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Abstract

CD2-Associated protein (CD2AP) is a candidate susceptibility gene for Alzheimer’s disease, but its role in the mammalian central nervous
system remains largely unknown. We show that CD2AP protein is broadly expressed in the adult mouse brain, including within cortical
and hippocampal neurons, where it is detected at pre-synaptic terminals. Deletion of Cd2ap altered dendritic branching and spine
density, and impaired ubiquitin-proteasome system activity. Moreover, in mice harboring either one or two copies of a germline Cd2ap
null allele, we noted increased paired-pulse facilitation at hippocampal Schaffer-collateral synapses, consistent with a haploinsufficient
requirement for pre-synaptic release. Whereas conditional Cd2ap knockout in the brain revealed no gross behavioral deficits in either
3.5- or 12-month-old mice, Cd2ap heterozygous mice demonstrated subtle impairments in discrimination learning using a touchscreen
task. Based on unbiased proteomics, partial or complete loss of Cd2ap triggered perturbation of proteins with roles in protein folding,
lipid metabolism, proteostasis, and synaptic function. Overall, our results reveal conserved, dose-sensitive requirements for CD2AP in
the maintenance of neuronal structure and function, including synaptic homeostasis and plasticity, and inform our understanding of
possible cell-type specific mechanisms in Alzheimer’s Disease.

Keywords: Alzheimer’s disease; synapse; CD2AP; proteomics; proteostasis; plasticity; haploinsufficiency; endocytosis; apolipoproteins;
lipid metabolism

The availability of human transcriptome references, including

Introduction from brain, have significantly improved our ability to prioritize

Alzheimer’s disease (AD) is an incurable neurodegenerative
disorder with evidence for substantial heritability [1]. More
than 70 AD susceptibility loci have been identified by human
genome-wide association studies (GWAS), with hopes for new
therapies targeting the proximate disease causes [2-4]. However,
the translational path from GWAS faces two overarching
challenges. First, susceptibility signals rarely definitively identify
the responsible causal gene, instead highlighting a large genomic
window with multiple candidates. Most common variants
implicated by GWAS fall in noncoding regions and likely cause
only modest changes in expression in one or more target genes [5].

candidate causal genes [6]. A second obstacle arises since the
majority of candidates have largely unknown functions, especially
within the nervous system. Moreover, understanding neurodegen-
eration requires genetic analysis within the context of the aging,
adult brain, ideally using pertinent functional outcomes, and
differentiating potential roles within heterogeneous cell types,
such as neuronal subtypes and glia.

AD 1is characterized clinically by the progressive loss of
episodic memory and, pathologically, by synaptic and neuronal
loss that begins in the CA1 region of the hippocampus [1, 7,
8]. While follow-up of AD susceptibility genes has begun to

Received: February 27, 2024. Revised: June 15, 2024
© The Author(s) 2024. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (https://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For

commercial re-use, please contact journals.permissions@oup.com

202 1sNBny gz uo 19nb AQ ¥68EE//S | LOBPP/BUIY/EE0 L 01/10P/d[0IE-00UBADE/BUIY/WOD dNO"dlWSpEdE//:SANY WOlj Papeojumoq


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0002-1782-0692
https://orcid.org/0000-0002-1835-1971

 5041 32549 a 5041 32549 a
 
mailto:Joshua.Shulman@bcm.edu
mailto:Joshua.Shulman@bcm.edu
mailto:Joshua.Shulman@bcm.edu

2 | Paveskovic et al.

