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Alzheimer’s disease (AD) is the most common form of
neurodegeneration and cognitive dysfunction in the elderly.
Identifyingmolecular signals thatmitigate and reverse neurode-
generation in AD may be exploited therapeutically. Transgenic
ADmice (PSAPP) exhibit learning andmemory deficits at 9 and
11 months, respectively, with associated decreased expression of
caveolin-1 (Cav-1), a membrane/lipid raft (MLR) scaffolding
protein necessary for synaptic and neuroplasticity. Neuronal-
targeted gene therapy using synapsin-Cav-1 cDNA (SynCav1)
was delivered to the hippocampus of PSAPP mice at 3 months
using adeno-associated virus serotype 9 (AAV9). Bilateral
SynCav1 gene therapy was able to preserve MLRs profile,
learning and memory, hippocampal dendritic arbor, synaptic
ultrastructure, and axonal myelin content in 9- and 11-month
PSAPP mice, independent of reducing toxic amyloid deposits
and astrogliosis. Our data indicate that SynCav1 gene therapy
may be an option for AD and potentially in other forms of neu-
rodegeneration of unknown etiology.

INTRODUCTION
Alzheimer’s disease (AD) is a devastating neurodegenerative condi-
tion and the most common cause of dementia. Although AD is char-
acterized by abundant amyloid-b (Ab) plaques and neurofibrillary
tau tangles, disrupted synaptic signaling and loss of synapses and
neurons are more closely correlated to cognitive deficits. Currently,
available interventions only ease the symptoms, suggesting that
removal of toxic amyloid species alone may not be sufficient to
reverse functional deficits in the AD brain. We thus postulate that
in order to combat AD, a combination of approaches that promote
neuronal and synaptic plasticity while simultaneously decreasing
amyloid plaques may work in concert to attenuate or reverse the
neurodegenerative process. Gene therapies that target neuroprotec-
tion and resilience may be an effective option to treat individuals
434 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
This is an open access article under the CC BY license (http://creati
afflicted with AD or other forms of neurodegeneration of different
or unknown etiology.1,2

Cellular plasma membranes contain discrete microdomains enriched
in synaptic signaling components and cholesterol termed mem-
brane/lipid rafts (MLRs). Evidence shows that toxic Ab species aggre-
gate with membrane cholesterol and other lipids resulting in damage
or loss of MLR-related signaling proteins, ultimately leading to synap-
tic loss and cognitive dysfunction in AD.3,4 One potential alternative to
treat AD and other neurodegenerative conditions is the use of gene
therapies that target neuroprotective mechanisms via restoration
of MLR-localized functional neurotrophin receptors (NTRs).5,6

Enhancing MLR-localization of NTRs may augment pro-survival
and pro-growth signaling, enhance structural and functional neuro-
plasticity, or even increase the efficacy of exogenous or already present
endogenous growth factors, which in turn may restore cognitive func-
tion in AD. One such gene therapy candidate is caveolin-1 (Cav-1), an
MLR scaffolding protein that organizes NTRs (Trk) and neurotrans-
mitter receptor signaling complexes in MLRs.7–9 Both pre-clinical
and clinical findings revealed that Cav-1 and Cav-1 associated
signaling complexes (NTRs and neurotransmitter receptors) were
decreased in degenerating neurons in AD, chronic traumatic enceph-
alopathy (CTE), and amyotrophic lateral sclerosis (ALS).10–13 In
contrast, we previously showed that neuron-targeted Cav-1 overex-
pression (i.e., synapsin-promoted Cav-1 or SynCav1) augmented
agonist-mediated synaptic signaling (e.g., NTRs, neurotransmitter re-
ceptors) and dendritic arborization in vitro.7 Furthermore, we have
shown that SynCav1 transgenic (Tg) mice are resilient to traumatic
021
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brain injury (TBI) and ALS, two neurodegenerative diseases of
different etiology,14 suggesting that Cav-1 may serve as a central neu-
roprotective target in a variety of neurodegenerative conditions.

The present study tested whether SynCav1 gene therapy to Tg AD
mice (PSAPP) could preserve MLR-localized fl-TrkB, preserve
neuronal and synaptic plasticity, and improve higher brain function.
These findings are the first to demonstrate that a one-time hippocam-
pal delivery of AAV-SynCav1 to PSAPP mice preserved hippocampal
learning at 9 months and preserved memory at 11 months. Moreover,
SynCav1 preserved MLR-localization of full-length (fl)-TrkB, hippo-
campal dendritic arborization, synaptic ultrastructure, and axon
myelin content. Thus, SynCav1 gene therapy is an attractive approach
to restore brain plasticity and improve higher brain function in AD
and potentially in other forms of neurodegeneration caused by un-
known etiology.
RESULTS
SynCav1preserves fear learning andmemory in 9- and 11-month

PSAPP mice

We first tested whether direct hippocampal delivery of AAV9 vectors
would affect cognitive performance. No significant difference was
observed in open field or fear conditioning behavioral tests between
naive wild-type (WT) mice versus WT-SynRFP (Figure S1). Because
there was no effect from AAV vectors on behavior, we did not include
a naive WT control or naive PSAPP group (i.e., non-AAV) in this
study. Previous work from our group demonstrated augmented func-
tional neuroplasticity and improved hippocampal-dependent mem-
ory inWTmice that received AAV9-SynCav1;8,15 therefore, to reduce
experimental redundancy, the WT-SynCav1 group was not included
in the present study. To test the hypothesis that SynCav1 can improve
brain function in a neurodegenerative PSAPP mouse model, the cur-
rent study utilized the following 3 groups to test this hypothesis: WT-
SynRFP, PSAPP-SynRFP, and PSAPP-SynCav1.

Open field at 9 and 11 months revealed no general motor deficits nor
anxiety-like behavior among the 3 groups. Both PSAPP-SynRFP and
PSAPP-SynCav1 showed hyperlocomotion compared toWT-SynRFP
at 9 and 11 months, with no significant difference among two AD
groups (Figure S2). At 9 months, PSAPP-SynRFP mice exhibited a
significant reduction in fear learning acquisition on day 1 compared
to WT-SynRFP (Figure 1E). In contrast, 9-month PSAPP-SynCav1
mice exhibited preserved fear learning on day 1 (no difference versus
WT-SynRFP). No significant difference in contextual (day 2) or cued
memory recall (day 3) was observed among the groups. These results
Figure 1. SynCav1 gene delivery preserves learning and memory in 9- and 11-m

(A) Genetic construct of SynCav1. (B) Illustration (left) and microscopy of hippocampal R

Blue arrows and rectangular boxes indicate open field and fear conditioning tests for

postmortem biochemical assays. (D) Schematic of fear conditioning protocol. (E and F)

percent (%) freezing mean ± SEM. Data were analyzed using two-way analysis of varian

ANOVA (days 2 and 3). n = 15–19 animals per group for 9 months; n = 17–22 per group f

0.001, ****p < 0.0001.
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demonstrate that SynCav1 gene delivery preserves fear learning in
mild symptomatic PSAPP mice.

