white; input from the control reaction (left three bands on the blots)). All primary

neurons were cultured from C57BL/6J mice at postnatal day 0.

See also Figure S2. n = biological replicates. Data are represented as mean ± SEM. ***p < 0.001, ns = not significant.
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(C57BL/6J) mice in varying doses and volumes (Figures S3A

and S3B). Brain slices were generated for fluorescent immu-

nohistochemistry and probed with anti-HA antibody to map

the degree and distribution of expression, and neuronal and

nuclear markers were used to assay potential toxicity. In par-

allel, tissue samples from the CA1 were micro-dissected and

processed for immunoblotting to quantify expression levels

(Figure 3A, right panel).

Using the optimum delivery protocol, with the highest sub-

toxic dose of the vector (Figure 3A, left panel), we injected

AAV9-VPS35-HA to 3-month-old mice that were then aged to

6 months. Results showed a broad expression distribution

across the dorsal hippocampus, with a significant increase in
VPS35 (t = 8.74, p = 0.003) and with no evidence of toxicity (Fig-

ures 3B–3D). As in neuronal culture, a co-immunoprecipitation

study with anti-HA antibody showed that exogenous VPS35

downregulates the corresponding endogenous protein, and

that exogenous VPS35 binds the two other retromer core pro-

teins (Figure 3E).

The effects of VPS35 depletion-repletion on
hippocampal neurons
Using the optimized protocol, AAV9-VPS35-HA (hereinafter

referred to as AAV9-VPS35) was delivered to the right CA1 region

of the VPS35 nsKO mice, and AAV9-GFP was delivered to the

contralateral CA1 as a control (Figure 4C). In addition, VPS35fl/fl
Cell Reports 38, 110262, January 18, 2022 3



A

D

C

E

B

Figure 3. The effects of AAV9-VPS35 on the endogenous hippocampal retromer

(A) Schematic representation (left panel) of the protocol of AAV9 delivery into the hippocampal CA1 region. All animals were injected at 3 months and aged to

6 months of age. At 6 months of age, brains were processed for fluorescent IHC and biochemistry (as illustrated in the right panel).

(B) Coronal brain sections immunofluorescently stained 3 months after delivery of AAV9-VPS35-HA into right CA1 and AAV9-GFP into the left CA1, showing

expression distribution of exogenous VPS35 (anti-HA). Insets represent higher magnification images of indicated subregions.

(C) Brain sections stained with the neuronal marker, NeuN, and the nuclear marker, Hoechst, showed no changes in the neuronal layers compared to the

contralateral CA1.

(D) Immunoblots showing VPS35 overexpression and levels of beta III tubulin (N-tubulin), NeuN, glutamate receptor ionotropic AMPA1 alpha 1 (GluA1), full length

APP (APP), total C-terminal fragments of APP (APP CTFs), and actin in the CA1 regions injected with AAV9 empty vector (EV) or VPS35-HA (n = 4).

(E) Immunoblots showing that anti-HA antibody co-immunoprecipitated endogenous retromer core proteins VPS26a, VPS26b, and VPS29. Bar graphs represent

levels of VPS35, total (light gray = input), endogenous VPS35 (medium gray = unbound), and exogenous VPS35 (black = unbound subtracted from input) ex-

tracted from the co-immunoprecipitation data (right three bands on blots). Control bar (white = input from the control reaction [left three bands on the blots]) (n = 4).

All data in this figure acquired from C57BL/6J mice. See also Figure S3. n = biological replicates. Data are represented as mean ± SEM. *p < 0.05, **p < 0.01.
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mice were evaluated as non-injected controls. All VPS35 nsKO

mice were injected at 3 months of age and aged to 6 months.

In the no-surgery control conditions, AD’s neuronal phenotypes

identified in 3-month-old VPS35 nsKOmice, were still detectable

at 6 months of age as measured by APP CTFs (t = �15.89, p =

0.00009) and by GluA1 levels (t = 9.70, p = 0.0006) (Figure 4B).
4 Cell Reports 38, 110262, January 18, 2022
Three months after 3-month-old VPS35 nsKO mice received

AAV9-VPS35 or AAV9-GFP injections, we observed a normaliza-

tion of APP CTFs (t = 3.88, p = 0.018) and a normalization of

GluA1 levels with AAV9-VPS35, as shown by immunoblotting

(t = �6.45, p = 0.003; Figures 4A and 4B) and confirmed by fluo-

rescent immunohistochemistry (IHC) (Figure 4C).



Figure 4. AAV9-VPS35 normalizes APP and

glutamate receptor defects in hippocampal

neurons

(A) Immunoblots from the CA1 region of WT

(VPS35fl/fl, n = 3) and VPS35 nsKO (n = 8) mice

(6 months of age) showing VPS35, GluA1, full-

length APP, total C-terminal fragments of APP

(APP CTFs) and actin protein levels. AAV9-GFP

and AAV9-VPS35-HA were injected in left and

right CA1 respectively in five of the VPS35 nsKO

mice at 3 months.

(B) Bar graphs represent actin-normalized levels

of VPS35 (left graph), b-secretase derived C-ter-

minal fragment of APP (C99), total C-terminal

fragments of APP (APP CTFs; middle graph), and

glutamate receptor ionotropic AMPA1 (GluA1;

right graph). WT = VPS35fl/fl.

(C) Coronal brain sections immunofluorescently

stained with anti-HA and anti-GFP, 3 months after

AAV9-VPS35-HA into right CA1 and AAV9-GFP

into the left CA1 of VPS35 nsKO mouse (upper

panel), showing increase in GluA1 expression in

the right hippocampus (middle panel), with no

detectable changes in neuronal staining (lower

panel).

See also Figure S1. n = biological replicates. Data

are represented as mean ± SEM. **p < 0.01, ***p <

0.001.
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Retromer is considered a ‘‘master conductor’’ of endosomal

trafficking (Burd and Cullen, 2014) because it regulates the two

pathways whereby cargo is recycling out of endosomes: from

the endosome back to the cell surface, and from the endosome

back to the TGN (trans-Golgi network). APP and GluA1 are

neuronal endosomal cargo that typify the first pathway, and

based on older (Small and Petsko, 2015) and newer studies (Mis-

hra et al., 2021), SORL1 (sortilin-related receptor1) can act a ret-

romer-receptor that allows the retromer coat to interact with this

cargo. We, therefore, took advantage of our depletion-repletion
Ce
paradigm to investigate SORL1. First, we

needed to establish the expression pro-

file of SORL1 at the protein level, since

mRNA studies have suggested that

SORL1 mRNA might be differentially ex-

pressed in glia (Li et al., 2019b). Consis-

tent with the fact that there is often a

mRNA-protein expression mismatch

(Buccitelli and Selbach, 2020), an immu-

nofluorescence map of SORL1 protein

expression in WT mice confirms previous

cell culture observations (Thonberg et al.,

2017), showing that SORL1 protein is

differentially expressed in neurons (Fig-

ures 5A and 5B). Next, we show that glial

SORL1 is not reliably upregulated in

response to neuronal VPS35 depletion

(Figure 5E). A reliable effect was, howev-

er, observed within CA1 neurons, with

larger SORL1-positive puncta in VPS35-

depleted neurons, an effect that was
partially rescued upon VPS35 repletion (Figures 5F and 5G).