strongly implicate microglial inflammation and lipid metabolism,
comparatively few data have emerged on potential genetic
determinants of synaptic and circuit vulnerability. We recently
reported that the Drosophila homolog of the AD susceptibility
gene, CD2-Associated Protein (CD2AP), is a regulator of synaptic
transmission and proteostasis [9]. CD2AP encodes a 639-amino
acid multifunctional adaptor protein, including a proline-rich
region, three SH3 motifs, and an actin-binding domain [10, 11].
Before its identification as an AD risk locus [2-4, 12], loss-of-
function mutations in CD2AP were identified as a rare, autosomal
dominant cause of focal segmental glomerulosclerosis, likely
due to a requirement for maintaining structural integrity of
the slit diaphragm [13-15]. In mice, Cd2ap~/~ knockout from the
germline recapitulates progressive renal failure, leading to death
by approximately 7 weeks [16]. Cd2ap*/~ heterozygotes develop
mild glomerular dysfunction by 9 months of age, consistent with
a haploinsufficient requirement in the kidney [13]. In fact, Cd2ap
is widely expressed in many tissues, including the brain [11, 17,
18]. Following transgenic rescue of expression in the kidney, mice
lacking Cd2ap survived to adulthood with apparently normal
behavior, but blood brain barrier integrity was compromised
causing increased susceptibility to pharmacologically induced
seizures [19]. In primary cultures derived from rat cerebellar
granular neurons, Cd2ap knockdown disrupts neurite outgrowth
[17], possibly due to roles in endocytosis and trafficking of key
signaling factors [9, 10, 20-23]. Importantly, besides CD2AP,
numerous other AD susceptibility gene candidates participate in
endocytic pathways, which are known to regulate synaptic vesicle
recycling and neurotransmission [24]. Additional work in cell
culture, fruit fly, and mouse models has also suggested potential
interactions between CD2AP and the amyloid-beta peptide or tau
protein, which form AD amyloid plaque and neurofibrillary tangle
pathologies [25-27].

In sum, the potential requirements of CD2AP in the adult
brain remain incompletely explored, creating an important gap
for understanding its role in disease. Here, we show that CD2AP
is present at the mammalian synapse, where it likely regulates
synaptic structure and function, and we also uncover evidence for
a possible haploinsufficient requirement based on neurophysiol-
ogy, behavior, and proteomics.

Results

Cd2ap is expressed ubiquitously in neurons
throughout the mouse brain

Using a new polyclonal anti-CD2AP antibody, we detected
broad expression throughout the wildtype mouse brain (Fig. 1A).
Antibody staining was largely absent in brain tissue from mice
homozygous for a previously-characterized, germline Cd2ap
knockout allele (Cd2ap~~) [16] (Fig. 1B and Fig. S1A). In further
support of specificity, we detected an 80 kDa CD2AP protein band
on Western blot from kidney homogenates as expected [11], where
CD2AP is highly expressed [18, 28], and this band was absent from
Cd2ap~~ animals (Fig. S1B). Based on a comprehensive survey
of coronal slices, Cd2ap appeared broadly expressed throughout
the cortex, including the retrosplenial, motor, somatosensory,
auditory, ectorhinal, perirhinal, entorhinal, and piriform areas.
Expression appeared enriched within the hippocampus, where
CD2AP was detected in the cornu ammonis (CA) 1, CA2, and
CA3 regions and the dentate gyrus, including the hilus and
polymorphic layer (Fig. 1A and C and Fig. S2) [29-31]. Positive
staining was also noted in the thalamus, habenula, the amygdala,
and other regions.

We confirmed that CD2AP protein is expressed in neurons
based on co-staining with neuronal markers, including the
cytoplasmic microtubule-associated protein 2 (MAP2), and NeuN,
which predominantly labels neuronal nuclei [32] (Fig. 1C and
Fig. S3A). At higher-power, CD2AP appeared localized within the
cytoplasm in the soma of hippocampal and cortical neurons
(Fig. 1D and Fig. S2A). CD2AP also colocalized with the pre-
synaptic marker Synapsin (Fig. 1E and Fig. S2B). By comparison,
we found comparatively poor overlap with the post-synaptic
marker PSD-95 (Fig. 1E) [33, 34]. We also confirmed Cd2ap
neuronal expression and pre-synaptic localization in vitro using
wildtype primary cortical neurons (Fig. S3B). While CD2AP was
not detectable within cultured astrocytes when co-staining for
GFAP (Fig. S4), we cannot exclude low-level glial expression.