At 11 months, both PSAPP groups exhibited a significant reduction in
learning on day 1 compared to WT-SynRFP (Figure 1F). On day 2,
PSAPP-SynRFP mice exhibited a significant reduction in contextual
memory recall versus WT-SynRFP and versus PSAPP-SynCav1,
indicating hippocampal memory deficits. There was no significant dif-
ference between PSAPP-SynCav1 versus WT-SynRFP on day 2
demonstrating preserved hippocampal-dependent memory recall in
PSAPP mice that received SynCav1. On day 3, PSAPP-SynRFP mice
exhibited a significant decrease in cue memory versus WT-SynRFP;
no difference was observed between PSAPP-SynCav1 versus WT-
SynRFP. These data demonstrate direct evidence that SynCav1 gene
delivery preserves hippocampalmemory in symptomatic PSAPPmice.

SynCav1 preserves MLR-localization of Cav-1 and TrkB in

hippocampus of symptomatic PSAPP mice

Immunofluorescence (IF) of 9-month PSAPP-SynRFP mice showed
decreased hippocampal Cav-1 expression, which was preserved in
PSAPP-SynCav1 (Figure 2A). Co-staining of the dendritic marker
MAP2 with Cav-1 showed decreased MAP2 expression in the hippo-
campal CA1 subfield and cortex in PSAPP-SynRFP, similar to that
observed in postmortem human brains of patients diagnosed with
CTE, tauopathy, and AD.12,13 In contrast, PSAPP-SynCav1 mice dis-
played increased hippocampal (Figure 2B) and cortical (Figure 2C)
MAP2 expression. Immunoblot (IB) assays of hippocampal homoge-
nates confirmed decreased Cav-1 expression in PSAPP-SynRFP at
9 months (Figures 2D and 2E). Although no significant difference
was found in brain homogenates between WT-SynRFP versus
PSAPP-SynRFP in both full-length TrkB (fl-TrkB) and truncated
TrkB (Trun-TrkB), PSAPP-SynCav1 mice exhibited a significant in-
crease in fl-TrkB versus PSAPP-SynRFP mice at 9 months, with no
change in Trun-TrkB. IB of buoyant MLR fractions revealed a signif-
icant decrease in Cav-1, fl-TrkB, and Trun-TrkB in PSAPP-SynRFP
versus WT-SynRFP. In contrast, MLRs from PSAPP-SynCav1 mice
exhibited a significant increase in Cav-1 and fl-TrkB (versus
PSAPP-SynRFP; Figures 2D and 2E). Additional analysis comparing
the ratio of fl-TrkB to Trun-TrkB revealed results that were similar to
that detected with fl-TrkB alone. No changes in MLR-associated syn-
aptobrevin or syntaxin expression (data not shown) were observed
among the 3 groups, thus confirming the MLR changes were specific
to Cav-1 and fl-TrkB. The decreased MLR-localized fl-TrkB expres-
sion in PSAPP-SynRFP mice indicates a subcellular alteration, which
may in part contribute to neuronal dysfunction in AD; a subcellular
alteration in PSAPP mice was prevented with SynCav1.
onth-old PSAPP (APPSwePS1d9) mice

FP. (C) Schematic of experimental design in WT and PSAPP (APPSwePS1d9) mice.

separate 9- and 11-month cohorts; orange arrows and rectangular boxes indicate

Fear conditioning test at 9 months (E) and at 11 months (F). Data are presented as

ce (ANOVA) followed by Fisher’s LSD multiple comparisons tests (day 1) or one-way

or 11months. Significance was assumed when p < 0.05. *p < 0.05, **p < 0.01, ***p <

021



Figure 2. SynCav1 gene delivery preserves hippocampal MLR-localized Cav-1 and fl-TrkB expression in 9-month PSAPP mice

(A) Immunofluorescence microscopy revealed significantly decreased Cav-1 in 9-month PSAPP mouse hippocampus, Scale bar, 500 mm. (B and C) Co-staining for Cav-1

and the dendritic marker MAP2 showed thatSynCav1 gene delivery preservedMAP2 expression in dendritic processes in the hippocampal CA1 subfields CA and cortex in 9-

month PSAPP mice. Scale bar, 50 mm. IB (D and E) of 9-month hippocampal homogenates (whole cell lysate, WCL) and buoyant fractions (membrane/lipid rafts, i.e., MLRs)

revealed decreased Cav-1 and full-length TrkB (fl-TrkB) expression in PSAPP-SynRFP mice versus WT-SynRFP mice. SynCav1 preserved hippocampal MLR localized fl-

TrkB expression in PSAPP mice. Fractions were generated from equal protein (0.5 mg/mL). Data present as mean ± SEM, n = 3–4 animals per group. Data were analyzed

using one-way ANOVA. Significance was assumed when p < 0.05. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 3. Proteomics reveals altered MLR-associated proteins in PSAPP-SynRFP mice at 9 months

(A) Volcano plot of 9-month MLRs between WT-SynRFP and PSAPP-SynRFP identified 117 proteins that were differentially expressed (65 upregulated and 52 down-

regulated). (B) Mean expression differences of significantly regulated proteins were evaluated by Euclidean hierarchical clustering. (C) Gene Ontology (GO) functional

enrichment using STRING-db. Clustering revealed that Cav-1 was among the significantly downregulated in MLRs from PSAPP-SynRFP hippocampi. All significantly

regulated quantifiable protein groups together evaluated for significant GO functional enrichment using STRING-db (https://www.string-db.org). The most significant GO

terms identified were Bacterial Invasion of Epithelial Cells, Ribosome, Ferroptosis, Mineral Absorption, and Adherens Junction. All proteins in this GO term and Adherens

Junction were downregulated in PSAPP-SynRFP versus WT-SynRFP. The significantly different expression levels between comparison groups were determined by two-

tailed Student t test, n = 3 animals per group. Significance was assumed when *p < 0.05.

Molecular Therapy: Methods & Clinical Development
At 11 months, increased Cav-1 protein expression in PSAPP-
SynCav1 was sustained, with no significant difference observed be-
tween PSAPP-SynRFP and WT-SynRFP (Figures S4A and S4B). We
also detected co-localization between Cav-1 and 6E10-positive pla-
ques (Figure S4C) in 11-month PSAPP hippocampal tissue, a finding
that may explain for the upregulated Cav-1 level in some 11-month
PSAPP mice. While a consistent downregulation of Cav-1 was
observed in 9-month PSAPP mice hippocampal tissue, no significant
438 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
Cav-1 difference was measured in 11-month PSAPP due high varia-
tion among PSAPP mice.

Proteomics analysis of MLRs reveals decreased expression of

neurodegenerative proteins in PSAPP-SynCav1 in mice

Tandem mass spectrometry (MS/MS) assessed proteins in MLRs
from WT-SynRFP, PSAPP-SynRFP, and PSAPP-SynCav1. Quantifi-
able protein groups were first evaluated for significant expression
021
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differences between WT-SynRFP and PSAPP-SynRFP (Figure 3). Of
2,417 quantifiable proteins, 66 were significantly upregulated, with
mean log2 (PSAPP-SynRFP/WT-SynRFP) > 0, and 51 significantly
downregulated, with mean log2 (PSAPP-SynRFP/WT-SynRFP) < 0
(Figure 3A). Mean expression differences of significantly regulated
proteins were evaluated by complete Euclidean hierarchical clustering
to identify protein groups of mild, moderate, or strong up- or down-
regulation (Figure 3B). Cav-1 was also significantly downregulated in
MLRs from PSAPP-SynRFP hippocampi (denoted by the red box in
bacterial invasion of epithelial pathways graph), which is consistent
with the IB results shown in Figure 2C. Clustering revealed Shisa9
(an AMPAR regulatory protein) was the most strongly downregu-
lated protein in PSAPP-SynRFP compared to WT-SynRFP (log2 =
�5.9). All significantly regulated quantifiable protein groups together
evaluated for significant Gene Ontology (GO) functional enrichment
using STRING-db (https://www.string-db.org/; Figure 3C). The most
significant GO terms identified were bacterial invasion of epithelial
cells, ribosome, ferroptosis, mineral absorption, and adherens junc-
tion. GO genes for the bacterial invasion of epithelia contained
Cav-1, which was significantly downregulated in PSAPP-SynRFP.