This likely reflects the fact that VPS35 depletion is known to

cause enlarged endosomes (Bhalla et al., 2012), a cytopatho-

genic hallmark of AD (Cataldo et al., 2000), and that retromer

plays a role in transporting SORL1 from the endosome to the

cell surface (Christensen et al., 2020).

Finally, we used the paradigm to investigate whether neuronal

VPS35 can regulate retromer’s second pathway, an important

functional question since this pathway is ultimately critical for

the maturation and delivery of the lysosomal protease cathepsin
ll Reports 38, 110262, January 18, 2022 5



Figure 5. AAV9-VPS35 normalizes SORL1 and cathepsin D defects in hippocampal neurons

(A) Axial brain section immunofluorescently stained with Sorl1 and co-stained with microglial marker IBA1.

(B and C) (B) Hippocampal and EC areas of the mouse brain showing a lack of colocalization between Sorl1 and IBA1, and (C) Sorl1 and GFAP.

(legend continued on next page)

6 Cell Reports 38, 110262, January 18, 2022

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
D (CTSD) (Benes et al., 2008), required for normal lysosomal

function. From other studies, it is known that retromer transports

CTSD receptors back to the TGN, those that transport CTSD to

the endosome leading to the conversion of pro-CTSD tomature-

CTSD. Thus, an increase in pro-CTSD is considered a reliable in-

dicator of impaired retromer-dependent trafficking (Benes et al.,

2008; Rojas et al., 2008; Han et al., 2021), and ultimately lyso-

somal dysfunction. Indeed, immunoblotting tissue micro-

dissected from the CA1 showed that compared with WT mice,

VPS35 depletion leads to an increase in the pro-CTSD, which

was partially rescued by VPS35 repletion (Figures 5H and 5I).

In VPS35 nsKO conditions mature-CSTD was also increased,

but the ratio of pro-CTSD/mature-CTSD was still significantly

increased in the VPS35 depletion and rescued with VPS35 reple-

tion (Figure S4). We note that the ratio was also reduced in the

AAV9-GFP condition, but this was driven by a significant in-

crease in mature-CTSD (Figure S4), with no change in pro-

CTSD, which might reflect the apparent cross-reactivity of the

antibody to GFP because of immunoblot overlap of GFP and

mature-CTSD bands. Despite this outstanding issue regarding

the GFP overexpression condition, we can conclude that

VPS35 in CA1 neurons regulates both of the retromer-dependent

endosomal pathways. Moreover, it expands the pathophysi-

ology of retromer dysfunction in hippocampal neurons to include

both endosomal and lysosomal dysfunction.

The effects of VPS35 depletion-repletion on
hippocampal glia
In the no-surgery control conditions, the gliosis observed at

3 months in VPS35 nsKO mice was sustained at 6 months with

an increase of GFAP (t = �2.74, p = 0.052), IBA1 (t = �8.24,

p = 0.001), and another microglial marker CD11b (t = �6.65,

p = 0.002) (Figures 6A and 6C).

Three months after 3-month old VPS35 nsKO mice received

AAV9-VPS35, we observed a partial normalization of the astro-

cytic phenotype, as shown by GFAP immunoblotting (t = 3.39,

p = 0.028) and by GFAP fluorescence via IHC (Figures 6A, 6C,

and 6E). While a slight change in the microglial markers was

observed, this was not statistically significant (IBA1, t = 1.98,

p = 0.11; CD11b, t = 1.57, p = 0.19). Importantly, exogenous

VPS35 expression in wild-type (C57BL/6J) mice had minimal ef-

fects on astrocytes and microglia at 3 months post-surgery

(Figure 6B).

Given the glial phenotypes we decided to investigate the AD-

related protein apolipoprotein E (APOE), expressed by astro-

cytes as well as microglia (Zhang et al., 2014, 2016). We find

that APOE is also elevated in VPS35 nsKO mice (t = �6.02, p =

0.004) (Figures 6A and 6C) and partially normalized by AAV9-
(D) Strong colocalization was observed with neuronal marker NeuN in the cortex

(E) 63x z-projection images showing Sorl1 and IBA1 co-staining in wild-type (VPS3

5), VPS35 nsKO mice with AAV9 VPS35-HA injection (n = 5).

(F) 63x z-projection images showing Sorl1 staining in wild-type (VPS35fl/fl, n =

VPS35 nsKO mice with AAV9 VPS35-HA injection (n = 5).

(G) Quantification of Sorl1 puncta size for (F).

(H) Immunoblots from the CA1 region of WT (VPS35fl/fl, n = 3) and VPS35 nsKO (n =

GFP and AAV9-VPS35-HA were injected in left and right CA1 respectively in five

(I) Bar graphs represent actin-normalized levels of Pro-cathepsin D (upper band)

See also Figure S4. n = biological replicates. Data are represented as mean ± SE
VPS35 repletion (t = 2.98, p = 0.018). APOE is produced by

both astrocytes and microglia, and indeed we find that across

all conditions APOE levels strongly correlated with GFAP levels

(b = 0.84, P < 0.0001), but also with IBA1 levels (b = 0.72, P =

0.002) (Figure 6D). By multiple regression, including both GFAP

and IBA1 in the model, we find that the relationship of each to

APOE is independent of the other (GFAP, b = 0.46, P < 0.0001;

IBA1, b = 0.28, P = 0.0015), suggesting that both glial cell types

contribute to the observed effects.

Finally, since various AAV vectors themselves can increase

both astrocytic and microglial markers (Ciron et al., 2006; Perez

et al., 2020), we performed co-labeling via IHC and confirmed the

results of previous studies (Castle et al., 2016; Hudry et al., 2016;

Schuster et al., 2014; Aschauer et al., 2013; Hinderer et al., 2014;

Samaranch et al., 2012), showing that AAV9, when injected

directly into the adult brain parenchyma, is not expressed in mi-

croglia and minimally expressed in astrocytes (Figure S5).