Based on a recently generated human brain single-nucleus
expression atlas, CD2AP mRNA signal was reported within numer-
ous neuronal subtypes as well as non-neuronal cells, includ-
ing astrocytes, oligodendrocytes, endothelial cells, and microglia
(Fig. S5A) [35]. Moreover, human GWAS studies suggest that AD
risk variants at the CD2AP locus significantly alter gene expres-
sion [2, 3, 36]. We leveraged new paired single nucleus RNA-
sequencing and whole genome sequencing from 424 human dor-
solateral prefrontal cortex postmortem brain tissue samples in
which expression quantitative trait loci (eQTL) have been mapped
to specific cell types [6, 35]. This analysis confirmed that 3 estab-
lished genome-wide significant risk variants for AD (rs7767350,
1s9369716, rs9473117)—which are in strong linkage disequilib-
rium and therefore proxies for the same underlying susceptibility
allele—increase expression of human CD2AP mRNA in both exci-
tatory and inhibitory neurons, as well as microglia (Fig. S5B-D).
By contrast, eQTLs were not apparent in astrocytes, oligodendro-
cytes, or endothelial cells. Together, these results support CD2AP
as the responsible causal gene at this AD susceptibility locus and
motivate our studies to elucidate requirements within the brain,
including in neurons.

Cd2ap is required for synaptic proteostasis and
dendritic morphology

In Drosophila, loss-of-function in the human CD2AP gene ortholog
disrupts proteasome function, leading to impaired turnover of
synaptic proteins and aberrant neural transmission and plas-
ticity [9]. To evaluate potential cell autonomous requirements
in mammalian neurons, we performed CRISPR-mediated dele-
tion of Cd2ap in primary mouse cortical neuron cultures. As
expected, mammalian neurons lacking Cd2ap had significantly
reduced proteasome activity, based on turnover of the proteasome
substrate Suc-LLVY-AMC, along with increased expression of the
pre- and post-synaptic proteins, Synapsin and PSD95, respectively,
consistent with our prior findings (Fig. 2) [9]. In addition, Cd2ap
KO neurons displayed decreased number of Sholl intersections,
reduced dendritic branching, and increased dendritic spine den-
sity (Fig. 3A). With further analysis of spine morphology, we dis-
covered increased density of filopodia and mushroom-shaped
spines, which represent immature and more stable spines, respec-
tively [37, 38] (Fig. 3B).

We also evaluated dendritic morphology in vivo, examining
pyramidal neuron morphology in the hippocampal CA1 region
from approximately 5-week-old mice homozygous or heterozy-
gous for the Cd2ap germline knockout allele (Fig. 3C). Complete
loss of Cd2ap resulted in decreased branching of basal dendrites
from hippocampal neurons, while apical dendrites were unaf-
fected (Fig. 3E). The number of dendritic Sholl intersections was
unchanged in both apical and basal dendrites (Fig. S6). Further,
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Figure 1. Cd2ap is neuronally expressed and localizes to synapses in hippocampus and cortex. (A) Cd2ap is expressed ubiquitously in the adult mouse
brain (coronal slice at bregma ~ —1.58 mm), including in the hippocampus cornu ammonis (CA) and dentate gyrus (DG) and in cortex. Other areas
of Cd2ap expression include thalamus [ventral posteromedial nucleus (VPM) labeled], habenula [medial (MH) and lateral (LH) habenula indicated],
and amygdala [basolateral amygdala (BLA) and basomedial amygdala (BMA) indicated]. Other abbreviations: RSA =retrosplenial agranular cortex,
RSG=retrosplenial granular cortex, M1=primary motor cortex, M2 =supplementary motor cortex, S1=primary somatosensory cortex, S2=second
somatosensory cortex, AuD=auditory cortex, TeA=temporal cortex, Ect=ectorhinal cortex, PRh=perirhinal cortex, Ent=entorhinal cortical area,
Pir =piriform cortex. (B) CD2AP cortical staining with the anti-CD2AP antibody (green) in wildtype controls is mostly abolished in animal homozygous
for the germline knockout allele (Cd2ap~~). Nuclei are counterstained with DAPI (blue). Representative images from 5-week-old mouse brain slices
stained. See also Fig. S1A. (C) Cd2ap is expressed in neurons. Mouse brain slices were co-stained for CD2AP (green) and neuronal markers, including
MAP2 (neuronal perikarya and dendrites; magenta) and NeuN (neuronal nuclei; red). Hippocampal CA1 region (indicated by dashed rectangle) shown at
higher power (right). See Fig. S2A for additional images and Fig. S3A for complementary studies of cultured neurons. (D) CD2AP (green) shows overlapping
localization with the neuronal markers MAP2 (magenta) and NeuN (red) in the hippocampus CA1 region and the cortex. Colocalization indicated by
white or yellow, for CD2AP staining overlapping with MAP2 or NeuN, respectively (arrowheads). (E) CD2AP shows overlapping localization with the pre-
synaptic marker, Synapsin (red) but not the post-synaptic marker, PSD95 (magenta) in the CA1 and the cortex. Colocalization of CD2AP with Synapsin
is indicated by yellow (arrowheads). See also Fig. S2B for additional images and Fig. S3B for complementary studies of cultured neurons.
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Figure 2. Loss of Cd2ap disrupts neuronal proteostasis. (A) CRISPR-mediated knockout (KO) of Cd2ap in mouse primary Cas9 neurons results in increased
expression of Synapsin and PSD95, and decreased expression of CD2AP compared to control neurons transfected with AAV expressing guide sequences
targeting LacZ. Statistical analysis was based on t-tests with sample sizes N=3 per genotype. Western blots were performed on homogenates from
DIV21 neurons. Protein expression was normalized against tubulin expression. *P < 0.05; ****P < 0.0001. All error bars denote mean + SEM. (B) Cd2ap KO
primary neurons show decreased activity of the ubiquitin proteasome system. Statistical analysis based on t-test with sample size N =10 per genotype.
Proteasome activity assay was completed on homogenates from DIV21 neurons. **P < 0.01. Error bar denotes mean + SEM.