Next, we compared PSAPP-SynRFP versus PSAPP-SynCav1 (Figure 4).
Of 2,417 proteins, 168 were significantly altered, with 80 significantly
upregulated and 88 significantly downregulated (Figures 4A and 4B).
Cav-1 was the most upregulated protein (log2 = 7.8) due to its overex-
pression with SynCav1. Shisa9 was the second most upregulated
protein (log2 = 5.9), as confirmed by IB (Figure S5). Notably, several
downregulated proteins in MLRs from PSAPP-SynRFP (ap2b1, cofi-
lin-2, cct-5, FXYD, Kiaa1468, MAN2C1, NDRG4, synaptojanin2,
Prdx6) were significantly upregulated in MLRs from PSAPP-SynCav1.
Furthermore, several genes implicated in neurodegenerative disease
pathways (e.g., AD, Parkinson’s, Huntington’s) were significantly
downregulated in MLRs from PSAPP-SynCav1 when compared to
PSAPP-SynRFP (Figure 4C, graphs in blue rectangle inset). Bacterial
invasion of the epithelia graph shows a significant increase in Cav-1
(Figure 4C, red rectangle). These results show that SynCav1 decreases
MLR expression of genes implicated in neurodegenerative pathways.
SynCav1 preserves dendritic arborization and dendritic spine

number in CA1 hippocampal neurons in 11-month PSAPP mice

Hippocampal dendritic arborizations are necessary for memory for-
mation and maintenance. Golgi-Cox staining (Figure 5A) revealed
a significant reduction in CA1 apical and basal dendritic arborization,
apical dendritic soma to tip distance, and dendritic spines in PSAPP-
SynRFP mice compared to WT-SynRFP. PSAPP-SynCav1 mice
showed preserved apical dendritic arborization from 70 to 280 mm
distance from the soma (Figure 5C), preserved CA1 basal dendritic
arborization (Figure 5D), greater apical dendrite soma to tip distance
(Figure 5E), and increased number of CA1 dendritic spines (Fig-
ure 5F). These findings indicate that SynCav1 preserves structural
neuroplasticity in the hippocampus of PSAPP mice that may in
part explain the preserved hippocampal-dependent memory observed
in Figure 1F.
Molecul
SynCav1 preserves infrapyramidal mossy fiber area and CA3

Schaffer axon myelination in the hippocampus of PSAPP mice

Proper hippocampal circuitry (Figure 6A) is essential for cognitive
function. The mossy fiber pathway, which consists of unmyelinated
axons projecting from the dentate gyrus to CA3 pyramidal cells,
strongly correlates with spatial learning.15 Because PSAPP-SynRFP
mice showed a significant reduction in hippocampal-dependent
memory recall at 11months, wemeasured infrapyramidal mossy fiber
(IPM) and suprapyramidal mossy fiber (SPM) area using synapto-
porin staining (Figure 6B).15 As shown in Figure 6B, PSAPP-SynRFP
mice exhibited significantly reduced IPM area compared to WT-
SynRFP, while the PSAPP-SynCav1 group showed significantly
greater IPM area compared to PSAPP-SynRFP, with no significant
difference in SPM area detected (Figures 6C–6E).

We further measured changes in myelin content of CA3 Shaffer collat-
eral axons (Figures 6F and 6G), the axons projecting fromCA3 pyrami-
dal cells to CA1. Using G-ratio analysis, an inverse indicator of myelin
content of an axonfiber16 (Figure 6H),we founda significant increase in
the G-ratio of PSAPP-SynRFPmice compared toWT-SynRFP at both 9
and 11 months, while PSAPP-SynCav1 mice exhibited a significant
decrease in G-ratio versus PSAPP-SynRFP. Further analysis revealed
that the G-ratio change was due to alteredmyelin sheath thickness (Fig-
ure 6J) rather than axon lumen diameter (Figure 6I).

SynCav1 preserves ultrastructural indicators of synaptic

plasticity in PSAPP mice

Loss of synapses inADpatients is closely linked to cognitive deficits and
dementia.17–20 Next, we assessed the synaptic ultrastructure of CA1
distal apical dendrites in the stratum radiatum using EM.Hippocampal
CA1 distal apical dendrites (Figure 7A) exhibited decreased total type I
excitatory asymmetric synapses (Figure 7C) and the total number of
(presynaptic vesicles) PSVs/bouton (Figure 7D) in PSAPP-SynRFP
mice versusWT-SynRFP, findings consistent with Scheff et al.,18 which
demonstrated decreased synapses in the stratum radiatum within the
CA1 subfield in AD patients. When compared to PSAPP-SynRFP,
PSAPP-SynCav1 mice exhibited preserved total synapses and PSVs/
bouton (Figures 7C and 7D). PSAPP-SynCav1 exhibited more total
PSVs/bouton versus WT-SynRFP at 9 months. As shown in Figures
7E–7G, we also observed altered dendritic spine morphology (i.e.,
more-stubby and less mushroom-like spines) in PSAPP-SynRFP mice
compared toWT-SynRFP, a finding similar to that observed in human
AD biopsies and AD Tg models.21 In contrast, PSAPP-SynCav1 mice
showed preserved neck diameter (Figure 7F) and increased dendritic
spine length (Figure 7G) compared to PSAPP-SynRFP mice. IB of
MLR fractions revealed a significant decrease in PSD95 in 11 months
PSAPP-SynRFP when compared to WT-SynRFP; there was no signifi-
cant difference in MLR-localized PSD95 at 11 months between
PSAPP-SynCav1 and WT-SynRFP (Figure S6).

We next performed electrophysiology to see whether there were any
alterations in long-term potentiation (LTP) based upon the micro-
scopic anatomical and synaptic ultrastructural changes in the hippo-
campus. There were no changes in LTP between WT-SynRFP versus
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 439
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Figure 4. Proteomics reveals that SynCav1 decreases expression of neurodegenerative proteins in MLR fractions from 9-month PSAPP mice

(A) Volcano plot of 9-month MLRs between PSAPP-SynRFP and PSAPP-SynCav1 identified 168 proteins that were differentially expressed (80 upregulated and 88 down-

regulated). (B) Mean expression differences of significantly regulated proteins were evaluated by Euclidean hierarchical clustering. Cav-1 was themost upregulated protein (log2 =

7.8) due to its overexpressionwithSynCav1. Notably, several downregulated proteins in MLRs from PSAPP-SynRFP (shisa9, ap2b1, cofilin-2, cct-5, FXYD, Kiaa1468,MAN2C1,

NDRG4, synaptojanin2, Prdx6)were significantly upregulated inMLRs fromPSAPP-SynCav1. (C) GO functional enrichment using STRING-dbdemonstrated that several proteins

implicated in neurodegenerative disease pathways (e.g., AD, Parkinson’s, Huntington’s) were significantly downregulated in MLRs from PSAPP-SynCav1 when compared to

PSAPP-SynRFP. Red rectangular box in bacterial invasion of epithelia pathways in (C) denotes increased Cav-1. The significantly different expression levels between comparison

groups were determined by two-tailed Student t test, n = 3 animals per group. Significance was assumed when *p < 0.05.
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PSAPP-SynRFP orWT-SynRFP versus PSAPP-SynCav1 (Figure S7A).
We additionally performed long-term depression (LTD) and found
that short-term depression (1–5 min prior to LTP) was more pro-
nounced in WT-SynRFP versus PSAPP-SynRFP with no difference
in PSAPP-SynRFP versus either group (Figure S7B).