The effects of VPS35 depletion-repletion on the
morphology of hippocampal microglia
To better characterizemicroglial changes after VPS35 depletion-

repletion, we completed an extensive morphological investiga-

tion using Sholl analysis, a standard automated method (Sholl,

1953) that can characterize and quantify the complexity and

extent of microglial processes (Ferreira et al., 2014; Morrison

and Filosa, 2013; Heindl et al., 2018; Sipe et al., 2016).

The number of microglial cells in the stratum radiatum of the

CA1 hippocampal region in the WT and VPS35 nsKO mice did

not differ (Figure S6A). By plotting the number of intersecting

branches of the processes against the radial distance from the

microglia cell body (Figure 7A), we find that VPS35 depletion

dramatically alters microglia morphology (Figures 7A and S6B).

The alteration is characterized by a decrease in the spatial exten-

sion of the microglia processes (leftward shift of the plot Fig-

ure 7A; and quantified in Figure 7C [left], t = 7.82, p = 2.52 3

10�12) and a decrease in the number of branching throughout

their shortened processes (downward shift of the plot Figure 7A;

and quantified in Figure 7C [mid], t = 6.15, p = 1.11 3 10�8, and

Figure 7C [right], t = 7.73, p = 3.9 3 10�12).

Two key morphological effects were observed after VPS35

repletion. First, the spatial extent of the microglia processes was

normalized, and for most of the distal processes, there was

normalization of the branching number, as indicated by the com-

plete overlap of the WT and AAV9-VPS35 plots after a radius of

17 mm from the cell body (Figure 7B). The second effect was an

above-normal increase in branching number in processes closer

to the cell body (Figures 7B and 7C [mid]). Informatively, this sec-

ond effect was also observed after AAV9-GFP injections, and thus
and hippocampus.

5fl/fl, n = 5), VPS35 nsKO (n = 5), VPS35 nsKOmicewith AAV9GFP injection (n =

5), VPS35 nsKO (n = 5), VPS35 nsKO mice with AAV9 GFP injection (n = 5),

8) mice (6 months of age) showing cathepsin D and actin protein levels. AAV9-

of the VPS35 nsKO mice at 3 months.

.

M. *p < 0.05, ***p < 0.001.
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Figure 6. AAV9-VPS35 partially normalizes the responses of hippocampal glia

(A) Immunoblots from the CA1 region ofWT (VPS35fl/fl, n = 3) and VPS35 nsKO (n = 8) mice (6months of age) were probed for astrocyte marker glial fibrillary acidic

protein (GFAP), apolipoprotein E (APOE), and the microglial markers ionized calcium-binding adapter molecule 1 (IBA1) and CD11 antigen-like family member B

(CD11b). AAV9-GFP and AAV9-VPS35-HAwere injected in left and right CA1 respectively in five of the VPS35 nsKOmice at 3 months. VPS35 expression in these

animals is shown in Figures 4A and 4B.

(B) Immunoblots from the CA1 region (WT = C57BL/6J) injected with AAV9 empty vector (EV) or VPS35-HA probed for astrocyte and microglial markers. VPS35

expression in these animals is shown in Figure 3D.

(C) Bar graphs represent actin-normalized levels of the three glial markers and APOE from panel (A) VPS35 nsKO mice displayed a dramatic increase in gliosis,

which was partially normalized by VPS35 repletion (WT = VPS35fl/fl).

(legend continued on next page)
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is likely the effect of the viral vector, as previously described (Min-

gozzi and High, 2013; Mastakov et al., 2002; Samaranch et al.,

2014; Pluvinage and Wyss-Coray, 2017).

The observed alterations in microglia are similar to the dys-

morphic microglia observed in the hippocampus of AD brains

(Navarro et al., 2018; Streit et al., 2009, 2020; Davies et al.,

2017; Shahidehpour et al., 2021), diametrically distinct from

the hypertrophic microglia morphology observed in the cortex

and typically associated with amyloid plaques (Navarro et al.,

2018). Besides the loss of length and branching of microglia

processes, as described earlier, AD-associated dysmorphic mi-

croglia in the hippocampus are characterized by the loss of frag-

mentation, beading, and spheroid formation (Navarro et al.,

2018). We therefore additionally characterized our microglia da-

taset to determine whether they phenocopy this dysmorphic

phenotype. We found that compared toWT brains, these pheno-

typic features are recapitulated with VPS35 depletion (fragmen-

tation, t = �10.4, p = 0.0005; beading, t = �3.47, p = 0.026; and

spheroid formation, t = �5.28, p = 0.006, Figure 7D) and were all

at least partially normalized by AAV9-VPS35 (fragmentation, t =

7.0, p = 0.006; beading, t = 5.55, p = 0.011; and spheroid forma-

tion, t = 13.1, p = 0.0009, Figure 7D).

Collectively, results from the depletion-repletion paradigm

show that VPS35 in hippocampal neurons can regulate a dys-

morphic microglial morphology, phenotypic of the microglia

morphology observed in the hippocampus of AD brains.
The effects of VPS35 depletion-repletion occur
independent of tau
Neurons are known to signal with microglia, but since this

signaling can reflect a complex interplay of proteins and lipids

secreted from neurons and also potentially with neuronal and

synaptic debris that occurs with synaptic dysfunction (Wilton

et al., 2019; Bazan et al., 2005), isolating the precise neuronal

signals that message with microglia is extremely challenging.

Nevertheless, in a recent study (Simoes et al., 2020), where we

used CSF proteomics to essentially establish the secretome of

the VPS35 nsKOmice, an elevation in CSF tau was the most reli-

able effect. Elevation in CSF tau is an early event in AD’s tau pa-

thology (Barthelemy et al., 2020), and tau pathology occurs first

and foremost in the hippocampus when and where there are

relatively few amyloid plaques. Moreover, the AD-associatedmi-

croglia response in the hippocampus has been proposed to be

linked to tau pathology (Shahidehpour et al., 2021; Streit et al.,

2020; Navarro et al., 2018). It is thus plausible to hypothesize

that secreted tau in the hippocampus might be involved in the

microglial response we observe in the hippocampus of the

VPS35 nsKO mice.

To test this hypothesis, we first generated a mouse model, by

crossing the VPS35 nsKO mice with Tau KO mice (VPS35 nsKO

X Tau KO mice), established a breeding colony, and aged them

to 6 months of age. Remarkably, even in the absence of tau,
(D) Scatterplots showing the correlation between normalized APOE and glial ma

(E) Coronal brain section immunofluorescently stained, 3 months after AAV9-VPS

mouse showing a decrease in GFAP expression in the right hippocampus, con

overexpression.