Cd2ap~~ mice showed increased apical dendritic spine density,
whereas spine density was decreased on basal dendrites. Inter-
estingly, heterozygous Cd2ap*~ mice also displayed a decrease
in spine density on basal dendrites (Fig. 3D). Overall, our results
further reinforce a conserved neuronal role for Cd2ap in synapse
maturation and proteostasis in the mammalian central nervous
system.

Cd2ap shows haploinsufficient requirements for
short-term synaptic plasticity

We next performed ex vivo electrophysiology to examine the
functional consequences of Cd2ap loss on synaptic connectivity
and plasticity. For this, we first recorded pyramidal neurons from
the hippocampal CA1 region (Fig. 4A), given its vulnerability in
early AD [1, 39] as well as the strong Cd2ap expression detected
in this region (Fig. 1 and Fig. S2). We initially confirmed that basal
neuronal membrane properties were unaffected following Cd2ap
loss-of-function, based on recordings from acute brain slices from
5 to 8-week old mice that were either homozygous or heterozy-
gous for the Cd2ap germline knockout allele (Fig. S7). We also
documented no significant changes in spontaneous miniature
excitatory post-synaptic current (mEPSC) frequencies (Fig. 4B). To
further interrogate the hippocampal circuit, we next performed
extracellular recordings of evoked field excitatory post-synaptic
potentials (fEPSPs) in CA1l while stimulating Schaffer collater-
als to determine whether loss of Cd2ap impacts paired-pulse
facilitation, an established test of pre-synaptic plasticity [40]. In
this experiment, two pre-synaptic stimuli are delivered in close
succession, and facilitation is calculated as the ratio of the sec-
ond post-synaptic response to the first response. We discovered
a significant increase in hippocampal paired-pulse facilitation
in Cd2ap~~ mice (Fig. 4C and D), consistent with a decreased
probability of vesicle release and altered pre-synaptic plasticity
[40]. As introduced above, prior work established haploinsuffi-
cient requirements for Cd2ap in maintaining glomerular integrity
within the kidney [13]. Interestingly, we found that heterozygous
Cd2ap*/~ mice also manifest elevated paired-pulse facilitation
(Fig. 4C-E), consistent with a haploinsufficient requirement for
hippocampal plasticity.