SynCav1doesnotmitigateAbpeptides (Ab42,Ab40,Ab38),amyloid

plaque deposition, or astrogliosis in 11-month PSAPPmice

To assess whether SynCav1 affected amyloid plaque deposition and as-
trogliosis in PSAPPmice, we performed IF on brain tissue at 11months
440 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
using antibodies to6E10. IF showed similar levels ofhippocampal 6E10-
positive amyloid plaques deposition in PSAPP-SynRFP and PSAPP-
SynCav1mice (Figures 8A and 8B). In addition, we also measured Ab
peptides 42, 40, and 38 and total Ab levels in hippocampus homoge-
nates. As shown in Figure 8C, PSAPP-SynCav1mice showed a signifi-
cant increase of brain Ab42, Ab40, Ab38 and Ab Total levels.

To assess whether SynCav1 affected astrogliosis in PSAPP mice, we
performed IF on brain tissue at 11 months using antibodies to
GFAP. Both PSAPP-SynRFP and PSAPP-SynCav1 brains also
021



Figure 5. SynCav1 gene delivery preserves dendritic arborization in CA1 hippocampal neurons from 11-month PSAPP mice

(A and B) Golgi-Cox images of cornu ammonis (CA1) pyramidal neurons (Top row scale bar, 200 mm; middle row images scale bar, 50 mm) (A) and schematic illustration of

hippocampus with region analyzed (translucent orange rectangle) (B). Quantification revealed a significant reduction in CA1 apical and basal dendritic arborization in PSAPP-

SynRFPmice compared to WT-SynRFP and PSAPP-SynCav1mice. (C) AD-SynCav1 showed preserved apical dendritic arborization from 70 to 280 mm distance from the

soma and basal dendritic arborization from 80 to 150 mm distance. (D) PSAPP-SynRFP mice also showed decreased apical dendrite soma to tip distance, which was

preserved by SynCav1. (E) No difference in basal dendrite soma to tip distance. (F) Further analysis revealed decreased CA1 spine number in PSAPP-SynRFP mice and

preserved dendritic spines in PSAPP-SynCav1. Data are presented as mean ± SEM, n = 3 animals in each group consisting of 8–12 neurons from each animal. Data were

analyzed using one-way ANOVA. Significance was assumed when p < 0.05. *p < 0.05, **p < 0.01, ***p < 0.001.
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exhibited elevated GFAP expression (Figures 8D and 8E), with
PSAPP-SynCav1 exhibiting a slight increase in GFAP expression
compared to PSAPP-SynRFP. These results demonstrate that
SynCav1 did not mitigate Ab peptides, amyloid plaque deposition,
or astrogliosis in 11-month-old PSAPP mice.
DISCUSSION
The present study is the first to demonstrate that a one-time SynCav1
gene delivery preserves the hippocampal structure and hippocampal-
dependent cognitive function in a PSAPP Tg mouse model of AD.
Furthermore, SynCav1 preserved MLR-localization of protein
markers of neuronal and synaptic plasticity, all of which occurred
independent of removing neurotoxic Ab plaques or reducing astro-
gliosis. This study builds upon previous work demonstrating the neu-
roprotective effects of SynCav1 gene therapy in the setting of aging,
TBI, and ALS,8,9,14 and now further extends the therapeutic potential
of SynCav1 in another neurodegenerative disease indication, i.e., the
PSAPP Tg model of AD.
Molecul
Individuals with severe AD exhibit decreased neurotrophic signaling
in the cortex and hippocampus,22 thus delivery of neurotrophins23 or
increasing neurotrophin receptor (NTR) signaling could potentially
reverse cognitive deficits in AD.24,25 However, much evidence shows
that functional neurotrophin signaling is dependent upon intact
MLRs, Cav-1, and NTR localization to MLRs.7,8 Pre-clinical models
demonstrated that toxic Ab or abnormal tau exposure decreased
Cav-1 protein expression in neurons,10,26 while interventions that
restored or augmented Cav-1 mitigated abnormal tau accumulation,
Ab production, and reversed neurotoxicity,10,26–28 suggesting that
Cav-1 restoration may afford neuronal resilience against toxic Ab
and abnormal tau. The present study extends the knowledge that aug-
menting Cav-1 specifically in neurons increases fl-TrkB expression in
MLRs that can undergo autophosphorylation upon agonism to acti-
vate intracellular signaling pathways necessary for neurite outgrowth,
dendritic spine morphology, and cognitive performance.29,30 Xia
et al.31 found that TrkB cleavage by delta-secreatase abolishes its
phosphorylation of APP, thus enhancing AD pathology. Conversely,
overexpression of normal TrkB in the hippocampus of PSAPP mice
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 441
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Figure 6. SynCav1 gene delivery preserves axonal structure and myelin content in the hippocampus of 9-month and 11-month PSAPP mice

(A) Infrapyramidal and suprapyramidal mossy fiber (IPM and SPM) structures at 11-month (n = 3–4 animals per group consisting of 2–3 images per animal). (B) Illustration of

hippocampal pathways pointing to region analyzed (translucent orange rectangle). (C–E) PSAPP-SynRFPmice exhibited significantly reduced IPM area (C and D) compared

to WT-SynRFP, while the PSAPP-SynCav1 group showed significantly greater IPM area compared to PSAPP-SynRFP, with no significant difference in SPM area detected

(E). (F) EM images of myelinated CA3 Schaffer collateral axons. (G) Illustration of hippocampal pathways pointing to region analyzed (translucent blue rectangle). (H–J) G-ratio

analysis of CA3 Schaffer collateral axons (axon lumen diameter [Di]/fiber [axon lumen + myelin] diameter [Do]) at 9 months and 11 months (H) revealed that the G-ratio was

increased in PSAPP-SynRFPmice versus WT-SynRFP, an alteration not caused by increased axon lumen diameter (I), but rather a result of reduced myelin sheath diameter

(J). PSAPP-SynCav1 mice exhibited significantly decreased G-ratio compared to PSAPP-SynRFP due to increased myelin sheath diameter. Micrographs were captured at

11,000�Magnification, scale bar, 500 nm. Data are presented as mean ± SEM, n = 3–6 animals per group consisting of 10 electron micrographs images per animal. Data

were analyzed using one-way ANOVA. Significance was assumed when p < 0.05. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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reduced amyloidogenic cleavage and improved cognitive function.
Considering that we did not observe any significant difference in fl-
TrkB expression in hippocampal homogenates in PSAPP mice, the
decreased fl-TrkB on MLRs in symptomatic PSAPP mice suggests
disrupted subcellular localization of fl-TrkB attributed to either dis-
rupted MLRs or decreased Cav-1 expression within MLRs. Others
have detected decreased Cav-1 transcript in degenerating neurons
442 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
in postmortem human brains,12 and a recent study out of the Univer-
sity of Sheffield revealed reduced Cav-1 expression and disrupted
MLR in human samples as an ALS-associated risk variant.32 Prote-
omics also did not detect any difference in the total TrkB, which is
similar to our IB results. We also did not find a significant difference
in total TrkB expression since the highly expressed Trun-TrkB dilutes
any detectable change in fl-TrkB (Trun-TrkB is abundantly expressed
021