See also Figure S5. n = biological replicates. Data are represented as mean ± SE
neuronal VPS35 depletion still resulted in a similar microglial,

and astrocytic, response (Figures 7E and 7F). Besides replicating

the primary findings, this result refutes the hypothesis that tau

secretion, at least by itself, is playing a dominant role in the mi-

croglial response in the hippocampus of VPS35 nsKO mice.

Interestingly, in the absence of tau, VPS35 depletion also still

resulted in the neuronal phenotypes, an elevation of APP

CTFs, and a loss of GluA1. Since previous studies have shown

that VPS35 depletion results in GluA1 loss in the absence of

APP (Temkin et al., 2017), we can conclude that loss of GluA1,

and the synaptic pathology that ensues, occurs in the setting

of retromer dysfunction independent of both AD-associated am-

yloid or tau pathology.
DISCUSSION

The link between retromer-dependent endosomal recycling and

AD-associated pathologies has been shown by a range of

studies that have manipulated retromer in different model sys-

tems (Small and Petsko, 2015). To date, however, most in vivo

mouse studies have been performed in transgenic mice engi-

neered to overexpress human mutations in APP and PSEN1/2

(Wen et al., 2011; Li et al., 2019a) or FTD-associated mutations

in the tau gene MAPT (Vagnozzi et al., 2019; Carosi et al.,

2020). While these studies are useful in showing that retromer

can accelerate preexisting amyloid and tau pathologies, they

do not model the common sporadic form of AD, in which these

mutations do not occur. Moreover, recent studies suggest that

retromer defects in sporadic AD can occur independent of,

and upstream, to either amyloid or tau pathology (Small and Pet-

sko, 2020).

Taken together with previous studies, the current findings

show that dysfunction in retromer-dependent endosomal recy-

cling, in neurons of the hippocampal formation, can recapitulate

many of AD’s cardinal pathologies, and that it does so upstream

to preexisting amyloid or tau pathology. Evidence for amyloid

pathology is based on how retromer is shown to regulate the

amyloidogenic processing of APP, whose intraneuronal frag-

ments are now understood to be neurotoxic in the disease (Kwart

et al., 2019; Jiang et al., 2010; Lauritzen et al., 2012). Synaptic

pathology is another key neuronal phenotype of AD, but this

slowly evolving pathology begins as synaptic dysfunction that

is thought to percolate years before the overt and wholesale

killing of synapses and then neurons (Selkoe, 2002). A loss of

glutamate receptors is what typifies this early synaptic stage of

neurodegeneration (Yasuda et al., 1995; Wakabayashi et al.,

1999; Qu et al., 2021), andwe extend previous work in the hippo-

campal slice (Temkin et al., 2017) to show that this phenotype is

regulated by retromer in the intact hippocampus. With respect to

tau pathology, retromer has been linked to intraneuronal tauop-

athy in mouse models (Carosi et al., 2021; Vagnozzi et al., 2019)

or in IPS neurons derived from patients with AD (Young et al.,
rkers.

35-HA injection into right CA1 and AAV9-GFP into the left CA1 of VPS35 nsKO

firming the lower astrocytic signal detected in immunoblots with VPS35-HA

M. ! p = 0.052, *p < 0.05, **p < 0.01.
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Figure 7. Neuronal VPS35 regulates an Alzheimer’s-associated microglial morphological phenotype

(A) Brains from 6-month-old WT (VPS35fl/fl, n = 3, two females and one male) and VPS35 nsKO mice (n = 3, two females and one male) were harvested and the

dorsal hippocampus region was stained with microglial marker IBA1. Microglial morphology was analyzed using ImageJ’s Sholl plugin (n = 60 per condition, 20

cells per animals). Number of branches intersecting the Sholl shells were plotted against the radius of the respective Sholl shell to generate curves. Repre-

sentative images of microglial cells are included in insets.

(legend continued on next page)
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2018), but only on the background of preexisting intraneuronal

pathology. It is now understood that accelerated tau secretion

represents an early and specific manifestation of tau pathology

in AD that is distinct from other tauopathies (Zetterberg, 2017),

which occurs via active unconventional secretion (Merezhko

et al., 2018). In a previous proteomic screen of the CSF of

VPS35 nsKO mice (Simoes et al., 2020), we found that the

neuronal retromer can phenocopy the accelerated secretion

component of tau pathology.

While AD-associated pathologies begin in neurons, Alois Alz-

heimer himself recognized the importance of both neuronal and

glial pathologies (Alzheimer, 1906, 1907), and recent studies

have highlighted the particular relevance of microglia both to

the AD’s cellular phenomenology and its pathophysiology (Salter

and Stevens, 2017; Hammond et al., 2019; Hong et al., 2016a,

2016b; De Strooper and Karran, 2016; Hansen et al., 2018).

Our studies show that the neuronal retromer in the hippocampal

formation can regulate a dystrophic morphological phenotype of

microglia, a morphological phenotype observed in the hippo-

campal formation, notable for its dearth of extracellular amyloid

plaques (Navarro et al., 2018; Davies et al., 2017; Tischer et al.,

2016; Shahidehpour et al., 2021). In fact, dystrophic microglia

are diametrically distinct from hypertrophic microglia, character-

ized by an exuberant overgrowth of microglial processes, typi-

cally found in the cortex surrounding amyloid plaques and likely

reflective of hyperactive phagocytic clearance of extracellular

aggregates (Navarro et al., 2018).

Thus, while not a perfect phenocopy of AD’s cellular pathol-

ogies, these findings support the conclusion that disrupting ret-

romer-dependent endosomal recycling can by itself recapitulate

the early stages of the disease’s keymanifestations. The findings

also suggest that retromer knockout mice represent an in vivo

model of late-onset sporadic AD. Notably, only a single endoge-

nous protein is depleted in these models, which contrasts to

many other AD models that often have multiple exogenous pro-

teins transgenically co-expressed at non-physiological levels.

The neuronal-selective retromer depleted models also instan-

tiate a cellular crosstalk between neurons, the cell typewhere AD

begins, and microglia, a cell type that is implicated in AD genetic

risk by modulating disease onset and progression. This cellular

dialogue is now considered at the nexus of AD pathophysiology.
(B) Data from (A) are combined with microglial analysis from brains of 6-month-o

3 months of age with AAV9-GFP and AAV9-VPS35-HA in left and right dorsal CA1

stained with microglial marker IBA1. Microglial morphology was analyzed using Im

hippocampus, total 40 cells per animal). Number of branches intersecting the Sho

curves. Representative images of microglial cells are included in insets.