Cd2ap is largely dispensable for learning and
memory in young and aged mice

Germline knockout of Cd2ap causes progressive kidney failure and
death by approximately 7 weeks [16], precluding a comprehensive

survey of potential nervous system function in aged animals.
We therefore generated a new mouse model harboring a floxed
allele (Cd2ap”), enabling nervous system-specific knockout of
Cd2ap when crossed with a Nestin-Cre driver (Nes-Cre) [41]. We con-
firmed that Cd2ap”f;Nes-Cre animals showed significantly reduced
expression of Cd2ap (Fig. S8) and survived past 7 weeks-of-age.
We next performed a battery of behavioral tests in 3.5- and 12-
month-old conditional knockouts, circumventing any potential
confounding effects due to its essential role in the kidney. Our
comprehensive behavioral analyses included tests of locomotor
activity (open field assay), anxiety (elevated plus maze and open
field assay), pain response (hot plate test), and memory (novel
object recognition and Y-maze test). Unexpectedly, Cd2ap”f;Nes-
Cre conditional knockout mice showed little to no significant dif-
ferences in behavior compared to Cd2ap”f control mice, in either
young or aged animals (Figs 5 and S9). Among otherwise nega-
tive behavioral findings, the only outlier differences we observed
included transient changes in locomotor activity in Cd2ap condi-
tional knockout mice during the first and last 10 min of the open
field assay, but these differences were not consistent between
young and aged animals (Fig. 5). In addition, 3.5-month-old Cd2ap
animals showed significant differences during training in fear
conditioning assays, but performed similar to wildtype controls
during the actual test (Fig. S9A).