Figure 7. SynCav1 gene delivery preserves synaptic ultrastructure and dendritic spine morphology in the stratum radiatum of hippocampus from 9-month

and 11-month PSAPP mice

(A and B) EM images (A) and schematic illustration (B) of the region (translucent orange rectangle). (C and D) Quantitation of total type I asymmetric synapses (C) and

presynaptic vesicles (PSVs)/axonal bouton (D) in hippocampal CA1 distal apical dendrites in the stratum radiatum. PSAPP-SynRFPmice demonstrated a significant reduction

in total type I excitatory asymmetric synapses and total number of PSVs/bouton. In contrast, PSAPP-SynCav1mice showed a significant increase in both total synapses and

total number of PSVs/bouton when compared to PSAPP-SynRFP andWT-SynRFP. Topmicrographs represent 4,800�magnification, scale bar, 1 mm; bottommicrographs

represent 11,000�magnification, scale bar, 500 nm. Black arrow heads denote asymmetric type I synapses. EM images (E) and quantitation of dendritic spine neck width (F)

and length (G) showed that PSAPP-SynRFPmice exhibited altered dendritic spine morphology (i.e., more-stubby and less mushroom-like spines) with significantly increased

neck diameter and reduced spine length compared toWT-SynRFP. PSAPP-SynCav1mice showed preserved neck diameter and increased spine length when compared to

PSAPP-SynRFP. Asterisks demark the spines in the EM images (E). Micrographs represents 11,000�magnification, scale bar, 500 nm. Data are presented as mean ± SEM,

n = 3–6 animals per group consisting of 10 electron micrographs per animal. Data were analyzed using one-way ANOVA within each time point. Significance was assumed

when p < 0.05. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

www.moleculartherapy.org
and serves as a dominant-negative receptor). Whether the decreased
MLR-localized TrkB in symptomatic PSAPP mice is due to disease or
age-related altered biophysical properties of MLR-associated lipids
and/or proteins33 or due to deficits in cellular (i.e., endosomal) traf-
ficking34–37 is worthy of further investigation.

We have also investigated p-TrkB and p-Src in the hippocampi ho-
mogenates and MLRs. However, we observed no increase in p-TrkB
or p-Src expression (Figure S3). We postulate that this variable and
inconsistent p-TrkB expression to be based upon the following rea-
sons: (1) increasing TrkB expression alone does not necessarily facil-
itate activation of TrkB (p-TrkB) without applying a TrkB agonist
(e.g., BDNF or 7,8-dihydroxyflavone [DHF]), and (2) the kinetics
of TrkB activation and subsequent downstream signaling such as p-
Src, even in the presence of an applied TrkB agonist, are short in dura-
tion (15–60 min) thus making it difficult to capture this transient
Molecul
signaling event in vivo 6 months after SynCav1 gene delivery. The
preservation of MLR-associated fl-TrkB expression in PSAPP-Syn-
Cav1 mice observed in current study may potentially increase the ef-
ficacy of endogenous BDNF or exogenous TrkB agonists (e.g., 7,8-
DHF24,38,39).

AD brains exhibit anatomical and ultrastructural changes (i.e.,
reduced synapses) in hippocampal and cortical brain regions.40

Although deposition of amyloid plaques is the traditional hallmark
of AD, decreased synapses, “mushroom” spines (i.e., synaptopathy),
and neuronal atrophy more closely correlate with cognitive impair-
ment.21,41,42 We have previously demonstrated that SynCav1
enhanced hippocampal neuroplasticity and improved cognitive func-
tion in adult and aged WTmice.8,16 Furthermore, SynCav1 preserved
synaptic ultrastructure, dendritic spine morphology, and axonal fiber
myelin content in symptomatic PSAPP mice. The present study
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 443
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further extends the neuroprotective capacity of SynCav1 gene therapy
in a neurodegenerative PSAPP mouse model of AD, independent of
attenuating toxic amyloid deposition or astrogliosis. Although there
was no measurable difference in amyloid plaque deposition between
the PSAPP mice, we did find a measurable increase in Ab42, Ab40,
and Ab38 in hippocampal homogenates in PSAPP-SynCav1 mice
when compared to PSAPP-SynRFP. These elevated Ab levels may
be caused by increased synaptic activity related to augmented synap-
tic vesicle trafficking and exocytosis as previously suggested43 and
could explain the increased PSVs measured by EM (Figures 7A and
7D). Interestingly, the SynCav1-mediated increase in Ab38 peptide,
known to be a negative regulator of Ab42 by preventing the conver-
sion to b sheet-rich aggregates,44 could explain why the increase in
Ab42 did not result in an increase in amyloid plaques in PSAPP-Syn-
Cav1 brains. Noticeable, although PSAPP-SynRFPmice exhibit fewer
synapses at 9 months, increased PSD length and area were observed
(data not shown), a subtle compensatory ultrastructural change
consistent with Scheff et al. and others,45,46 which may also explain
the normal contextual memory recall observed in 11-month PSAPP
mice.

The present study used a Cav-1 expression vector that is neuron-spe-
cific and does not target Cav-1 overexpression in glia cells (astrocytes
or microglia). Others have shown that overexpression of MLR pro-
teins such as Cav-1 and flotillin (FLOT) increases beta-site amyloid
precursor protein cleaving enzyme (BACE) localization to MLRs
and influences BACE activity47 and increases APP processing by
BACE in senescent neurons.48 Understanding the physiological role
of Cav-1 overexpression in glia cells (and microglia) versus neurons
and how this influences Ab clearance49 or endocytosis50 needs further
investigation. Furthermore, a dose escalation study to better under-
stand the effect varying levels Cav-1 expression has on APP process-
ing by b- and g-secretases could further our understanding of how
Cav-1 influences APP biology.

MLRs are specialized plasmalemmal microdomains that compart-
mentalize synaptic signaling and adaptor proteins essential for
synaptogenesis, synaptic plasticity, and cognitive function.8,16,33 Pro-
teomics on MLR fractions revealed a novel association between hip-
pocampal MLRs and the AMPAR adaptor and regulatory protein
Shisa9.51–53 Shisa9 is known to regulate synaptic plasticity and mem-
ory formation in the dentate gyrus, a subregion of hippocampus.51,52

Proteomics revealed that MLR-associated Shisa9 was significantly
decreased in PSAPP mice, yet preserved with SynCav1, suggesting
that Shisa9 may contribute to the neuroanatomical preservation of
mossy fiber projections from the dentate gyrus to CA3 hippocampal
subfield PSAPP-SynCav1 mice. Additional data using co-immuno-
precipitation revealed a novel interaction between Cav-1 and Shisa9
Figure 8. SynCav1 did not mitigate hippocampal amyloid plaque deposits nor

(A and B) Cav1/6E10 dual staining of 11-month PSAPP mouse and hippocampi 6E10

Ab42, and Ab40 and AbTotal of 11-month hippocampal homogenates was measured

11 months, scale bar, 500 mm. Data were analyzed using Student t test for 6E10 analys

analysis, n = 3–4 animals per group. Significance was assumed when *p < 0.05.
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in MLR fractions (Figure S5A). We are currently researching whether
SynCav1’s neuroprotective effect in the present study is dependent
upon Shisa9/AMPAR signaling in MLRs. Additional proteomic ana-
lyses revealed reduced expression of several neurodegenerative-
related pathways in MLRs from PSAPP-SynCav1 mice, suggesting
the importance of plasma membrane microdomains in modulating
protein complexes involved in neuronal function and resilience
against neurodegenerative conditions.