(C) Critical radius, defined as the radius of a Sholl shell from the cell center (left), a

number of branches intersecting a Sholl shell. Right: Number of total intersection

and analyzed.

(D) Left: The percentage of total microglial cells with fragmented processes. Mi

percentage of total microglial cells with spheroid formation.

The number of animals for these studies (C and D) is the same as described in (A) a

included in the study: total = 280 microglial cells. See also Figure S6.

(E) Immunoblots from of the CA1 region of Tau KO animals (Tau KO + VPS35fl/fl, n =

VPS35, VPS26A, VPS26B, VPS29, full-length APP, total C-terminal fragments of

and the microglial markers ionized calcium-binding adapter molecule 1 (IBA1) an

(F) Bar graphs represent actin-normalized levels of VPS35, total C-terminal fragme

replicates. Data are represented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.
We recognize that AAV9 vectors were injected into the hippo-

campal parenchyma to replete VPS35. Nevertheless, a range

of previous reports (Castle et al., 2016; Hudry et al., 2016; Schus-

ter et al., 2014; Aschauer et al., 2013; Hinderer et al., 2014; Sa-

maranch et al., 2012), and our own evidence, show that AAV9,

when injected in brain parenchyma, does not typically infect mi-

croglia or astrocytes to express the vectored plasmids, so we

can fairly conclude that the source of the glial-based observa-

tions emanates from neurons. By showing a microglial response

to neuronal VPS35 depletion even when tau is knocked out, we

refuted our hypothesis that neuronal tau secretion might initiate

this cellular crosstalk. Furthermore, documenting that the

neuronal pathologies were resistant to knocking out tau sup-

ports the hypothesis that AD’s neuronal and microglia pathology

might occur independent of, and in parallel to, tau pathology

(Small and Petsko, 2020).

This sets the stage for future studies to isolate the specific

mechanisms by which retromer depletion in neurons signal to

microglia, astrocytes, and other non-neuronal cells. We have

previously found that at the age that we observe initial microglia

changes in the hippocampus of VPS35 nsKO mice, there is no

evidence of neuronal cell death (Simoes et al., 2020), suggesting

that when retromer function is disrupted in neurons there must

be a secreted factor that leads to the observed alterations in

glia. Indeed, neurons actively signal with microglia, but this

signaling can reflect a complex interplay of proteins and lipids

secreted from neurons (Hammond et al., 2019; Ransohoff,

2016; Song and Colonna, 2018). Besides microglia morphology,

microglial molecular expression is a second approach for testing

for a phenocopy between mouse models and AD, and it might

inform the search for inter-cellular signaling. Ongoing single

cell transcriptomics studies from human brain samples are start-

ing to establish the precise gene-expression profiles associated

with AD’s morphological changes in the hippocampus and other

brain regions (Keren-Shaul et al., 2017; Hansen et al., 2018;

Hickman et al., 2018; Chen and Colonna, 2021; Deczkowska

et al., 2018). Once these profiles are firmly established in AD,

future studies will be able to test whether the neuronal retromer

can regulate this molecular phenotype, which might offer clues

on region-specific intra-cellular signaling at different stages of

disease progression.
ld VPS35 nsKO mice (n = 4, three females and one male) that were injected at

, respectively. Brains were harvested and the dorsal hippocampus region was

ageJ’s Sholl plugin (n = 80 per condition, 20 from left, and 20 from right dorsal

ll shells were plotted against the radius of the respective Sholl shell to generate

t which the critical value occurs, and (middle) critical value, which is the highest

s per cell, after radius of 26 mm from the center of the cell body, was calculated

d; The percentage of total microglial cells with beaded processes. Right: The

nd (B). 20 microglial cells were analyzed from each of the 14 dorsal hippocampi

4) and Tau KO + VPS35 nsKO (n = 5) mice (6–8months of age) were probed for

APP (APP CTFs), GluA1, astrocyte marker glial fibrillary acidic protein (GFAP),

d CD11 antigen-like family member B (CD11b) and actin protein levels.

nts of APP (APP CTFs), GluA1, GFAP, CD11b, and IBA1 from (E). n = biological

001, ****p < 0.0001.
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Mechanistically, showing that disrupting retromer-dependent

endosomal recycling can regulate both AD-associated neuronal

and microglial phenotypes strengthens and clarifies a causal link

between this trafficking route and AD. Therapeutically, demon-

strating that AD-associated neuronal and microglial phenotypes

can be rescued by retromer viral vectors in adulthood implies

that upregulating retromer function in patients might ameliorate

AD-associated pathologies across multiple brain cells.

Limitations of the study
The main limitation of this study is that the conclusion that the

neuronal retromer can regulate neuronal and microglial pheno-

types observed in AD has been shown only in a mouse model

of late-onset AD. Mechanistic conclusions about AD are best

achieved in AD patients. Notably, studies have already provided

the proof-of-concept that retromer can be pharmacologically

targeted (Young et al., 2018; Mecozzi et al., 2014), and recent

studies have established a CSF biomarker of retromer-depen-

dent neuronal dysfunction (Simoes et al., 2020). Thus, future

clinical trials might be able to formally test our mechanistic con-

clusions and address this limitation.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