Given our findings from hippocampal neurophysiology above,
we also considered the possibility of haploinsufficient require-
ments for Cd2ap in memory and other behaviors. Mice heterozy-
gous for a germline null allele (Cd2ap*/~) have previously been
evaluated by the International Mouse Phenotyping Consortium
[42, 43]. Specifically, Cd2ap™~ mice showed no significant differ-
ences in performance when compared to wildtype mice when
examined at 8-9 weeks of age, including the open field assay,
light-dark test, pre-pulse inhibition, or grip strength. We there-
fore deployed a more sensitive, automated touch screen behav-
ioral assay [43-45] with prior validity in published studies of
AD and other neuropsychiatric disease models [43, 46, 47]. In
this cognitive test, mice learn to select the correct shape from
a pair of visual stimuli (Fig. 6A) [43-45]. These time-intensive
assays, requiring more than 12 months for testing of the full
cohort, were initiated with Cd2ap*/~ mice prior to the availability
of Cd2ap”f conditional knockout models. Wildtype and Cd2ap*/~
heterozygous mice, each aged to 2.5 months, were required to
successfully complete both positive and negative reinforcement
training prior to the pairwise visual discrimination test (Fig. 6B).
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Figure 3. Loss of Cd2ap disrupts neuronal and synaptic morphology. (A) CRISPR-mediated knockout (KO) of Cd2ap in mouse primary Cas9 neurons results
in increased dendritic spine density and fewer dendritic branch points at DIV21. Control Cas9 neurons were transfected with control AAV expressing
guide sequences targeting LacZ. Statistical analysis of dendritic spines and branchpoints was based on t-tests, with sample size (N) =20 and 19 cells for
Cd2ap controls, respectively. Cd2ap KO primary neurons also show a decrease in the number of dendritic intersections based on Sholl analysis, based
on statistical analysis using linear mixed-effects models with N=18 or 15 cells for Cd2ap and controls, respectively. ns, non-significant; ***P <0.001;
*##%P < 0.0001. All error bars denote mean =+ SEM. (B) Cd2ap KO neurons show increased density of mushroom spines and filopodia, but unchanged
stubby or long thin spines, based on t-tests. Density calculated as number of spines per 10 um of dendrite. N=12 and 13 cells for Cd2ap or control,
respectively. ns, non-significant; *P < 0.05; **P < 0.01. All error bars denote mean =+ SEM. (C) Representative CA1 hippocampal pyramidal neuron traces
showing the analyzed apical and basal dendritic trees of 5-6-weeks-old wildtype control (WT) and Cd2ap~/~ mice. (D) Cd2ap~~ mice have increased
spine density on both main and oblique apical dendrites. Arrowheads indicate representative spines. By contrast, basal dendrites show decreased spine
density in both Cd2ap~~ and Cd2ap™/~ mice. Statistical analysis was based on t-tests. For apical dendrites, samples sizes (number cells quantified) were
WT =15 (4F and 11M); Cd2ap*/~ = 18 (10F and 8M); and Cd2ap~~ =11 (11M). For basal dendrites samples sizes were WT =15 (4F and 11M); Cd2ap*/~ =16
(8F and 8M); and Cd2ap~/~ =16 (16M). Cells were counted from at least 2 independent animals per genotype. ns, non-significant; *P < 0.05; **P < 0.01.
All error bars denote mean + SEM. See also Fig. S6 for results of Sholl analyses. (E) Dendritic branching of basal but not apical dendrites is decreased in
Cd2ap~/~ mice. No change was observed in Cd2ap*/~ heterozygotes for either apical or basal dendrites. Statistical analysis was based on t-tests, with
N =9 cells for each group. Sex distribution of the cells’ animals of origin was as follows: WT had 2F and 7M cells; Cd2c1p+/* had 3F and 6M cells; and
Cd2ap~~ had all M cells. ns, non-significant; *P < 0.05. All error bars denote mean + SEM. The color of individual data points in panel (D) and (E) bar
graphs indicates the sex of the animal of origin for each cell, with teal indicating male mice and lavender indicating female mice. Samples sizes (number
of mice) used for analyses in (D) and (E) were WT =4 (1F and 3M); Cd2ap™~ =4 (2F and 2M); and Cd2ap~/~ =2 (2M). Given the unequal distribution of
males and females in the control versus Cd2ap~'~ groups in (D) and (E) we cannot exclude sex effects as a potential source of variability. See also Fig. 513
panels A-B for the animal of origin distribution for all cells analyzed in D and E and a display of potential effects of animal-dependent variability.
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Figure 4. Cd2ap is required for short-term hippocampal plasticity. (A) Graphical representation of the setup for recording from Schaffer collaterals
of the hippocampal CA1 region. (B) mEPSC frequency and amplitude are not significantly changed in Cd2ap homozygous or heterozygous animals
(P> 0.05; ns, non-significant), when compared with wildtype controls (WT). All electrophysiological recordings were performed in acute coronal brain
slices from 5 to 8-week old animals (mean 6.7 weeks). Statistical analysis was performed using one-way ANOVA with Dunnett’s post-hoc test. For
analysis of mEPSC frequency, sample sizes (N cells recorded) were as follows: WT =10 (7 female and 3 male); Cd2ap*/~ =7 (4F and 3M); and Cd2ap~/~ =8
(8M). For analysis of mEPSC amplitude, sample sizes were as follows: WT =12 (8F and 4M); Cd2ap™/~ =11 (8F and 3M); and Cd2ap~/~ =8 (8M). Samples
sizes (number of mice) were WT =7 (4F and 3M); Cd2ap™/~ =5 (3F and 2M); and Cd2ap~/~ =4 (4M). All error bars denote mean + SEM. See also Fig. S7 for
additional neurophysiology examining basal membrane properties. (C) Representative traces from paired pulse facilitation (PPF) trials, recorded from the
hippocampal CA1 Schaffer collaterals in WT, Cd2ap*/~, and Cd2ap~~ animals. The top trace recorded from each genotype is the excitatory post-synaptic
potential (EPSP) response to the first PPF pulse, and the bottom, larger trace is the EPSP response to the second pulse. To obtain PPF, the slope (mV/ms)
of the rising phase at the initial segment of each response is measured and PPF is calculated as the ratio of EPSP slopes (second pulse/first pulse). (D)
PPF is increased in both Cd2ap homozygous and heterozygous animals, when compared with WT controls for the 50 ms inter-stimulus interval (ISI)
trial. Statistical analysis was performed using two-way ANOVA with Holm-Sidak’s post-hoc test, with sample sizes (slices recorded): WT =17 (3F and
14M); Cd2ap™/~ =17 (2F and 15M); and Cd2ap~/~ =9 (6F and 3M). Samples sizes (number of mice) were WT =10 (1F and 9M); Cd2ap*/~ =9 (1F and 8M);
and Cd2ap~/~ =5 (2F and 3M). *P < 0.05. All error bars denote mean + SEM. (E) Bar graph shows increase in PPF in Cd2ap homozygous and heterozygous
animals at 50 ms ISI. Teal data points are from recording on slices from male mice and lavender data points are from recording on slices from female
mice. *P <0.05. All error bars denote mean + SEM. The color of individual data points in panel (B) and (E) bar graphs indicates the sex of the animal of
origin for each cell, with teal indicating male mice and lavender indicating female mice. Given the unequal distribution of males and females in the
control versus Cd2ap~/~ groups in (B) and (E) we cannot exclude sex effects as a potential source of variability. See also Fig. S13 panels C-D for the animal
of origin distribution for all cells/slices analyzed in (B) and (E) and a display of potential effects of animal-dependent variability.
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Figure 5. Cd2ap is largely dispensable for cognitive and motor behaviors. Representative results are shown from behavioral assessments of Cd2ap
conditional knockout animals (cKO; Cd2ap”/;Nes-Cre) and controls (CD2APY). Mice were examined at either 3.5 (A) or 12 months of age (B). Overall, no
significant differences were detected (all P > 0.05), except for increased locomotor activity among 3.5-month-old Cd2ap conditional knockout mice during
the first 10 min of the open field assay and decreased activity for 12-month-old Cd2ap cKO during the last 10 min of the open field assay. Statistical
analysis was based on t-tests. For assessments of young mice, samples sizes of N=23 cKO (13F and 10M) and 13 control (6F and 7M) mice were used for
the elevated plus maze and hot plate tests; N=24 cKO (14F and 10M) and 12 control (5F and 7M) mice for open field; and N=19 cKO (with 10F and 9M)
and 11 (with S5F and 6M) control mice were examined for novel object preference. For studies of aged mice, sample sizes were of N=15 cKO (9F and 6M)
and 22 control (10F and 12M) mice were used for the elevated plus maze tests; N=15 cKO (with 9F and 6M) and 23 control (11F and 12M) mice for open
field; N=12 cKO (7F and 5M) and 16 control (7F and 9M) mice for novel object preference; and N=16 cKO (9F and 7M) and 25 controls (10F and 15M)
for hotplate testing. The color of individual data points indicates the sex of each animal, with teal indicating male mice and lavender indicating female
mice. ns, non-significant; *P < 0.05; **P < 0.01. All error bars indicate mean + SEM. See also Fig. S9 for results of additional assays.