There are conflicting results regarding Cav-1 expression levels in the
AD brain; while the present study and others have shown decreased
Cav-1 protein and mRNA in the AD and neurodegenerative brain,12

Gaudreault et al.54 detected increased Cav-1 protein and mRNA in
the hippocampus and frontal cortex of AD brains. It is well known
that astrocytes, microglia, and vascular epithelia cells all express
Cav proteins.55–57 Thus, the elevated Cav-1 observed by Gaudreault
et al.58 may be due to prominent astrogliosis and microgliosis in
AD brains. The present study observed a slight increase in Cav-1
expression in some of 11-month PSAPP mice (no significant differ-
ence with WT), and IF showed a strong co-localization between
Cav-1 and 6E10-positive plaques (Figure S4). Whether the source
of this increased Cav-1 adjacent to amyloid plaques is microglia or
other systemic inflammatory cells needs further investigation.
Considering that 9-month PSAPP mice exhibited decreased hippo-
campal Cav-1 expression along with learning and memory deficits,
it is plausible that loss of Cav-1 expression in the hippocampus
may contribute to neurodegeneration.12,59,60 While the current study
provides proof-of-concept for the neuroprotective and therapeutic
potential of SynCav1 gene therapy in PSAPP mice, we are also
currently testing whether SynCav1 delivery to PSAPP mice at later
stages can reverse learning and memory deficits at later time points.

We have previously demonstrated the neuroprotective properties and
neuronal resilience afforded by SynCav1 in a variety of in vitro and
in vivo models ranging from ischemia to aging to traumatic injury,
as well as in neurodegenerative mice harboring a monogenic link to
a familial form of ALS (i.e., hSOD1G93A).8,9,14,61 The current study
now expands upon the therapeutic potential of SynCav1 to yet
another distinct neurodegenerative mouse model expressing a mono-
genic link to a familial form of AD (PSAPP). The importance of these
recent findings is onemore example that, regardless of the cause of the
neurodegenerative condition (known versus unknown etiology,
injury versus genetic abnormality), the therapeutic and translational
potential of SynCav1might be exploited in the future to treat sporadic
neurodegenerative conditions or to be used in combination with
already existing drugs or biologics designed to target known
monogenic candidates linked to other neurodegenerative conditions
(EOFAD, FALS, Parkinson’s, and Huntingtin’s disease). Moreover,
astrogliosis in 11-month PSAPP mice

-positive amyloid deposits quantitation at 11 months, scale bar, 500 mm. (C) Ab38,

by ELISA. (D and E) GFAP (astrocytes) staining with hippocampi quantitation axt

is, n = 5–6 animals per group. Data were analyzed using one-way ANOVA for GFAP
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the ability of SynCav1 to preserve axonal myelin content in the hip-
pocampus of PSAPP mice indicates its potential to combat certain
demyelinating diseases such as multiple sclerosis, neuromyelitis opti-
cal, Guillain-Barre syndrome, Charcot-Marie-Tooth disease, or other
forms attributed to encephalomyelitis.

In summary, the present study demonstrates that SynCav1 gene deliv-
ery delays neurodegeneration and cognitive deficits, preserves hippo-
campal arborization, synaptic integrity, and axonal ultrastructure in
PSAPP mice. Furthermore, we show that SynCav1 preserves MLR-
localization of the synaptic components essential for neuronal and
synaptic plasticity independent of attenuating toxic Ab plaque accu-
mulation or astrogliosis. We are currently testing the applicability of
SynCav1 delivery at later time points to further assess its ability to not
only attenuate disease progression but to also reverse neurodegener-
ation and associated neurobehavioral deficits. These data suggest that
SynCav1 might serve as a novel gene therapy to preserve or delay
neurodegenerative conditions in AD and other forms of CNS disease
of unknown etiology.

MATERIALS AND METHODS
Animals

PSAPP-Tg (APPSwePS1d9, Jackson Laboratory, number 34832)62

and C57BL/6 mice were purchased from Jackson Laboratory (Bar
Harbor, ME, USA) and bred in-house. WT littermates were used as
control. All animal protocols were approved by the Veterans Admin-
istration San Diego Healthcare System Institutional Animal Care and
Use Committee (#A20-030). Mice were reared (3–5/cage) with free
access to food and water. AAV9-SynRFP was used as the control vec-
tor, and neuronal targeted overexpression of Cav-1 was achieved by
AAV9-SynCav1 viral vector (Figure 1A). At 3 months of age, WT
and PSAPP mice were allocated to 3 groups randomly: WT-SynRFP,
PSAPP-SynRFP, and PSAPP-SynCav1 to receive hippocampal stereo-
tactic injections. Brain tissue was processed for biochemistry, histopa-
thology, immunofluorescence, and electron microscopy (EM) after
behavior tests (Figure 1C).

Genotyping

PSAPP (APPSwePS1d9) mice were confirmed by genomic DNA
extraction and PCR using the QIAGEN DNeasy Blood and Tissue
Kit (69504; QIAGEN, Valencia, CA, USA). PCR was performed for
APP genes by using the following protocol: denaturation at 94�C
for 2 min, followed by 10 cycles at 94�C for 20 s, 65�C for 15 s
(�0.5 per cycle decrease), and 68�C for 10 s, then followed by 28
cycles at 94�C for 15 s, 60�C for 15 s, 72�C for 10 s, then 72�C for
2 min and hold at 10�C. All primers were purchased from Integrated
DNA Technologies (Coralville, IA, USA). Primer sequences to de-
tected Tg-positive (400 bp and 750 bp): Prp-Sense-J (mouse prion
protein variant 1–2 mRNA) 50-GGG ACT ATG TGG ACT GAT
GTC GG-30, Prp-Antisense J (mouse prion protein variant 1–2
mRNA), 50-CCA AGC CTA GAC CAC GAG AAT GC-30, and S36
mouse amyloid precursor protein (APP) mRNA), 50-CCG AGA
TCT CTG AAG TGA AGA TGG ATG-30. Tg-positives were identi-
fied by two bands at 400 and 750 bp, while transgene negative pre-
446 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
sented 750 bp only. PCR products were separated on a 1% agarose
gel (35 min at 135 V).