HA Abcam Cat# ab9110; RRID:AB_307019

GFP Abcam Cat# ab290; RRID:AB_303395

VPS35 Abcam Cat# ab57632; RRID:AB_946126

VPS26a Abcam Cat# ab23892; RRID:AB_2215043

VPS26b Novus Cat# NBP1-92575; RRID:AB_11020053

VPS29 Novus Cat# NBP1-85288; RRID:AB_11009921

VPS29 Sigma-Aldrich Cat# sab2501105; RRID:AB_10602838

b-actin Abcam Cat# ab6276; RRID:AB_2223210

beta III tubulin Abcam Cat# ab18207; RRID:AB_444319

NeuN Abcam Cat# ab177487; RRID:AB_2532109

GluA1 Millipore Cat# mab2263; RRID:AB_1711819

APP & APP-CTF Abcam Cat# ab32136; RRID:AB_2289606

GFAP Abcam Cat# ab68428; RRID:AB_1209224

IBA1 Abcam Cat# ab178846; RRID:AB_2636859

CD11b Abcam Cat# ab133357; RRID:AB_2650514

Cathepsin D Abcam Cat# ab19555; RRID:AB_444974

SORL1 BD bioscience Cat# BD-611861; RRID:AB_399341

GFP (IHC) Abcam Cat# ab13970; RRID:AB_300798

GluA1 (IHC) Abcam Cat# ab183797; RRID:AB_2728702

GFAP (IHC) Abcam Cat# ab7260; RRID:AB_305808

Chemicals, peptides, and recombinant proteins

Recombinant Protein G Agarose beads ThermoFisher 15920010

LDS Sample Buffer ThermoFisher NP0007

10X Reducing Agent ThermoFisher NP0009

Hoechst 33258 nuclear stain ThermoFisher H3569

ProLong Gold Antifade Mountant ThermoFisher P36934

Critical commercial assays

Pierce BCA protein assay kit ThermoFisher 23225

Experimental models: Organisms/strains

VPS35 nsKO mice This paper and Simoes et al. 2020 N/A

VPS35 nsKO + Htau mice This paper N/A

VPS35 nsKO + Tau KO mice This paper N/A

C57BL/6J mice Jackson Labs 000664

Plasmids and Viral Vectors

pcDNA3.1 VPS35-HA This paper N/A

pcDNA3.1 VPS35-GFP This paper N/A

AAV9 VPS35-HA This paper N/A

AAV9 VPS35-GFP This paper N/A

AAV9 GFP This paper N/A

AAV9 Empty Vector This paper N/A

Other

optimal cutting temperature (OCT) Tissue-tek 62550-12

SuperfrostTM Plus Microscope Slides Fisher 12-550-15

Surgipath X-tra Adhesive Microscope slides Leica 3800200
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RESOURCE AVAILABILITY

Lead contact
Requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Scott A. Small, sas68@columbia.

edu.

Materials availability
Plasmids generated in this study are available on request, for research purpose only, but may require an MTA from Columbia

University.

The AAVs generated are not available due to limited quantity and availability, however the full instructions on how tomake them are

provided in STAR Methods.

Mice generated in this are available on request, for research purpose only, but may require an MTA from Columbia University.

Experimental model and subject details
Adult mice (greater than 3 months of age) both male and female were used in our study. All animals were kept in groups

before 3 months of age and kept single housed after 3 months (or post-surgery). Animals were assigned randomly to exper-

imental groups. All experiments involving mice were approved by the Institutional Animal Care and Use Committee of Columbia

University.

Wild-type C57BL/6J mice were obtained from Jackson labs (Stock No: 000,664).

VPS35 floxed mice were generated at the Center for Mouse Genome Modification at UConn Health. Homologous recombination

was performed in mouse embryonic stem cells (mES), which was derived from an F1(C57BL/6j x 129sv) embryo, targeting the VPS35

gene at exons 2 to 6. The recombined gene had LoxP sites before exons 3 and after exon 5. G418 and Gancyclovir selection and

nested long-range PCR were used to identify targeted clones. Targeted ES cells were aggregated into morula to generate chimeric

mice. Next the chimeric mice were bred with ROSA26-Flpe (C57BL/6j background) to remove the Frt-flanked PGKneo cassette.

Neuronal-selective VPS35 knockout mice were generated by crossing mice expressing loxP-flanked VPS35 (exons 3-5) (VPS35fl/

fl – Background 75% C57BL/6J & 25% 129sv) with mice expressing Cre recombinase under the Camk2a promoter. First generation

obtained was inbred to get VPS35 nsKOmice. Camk2a-CREmice were obtained from Jackson labs (Stock No: 005,359). One group

of animals was sacrificed at 3 to 3.5months of age, referenced as 3months in the text. Another group of animals was sacrificed at 6 to

6.5 months of age and is referenced as 6-month group.

To generate VPS35 nsKO + Tau KOmice, we have crossed our VPS35 fl/fl Camk2a-CRE mice with Htau mice. Htau mice only ex-

press human tau since themouse tau is knocked out by introduction of an eGFP gene (Andorfer et al., 2003). Since Htau ismaintained

in heterozygous state as a result of this breeding we also get mice that are Tau KO with and without VPS35 neuronal knockout. We

used these animals to investigate the gliosis phenotype in the setting of Tau KO.

Primary mouse neuronal culture
Postnatal day 0 primary mouse cortical and hippocampal neuronal cultures from C57BL/6J mice were implemented as described

previously (Bhalla et al., 2012). Cultures were kept at 37�C in 5% CO2 incubator. Neurons (1.2E+06 per well) were transduced

with various doses of AAV9 (5E+9 vg/well, 2E+10 vg/well & 1E+11 vg/well; Multiplicity of infection of 4k, 17k, & 83k respectively),

7 days after plating in a six-well plate. The culture wasmaintained for 3weeks after transduction (4 weeks total). At day 28 the neurons

were lysed using RIPA buffer with protease and phosphatase inhibitors.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
METHOD DETAILS

Design and preparation of the retromer constructs
DNA constructs expressing the human retromer proteins tagged with HA or GFP at the C-terminus were designed and synthesized

using Thermofisher’s GeneArt portal. mRNA sequence for VPS35 was acquired from the National Center for Biotechnology Informa-

tion. The constructs were then subcloned into pcDNA 3.1 (+) Hygro vectors and eventually into AAV9 transfer plasmids for viral pro-

duction. The constructs contained either one of the tags (EGFP or HA) at the C-terminus. The EGFP tagged proteins contained a

polyglycine (6G) linker to reduce steric hindrance. EGFP sequence was obtained from pcDNA3-EGFP plasmid (Addgene plasmid

13,031).
Cell Reports 38, 110262, January 18, 2022 e2
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AAV9 production
DNA constructs were used to drive expression of transgenes such as VPS35 and GFP (Klein et al., 2002). The expression cassette

was flanked with adeno-associated virus serotype 2 (AAV2) terminal repeats. The cytomegalovirus early enhancer element, chicken

beta-actin hybrid promoter (‘‘CAG’’ promoter) was used. The transgene was followed by the woodchuck hepatitis virus post-tran-

scriptional regulatory element and the bovine growth hormone polyadenylation signal (Figure S2). EV control was generated by de-

leting the GFP sequence. Retromer transgenes were individually subcloned into the construct in lieu of the GFP: VPS35-HA and

VPS35-GFP. Each of these constructs was individually packaged into a recombinant adeno-associated virus vector, AAV9, by

described methods (Wang et al., 2010) using capsid and helper plasmid DNA from the University of Pennsylvania (Gao et al.,

2002). The AAV9 preparations were filter-sterilized using Millex syringe filters (Millipore) at the end of the procedure and then stored

frozen in aliquots. The tittering method was for encapsidated vector genomes per ml by a slot-blot method against a standard curve

using the Amersham ECL Direct Nucleic Acid Labeling and Detection Systems (GE Healthcare Bio-Sciences).

Co-immunoprecipitation
Co-immunoprecipitation was performed as described previously (Maccarrone et al., 2017; Ghorbani et al., 2014) with some modifi-

cations. Briefly, recombinant Protein G Agarose beads (ThermoFisher cat# 15,920,010) were washed three times with PBS, centri-

fuged at 1,500 g (2min) and incubated with 3.5-5 ug of primary antibody (anti-HA, ab9110 & anti-GFP, ab290) overnight with constant

rocking at 4�C. Next day the antibody coated beads were washed with cold PBS (4�C) and pelleted by spinning at 1,500 g for 2 min.

Cells (or tissue) were washed twice with cold PBS and homogenized in IP buffer (50mM Tris, 100mM EDTA, 150mMNaCl, pH 7.3,

protease inhibitors, phosphatase inhibitors and 0.5% Triton X). Protein concentration was determined using Pierce BCA protein

assay kit (ThermoFisher cat # 23,225). 300-700 ug of protein was prepared in 1,100 mL of IP buffer. Of this 1,100 mL, 100 mLwas saved

as total lysate (input) and 1,000 mL was incubated with antibody coated agarose beads overnight at 4�C. Next day the samples (con-

taining beads) were centrifuged at 1,500 g for 2min at 4�C; the supernatant was collected and labeled as the unbound fraction. Beads

were washed five times with cold PBS. After the last wash PBS was completely aspirated and proteins were eluted from the beads

and samples were prepared for loading onto electrophoresis gels by adding 150 mL -1X sample buffer (IP buffer 100 mL buffer +35 mL

of 4X NuPAGETM LDS Sample Buffer ThermoFisher cat# NP0007, +15 mL of 10X Reducing Agent ThermoFisher Cat# NP0009). After

agitating the samples gently, they were incubated at 50�C on water bath for 30 min, mixing well every 10 min. The samples were

incubated at 90�C for 5 min before loading onto NuPAGE� Bis-Tris 4-12% gels.

Western blots
Proteins from neuronal cultures and the mouse brain CA1 region were isolated as described previously (Kirby et al., 2015). Lysates

from the samples were run on NuPAGE� Bis-Tris 4-12% gels, transferred onto nitrocellulose membranes using iblot and were

probed with antibodies. Primary antibodies targeting the following proteins were used for probing; HA-tag (ab9110, Abcam, 1:2k),

VPS35 (ab57632, Abcam, 1:1k), VPS26a (ab23892, Abcam, 1:500), VPS26b (NBP1-92575, Novus, 1:500) VPS29 (NBP1-85288, No-

vus, 1:500), VPS29 (sab2501105, Sigma-Aldrich, 1:500) and b-actin (ab6276, Abcam), beta III tubulin (neurotubulin) (ab18207, Ab-

cam, 1:2k), NeuN (ab177487, Abcam 1:1k), GluA1 (mab2263, Millipore, 1:1k), APP & APP-CTF (ab32136, Abcam, 1:10K & 1:2k

respectively), GFAP (ab68428, Abcam, 1:10k), IBA1 (ab178846, Abcam, 1:500), CD11b (ab133357, Abcam, 1:500), cathepsin D

(ab19555, Abcam, 1:2k), SORL1 (anti-LR11 BD-611861, BD bioscience 1:1k). The primary antibodies were selected based on exten-

sive citations by previous studies; most of the antibodies used are monoclonal antibodies with minimal non-specific signal and

several of them have been validated by KO testing. To confirm the microglial phenotype, we used antibodies against two proteins

that are highly expressed in microglia (IBA1 and CD11b) and are commonly used as markers of microglial to study the microglial

morphology in the brain; these proteins, however, are also expressed in peripheral macrophages. IRDye� 800 or 680 antibodies

(LI-COR) were used as secondary with dilutions of 1:10k for 800CW, 1:15k for 680RD, and 1:25k for 680LT antibodies. Western blots

were scanned using the Odyssey imaging system as described previously (Eaton et al., 2013).

Stereotactic injection of AAV9 in mouse hippocampus
All animal procedures were approved by Columbia University IACUC. AAV9 viral particles were injected into the CA1 region of the

mouse brain as described previously (Cetin et al., 2007) with slight modifications. Dorsal CA1 region was chosen because of asso-

ciation of the hippocampus withmemory formation (Wittenberg and Tsien, 2002) and also because this region is relatively close to the

skull in mice and can be very precisely targeted. Briefly, the surgical procedure was carried out in an aseptic environment. Animals

were anesthetized using ketamine / xylazine. Fur was clipped and the site cleanedwith betadine scrub followed by 70%ethanol. Eyes

were lubricated with an application of sterile, bland ophthalmic ointment. Preemptive analgesia was induced by carprofen and mar-

caine injections. Mouse was placed on infra-red warming pad in the stereotaxic frame connected to an automatic injection pump.

Surgeon wore proper protective equipment and sterile gloves. Using sterile scissors, skin was cut, and bone exposed. A burr

hole was placed in the skull at the experimental coordinates calculated using landmarks (bregma and lambda). The dura mater

was pierced using a sterile needle and the syringe needle lowered to the desired z coordinate.

AAV9 VPS35-HA virus was injected through a 28g needle attached to a Hamilton syringe at a rate of 0.2 mL/min over a period of

5 -10 min (1-3 mL volume). For unilateral injections control AAV9 was injected on the contralateral side, for bilateral injections

control AAV9 was injected in littermate animals. Optimal dose was identified using a dose response ranging from 4E+9 to
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1E+11 vector genomes. The needle was retracted 5 min after the end of injection. Surgical wound was closed/sutured by a com-

bination of skin glue and sterile stitches. Post-surgery, 1 mL of normal saline was injected via intraperitoneal route, to minimize

dehydration. Infra-red warming pad was used during post op recovery. Carprofen injection was given once daily for 3 days

post op. Animals were monitored continuously until ambulating and once daily for the first 3 days and then twice a week until

day 14 post op. Sutures were removed on day 10-14 post op. Animals were injected at 3 to 3.5 months of age, and the brains

were harvested 3 months post-surgery, for analysis. Brains from animals used for Sorl1 expression and localization study,

were harvested 7 months post-surgery.