Viral vectors and SynCav1 construct

A self-complementary AAV (scAAV) construct expressing neuron
specific synapsin (Syn) promoter with the Cav-1 cDNAwas generated
at the UCSD Viral Vector core as previously described.8 To link the
neuron specific Syn promoter with the Cav-1 cDNA, an XbaI-SalI
DNA fragment containing the Syn promoter was inserted into the
NheI-SalI sites of pEGFP-N1 (Clontech). The resulting plasmid was
designated pSyn-EGFP. A 537-bp Cav-1 cDNA was isolated from
the pCRII-TOPO vector (Invitrogen) by digestion with PmeI-NotI
and inserted into the SmaI-NotI site of the pSyn-EGFP to generate
pSyn-Cav-1, in which the EGFP gene was replaced with Cav-1
cDNA.7 The Syn-promoter-Cav-1 cassette was isolated from pSyn-
Cav-1. The scAAV vector construct, expressing Cav-1 or RFP driven
by the Syn promoter wasmade by DNA synthesis of the Syn promoter
(480 bp) through Cav-1 (537 bp) or enhanced RFP (700 bp) and clon-
ing it into an scAAV backbone plasmid. The scAAV9-SynCav1 or
scAAV9-SynRFP vectors were produced by transient transfection of
HEK293T cells with each vector plasmid, pRep2/Cap9, and pAd-
Helper plasmid. Helper virus-free AAV vectors were produced by
Polyethylenimine (PEI)-mediated transient co-transfection of
HEK293T cells with three plasmids (pVector, pRep2/CapX [X stands
for each serotype] and pAd-Helper). Cells were collected at 72 h post-
transfection and cell lysates were made by 3� freeze/thaw cycle. AAV
vectors in the cell lysates were purified by combination of sucrose-
cushion ultracentrifugations and anion-exchange column chroma-
tography. Virus titers were measured by quantitative real-time PCR
to determine genome copy number in the vector preparations
(gc/mL) as a measure of AAV particles with full genome content.

Stereotactic injection

3-month-old mice were mounted onto a stereotaxic frame under
anesthesia (2% isoflurane). Bilateral burr holes were made by a 22-
gauge needle. Hippocampal injections using 33-gauge, 10 mL Gas
Tight syringe (Hamilton, Reno, NV, USA) were controlled by injec-
tomate (Neurostar, Berlin, Germany). 1.5 mL of AAV9 (viral titer:
109 genome copies [g.c.]/mL) containing synapsin-red fluorescent
protein or synapsin-Cav-1 (SynCav1) was injected bilaterally over
180 s at three locations (1st site: AP, 1.82 mm; Lat, 1.15 mm; DV,
1.7 mm; 2nd site: AP, 2.30 mm; Lat, 2.25 mm; DV, 1.75 mm; 3rd
site: AP, 2.80; Lat, 2.5 mm; DV, 2.00 mm) with 1 min indwelling
time as previously described.8 Figure 1B and Video S1 display broad
brain tissue AAV infectivity and transgene expression (whole hippo-
campus rostral to caudal, dorsal to ventral, and portions of the so-
matosensory and parietal cortex) using SynRFP.

Open field and fear conditioning behavior

Open field and fear conditioning were performed as previously
described.8 Locomotion was recorded for 10 min and analyzed by a
computerized video tracking system (Noldus XT 7.1, Leesburg, VA,
USA). Recorded parameters included distance moved (cm), velocity
(cm/second), and time spent in the center of the arena (seconds).
021
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For fear conditioning, presentation of unconditioned stimuli (US;
foot-shock) and conditioned stimuli (CS; auditory tone) were
controlled using Med Associates (St. Albans, VT, USA), and move-
ment was monitored by video. Freezing protocol (Figure 1D) was
determined using Video Freeze (Med Associates; San Diego Instru-
ments, San Diego, CA, USA).8,15

Biochemical characterization of MLRs

Hippocampi were homogenized at 4�C in 500 mM sodium carbonate
(pH 11.0; containing protease and phosphatase inhibitors) and then
sonicated 3� for 15 s. Samples (0.5 mg/mL) were subjected to sucrose
density gradient fractionation as previously described.8 Briefly, lysate
was normalized to 0.5 mg/mL and mixed with equal volume of 80%
sucrose in MBS (25 mMMES and 150 mMNaCl, pH 6.5) to generate
40% sucrose in MBS. 2 mL of 40% sucrose/sample was followed by
layering 6 mL of 35% sucrose and 4 mL of 5% sucrose. Gradients
were ultracentrifuged using a SW-41 rotor at 39k rpm for 17 h at
4�C. Fractions (1 mL) were collected from 4 to 12 mL. Samples
were run as individual fractions 4–12 and subjected to IB assays.
Buoyant fractions 4 and 5 (i.e., MLR fractions) are found at the 5%/
35% interface based upon their lipid components and biophysical
properties. Homogenates and fractions were immunoblotted using
primary antibodies Cav-1 (Cell Signaling #3238; 1:1,000), TrkB (BD
Biosciences 610102; 1:1,000), and GAPDH (Cell Signaling #2118s;
1:1,000) overnight at 4�C followed by incubation with IR-dye labeled
secondary antibody for 1 h and measured with Li-Cor Odyssey fol-
lowed by densitometric analysis.

Proteomics

MLRs protein samples were diluted in TNE (50 mM Tris pH 8.0,
100 mM NaCl, 1 mM EDTA) buffer. RapiGest SF reagent (Waters)
was added to the mix (0.1% final concentration) and samples boiled
for 5 min. 1 mM TCEP (Tris [2-carboxyethyl] phosphine) was added
to the samples and incubated at 37�C for 30 min. Samples were car-
boxymethylated with 0.5 mg/mL of iodoacetamide for 30 min at 37�C
followed by neutralization with 2 mM TCEP. Samples were digested
with trypsin (trypsin: protein ratio 1:50) overnight at 37�C. RapiGest
was degraded and removed by treating the samples with 250 mMHCl
at 37�C for 1 h followed by centrifugation at 14k rpm for 30 min at
4�C. The soluble fraction was then added to a new tube and the pep-
tides were extracted and desalted using C18 desalting columns
(Thermo Scientific, PI-87782). Peptides were quantified using BCA
assay and a total of 1 mg of peptides were injected for liquid chroma-
tography-MS (LC-MS) analysis.

LC-MS-MS

Trypsin-digested peptides were analyzed by ultrahigh pressure LC
(UPLC) coupled with tandem MS (LC-MS/MS) using nano-spray
ionization using an Orbitrap fusion Lumos hybrid mass spectrometer
(Thermo) interfaced with nano-scale reversed-phase UPLC (Thermo
Dionex UltiMate 3000 RSLC nano System) using a 25 cm, 75-mm ID
glass capillary packed with 1.7-mm C18 (130) BEHTM beads (Wa-
ters). Protein identification and label free quantification was carried
out using Peaks Studio 8.5 (Bioinformatics Solutions). Proteins
Molecul
were considered identified if the false discovery rate (FDR) was less
than 1% of peptide-spectrum matches to m. musculus database (Uni-
prot/SwissProt) compared to the decoy-fusion library.

Bioinformatics

Quantifiable protein levels were expressed as peak area and compared
as relative intensity for WT-SynRFP versus PSAPP-SynRFP or
PSAPP-SynRFP versus PSAPP-SynCav1 with significance set at p <
0.05. Mean significantly different expression levels were displayed
as heatmaps for up- or downregulation using Euclidean clustering
with complete linkage. Significantly up or downregulated quantifiable
protein groups were subjected to GO using STRING-db (https://
www.string-db.org/). The GO terms with the lowest FDR (all less
than 1%) were displayed. Significantly regulated GO terms are dis-
played as log2 fold change of genes.