Perfusion and tissue processing
After the survival period, the animals were perfused with saline, the brains extracted, and the site of injection (dorsal CA1) was micro-

dissected out of the brain for biochemical analysis. The dorsal part of CA1 wasmicro-dissected specifically because the spread of in-

jectedvirus, andexogenousVPS35expressionwasmaximal in this region.Animals selected for fluorescent IHCanalysiswereperfused

with normal saline followed by 4%PFA and 30% sucrose. The brains were embedded in optimal cutting temperature (OCT Tissue-tek

Cat# 62,550-12) and frozen at�80�C. Frozen blocks of brains in OCTwere sectioned at a Leica CM3050 S cryostat set at 12 microns

thickness. Sections were transferred onto Superfrost PlusMicroscope Slides (Fisher Cat# 12-550-15) and stored at�80�C. Formicro-

glial morphological analysis, frozen blocks of brains in OCTwere sectioned at a Leica CM3050 S cryostat set at 40microns thickness.

Sections were transferred onto Surgipath X-tra Adhesive Microscope slides (Leica Ref# 3,800,200) and stored at �80�C.

Fluorescent Immunohistochemistry (IHC)
Standard staining andmicroscopy techniqueswere used, as described previously (Qureshi et al., 2018; Niklas et al., 2011; Klein et al.,

2002; Fu et al., 2019) with somemodifications. All washes were donewith PBS (1X-PBS containing 0.01%SodiumAzide). Briefly, an-

tigen retrieval was performed using citric acid buffer (10mM sodium citrate, 1.9mM citric acid, pH6.0) as described previously (Shi

et al., 1993; Pellicer and Sundblad, 1994; Kanai et al., 1998; Brown and Chirala, 1995). Buffer in a coplin jar was preheated in amicro-

wave (900W, MCD790SW) before immersing the slides. The slides were then heated for 10 min in intervals of 3 + 2 + 3 + 2 min with

monitoring/replenishing of the buffer level in between the intervals. Buffer and slides were allowed to cool down at room temperature

for 30min. Slides were washed once and incubated in 0.03% H2O2 in water for 30min. After one wash sections were permeabilized

using 0.01% digitonin (wt/vol) for 10 min and then blocked in 5% donkey serum in PBS (vol/vol) for 1.5-3 h, followed by incubation

in primary antibodies overnight at 4�C, and for an additional 1 h at room temperature the next morning. Primary antibodies were pre-

pared in 1% donkey serum (in PBS) for the following proteins: GFP (ab13970, Abcam, 1:200), HA-tag (ab9110, Abcam, 1:250 &

ab18181, Abcam, 1:150), NeuN (ab177487, Abcam, 1:500), GluA1 (ab183797, Abcam, 1:100), GFAP (ab7260, Abcam, 1:500),

IBA1, (ab178846, Abcam, 1:250), Sorl1 (anti-LR11 BD-611861, BD bioscience 1:1k). The next day after five washes, the sections

were incubated for 2 h (overnight for Sorl1 and IBA1) with secondary antibody at room temperature. Secondary antibodies (Thermo-

Fisher) conjugated with alexa fluor dyes were used at a dilution of 1:250 in 1% donkey serum (in PBS). After three washes Hoechst

33,258nuclear stain (ThermoFisherH3569, 1:1,500 for 5min)wasused to counter stain thenuclei. After another fivewashescoverslips

were mounted onto the slides with ProLong Gold Antifade Mountant (ThermoFisher P36934). For microglial morphological analysis

40mm section were stained with IBA1 as described above with the following changes: PBS-T (0.3% Triton X-100) was used instead

of PBS for all washes, antibodies were prepared in 1% donkey serum in PBS-T, sections were blocked in 5% donkey serum in

PBS-T (vol/vol) for 3 h instead of 1.5 h, primary antibody incubationwas overnight at 4�Cand one additional hour at room temperature

the next morning. Secondary antibody incubation was overnight at 4�C.
For microglial structural analysis, 20X objective was used for broad overview images, and 63x z-stack images were taken

throughout entire tissue depth 40mm with 0.75mm steps. All images for this analysis were taken from the same region of the dorsal

hippocampus across all animals. 20 microglial cells per hemi-brain per animal were analyzed using ImageJ’s Sholl plugin as

described previously (Sholl, 1953; Ferreira et al., 2014;Morrison and Filosa, 2013; Heindl et al., 2018; Sipe et al., 2016). Briefly Z-stack

images of microglia were pre-processed for Sholl analysis by first isolating the cell and all its processes, slice by slice and then made

into a maximum intensity z-projection. The z-projection was then thresholded into a binary image. To correct for any loss of signal

through the thresholding process, the ImageJ’s ‘‘close’’ function from the ‘‘binary’’ submenu was used to connect processes sepa-

rated by one pixel. Sholl analysis was run on this z-projection with the following settings: start radius was the smallest radius from

which processes began, end radius was set to the distal end of the longest process, step-size was 0.744mm, 3 samples were taken

per radius. The number of intersections per radius generated by this analysis were plotted against the radius of the Sholl shell to

generate the curves in Figure 7. The Sholl plugin also gave us Critical Radius and Critical Value. The radius of the Sholl shell with

the highest number of intersecting branches was defined as the critical radius, and the number of branches intersecting that shell

as critical value. In addition to this we defined a variable as the total number of intersections in each cell after radius of 26 mm

from the center of the cell body. The 63x z-stack images were also used to create 3D projections in ImageJ and these 3D projections

along with the z-stack were used to manually analyze the cells for fragmentation, beading and spheroid formation. A fragmented cell

was defined as any cell where more than 50% of its processes were fragmented. Similarly, a beaded cell was defined as any cell

where more than 50% of its processes had punctate IBA1 staining. A spheroid was defined as a spherical swelling of a process,

which has an approximate diameter of more than double the diameter of the original process. Numbers of microglial cells were

counted manually using ImageJ Cell Counter plugin in 20x confocal microscope field (0.16 mm2 area). Microglial surface rendering
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was done using ImageJ 3D viewer plugin. Sorl1 puncta were measured on ImageJ using Analyze Particles. 63x stacks were pre-pro-

cessed by subtracting background using a rolling ball radius of 15.0 pixels. The images were then thresholded and converted into a

binary stack. Background noise was further removed by using Binary Close and Remove Outliers (radius 0.5 pixels, threshold 50).

Particles were analyzed for all sizes and all circularities. Puncta sizes were then averaged across all areas measured.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using Microsoft Excel and SPSS. For group comparisons, the Student’s t-test, independent two-

sample t-tests, or paired t-tests were used where appropriate. For relationships among variables, the Pearson correlation was used

to determine bivariate correlations, and a multiple regression model was used to determine if multiple variables independently corre-

late with a third variable. All data are presented as means; the error bars indicate standard error of the mean. All bar graphs were

created in GraphPad Prism 8.
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