Golgi-cox staining

Brains were submerged in Golgi-Cox solution A + B (FD Neurotech-
nologies, Ellicot City, MD, USA) for 8 days followed by solution C for
4 days at room temperature (RT). 80-mm-thick coronal cryosections
were prepared for staining with solution D + E and dehydrated ac-
cording to the manufacturer’s instructions. Three mice per group
were used for Golgi-Cox staining. To evaluate hippocampal neuron
dendritic morphology, we used a Zeiss AxioImager microscope and
a computer-based system (Neurolucida; MicroBrightField) to
generate three-dimensional neuron tracings that were subsequently
visualized and analyzed using NeuroExplorer (MicroBrightField).
For each animal, five to eight CA1 pyramidal neurons were traced
at 40� magnification with an oil immersion lens. For CA1 neurons,
both the apical and basal dendrites were traced and analyzed sepa-
rately as described in Mandyam et al.8 To evaluate hippocampal
neuron spine morphology, we visualized spines by 100� magnifica-
tion and traced by Adobe Photoshop (San Jose, CA, USA). For
each animal, three to five dendritic branches were traced and analyzed
for dendritic spines.

IF microscopy

Floating sections were blocked with 10% goat serum and incubated
with chicken anti-MAP-2 (1:250, Abcam, #ab5392, USA) and rabbit
anti-Cav-1 (1:1,000, Cell Signaling, #3267, USA) at 4�C overnight.
Slices were then incubated with species-specific fluorescence second-
ary antibody in the dark for 1 h and preserved with anti-fade DAPI-
mounting medium. For Ab plaques staining, sections were incubated
in 98% formic acid for 5min to expose the epitope before the blocking
process and purified Alex Fluor 488 anti-b-Amyloid 1-16 antibody
(1:200, BioLegend, #39347, USA) was used to visualize amyloid
plaques.

ELISA

Hippocampal homogenates (same as the IB samples) from 9-month-
old WT-SynRFP (n = 4), PSAPP-SynRFP (n = 3), and PSAPP-
SynCav1 (n = 3) were tested using the Meso Scale Discovery Ab triplex
immunoassay with 4G8 detection (catalog # K15141E-1, MSD Rock-
ville, MD, USA) to quantitate levels of Ab42, Ab40, and Ab38. The
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kit was run according to the manufacturer’s instructions. Briefly, 25 mL
of SULFO-TAG conjugated 4G8 detection antibody and 25 mL of WT
sample or 3 mL of AD samples were added to a blockedMSDmultiplex
plate pre-coated with capture antibodies specific for Ab42, Ab40, and
Ab38 and incubated for 2 h with shaking at RT. The plate was read on
an MSD SECTOR Imager 2400 after addition of read buffer. Concen-
trations of Ab42, Ab40, and Ab38 in samples were backfitted from the
respective standard curves using MSD Workbench software. Total
Abeta was quantified in the AD brain samples using Meso Scale Dis-
covery’s Electrochemiluminescence R-plex assay (MSD, USA). The
assay was performed following the manufacturer’s instruction using
MSD GOLD 96-well small spot streptavidin plate and recommended
diluents. Samples were tested at 1:8 dilution. Plates were analyzed on
an MSD SECTOR Imager 2400 instrument. All data was normalized
by protein concentration measure by Bradford assay. 3–4 mice per
group was used to get quantifiable data.

Electrophysiology

Hippocampal slices were prepared as previously described.16 Mice
were anesthetized with isoflurane before decapitation. The brain
was quickly removed and immersed for 2 min in ice-cold low-calcium
“modified” artificial cerebrospinal fluid (mACSF) composed of (in
mM): 119 NaCl, 2.5 KCl, 1.3 CaCl2, 2.7 MgSO4, 1 NaH2PO4, 26
NaHCO3, and 10 glucose, osmolarity ~305 mOsm, continuously
bubbled with 95% O2%–5% CO2, pH 7.4. The dorsal hippocampus
was dissected out and cut in ice-cold mACSF with a vibratome (Leica
VT1000S; Nussloch) into 350 mm thick slices from the middle part of
the hippocampus. The slices were allowed to recover in oxygenated
mACSF at 33�C for 20 min, and then at RT for an additional 1.5–
5 h before experimental recordings. Slices were transferred into the
recording chamber and superfused with regular ACSF containing
(in mM): 119 NaCl, 2.5 KCl, 2.5 CaCl2, 1.3 MgSO4, 1 NaH2PO4, 26
NaHCO3, and 10 glucose, continuously bubbled with 95% O2%–5%
CO2, pH 7.4, osmolarity ~305mOsm, at a constant rate of 2.5mL/min
at 32�C. Recording electrodes were made of borosilicate glass capil-
laries (1B150F, World Precision Instruments) using a Sutter P-87
electrode puller (Sutter Instruments) and filled with ACSF (resistance
~0.8–1MU). Monopolar stimulating electrodes were made of Pt/Ir
(Platinum/Iridium) wires of diameter 25.4 mm (PTT0110,World Pre-
cision Instruments) with 100-mm-long exposed tips. Both the stimu-
lating and recording electrodes were inserted under visual control
perpendicular to the slice surface into the CA1 “stratum radiatum”

at a distance 250–300 mm from each other. The initial slope of field
excitatory postsynaptic potentials (fEPSPs) was measured at latencies
0.1–0.9 ms. Testing stimuli (duration 100 ms, current 70 mA) evoked
field responses with amplitudes of 70%–80% of maximum. After sta-
bilization of responses, input–output dependences were measured us-
ing series of stimulation intensities (range 10–150 mA). LTP was
induced by high-frequency tetanization (70 mA, 100 Hz for 1 s) and
was recorded 70 min after tetanus.

EM

EM was performed as previously described.15 Briefly, mice were
perfused with saline and 2% glutaraldehyde via left ventricle. The
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fixed brain was initially sliced into 8 separate 1 mm coronal brain sec-
tions using a mouse brain mold slicer. Coronal brain section covering
�1.5 to �2.5 Bregma (as determined by the Mouse Brain Atlas) was
transferred to the UCSD EM core. Brains were carefully removed and
fixed with 2% glutaraldehyde, treated with 1%OsO4, and were then en
bloc stained with uranyl acetate. At the UCSD EM core, the brain
section was visually trimmed to CA1 regions encompassing the pyra-
midal cell bodies (stratum pyramidale) along and the distal apical
dendrites within the stratum radiatum of the hippocampus and
thin sectioned to 70 nm as previously described.15,16 For flat embed-
ding of the sections, thin flexible molds were employed to lay the sec-
tions as level as possible in LX112 embeddingmedia and then overlaid
with plastic coverslips. Grids were viewed unstained using FEI Tecnai
EM scope. Excitatory synapses were identified by the presence of a
prominent, asymmetric postsynaptic density (PSD), and PSVs were
normalized to the total boutons per field. Morphological dendritic
spines were measured as previously described.21 G-ratio was defined
as the diameter of the axon lumen divided by the diameter of the fiber
(axon lumen plus myelin).16

Statistical analyses

All data presented in this study were representative data from at least
two independent cohorts, except the MS data. The number of sample
size are indicated under each section of the Materials and methods
and in the figure legends. Before determining statistical significance,
data were checked for normal distribution. For all behavior and his-
tology, data were analyzed by one-way analysis of variance (ANOVA)
or two-way ANOVA followed by Fisher’s LSD or Tukey’s multiple
comparisons tests as appropriate, For immunoblot, t test was used
to compare Cav-1 expression due to extremely high level of exoge-
nous Cav-1 expression introduced by SynCav1, one-way ANOVA fol-
lowed by Fisher’s LSD was used to compare the quantitative of TrkB
in whole-cell lysates and MLR samples separately using GraphPad
Prism 6 (La Jolla, CA, USA). Data were presented as mean ± SEM
and significance assumed when *p < 0.05. Experimental groups
were blinded to the observer and code was broken for analysis.
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