20z 1snbny gz uo 1senb Aq $68€€/ /51 L8BpP/BWU/EE0 L 0L /I0p/ajoNie-80uBAPE/BWY/Wo0 dno-olwepeoe//:sdiy wolj pspeojumoq


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddae115#supplementary-data

8 | Paveskovic et al.

B

A Two-Choice Paired Associate Learning Task

MODULE CRITERION TO CONTINUE

Complete 30 trials

Touch correct stimulus 30x in 60 min

Correct Incorrect

Achieve 23/30 (77%) correct trials in
30 min for 2 days in a row

Complete 30 trials in <60 min and
achieve at least 24/30 (80%) correct trials

— Cd2ap+/-
— Control

# of Mice

T T T 1
0 5 10 15 20

Days

Figure 6. Haploinsufficient requirement of Cd2ap for pairwise visual discrimination. (A) Schematic of the behavioral chamber set-up, including an
illustration of the stimuli displayed on the touchscreen. (B) Experimental design and criteria for progressing through each training module, including

” o«

“must touch,” “must initiate,” and “punish incorrect”, prior to pairwise discrimination testing. (C) Cd2ap*/~ heterozygous mice (N=18, 9F and 9M)
showed impaired discrimination learning compared with wildtype controls (N=21, 10F and 11M) when tested at 2.5 months of age, with fewer animals
successfully reaching the pre-specified criteria for success by day 20, based on statistical analysis using the t-test. *P < 0.05. Among those animals that
successfully pass the test, there was no significant difference in the time required achieve success (see Fig. S10C). See also Fig. S10D for a breakdown of

the N of mice that satisfied criteria for each module of the assay.

Notably, Cd2ap*/~ animals showed significantly delayed learning
during the initial training phase, in which they were required to
touch the screen to receive a reward (Fig. S10A). Subsequently,
during the final testing phase, Cd2ap*/~ mice showed impaired
discrimination learning compared with wildtype controls, with
fewer animals successfully reaching the pre-specified criteria for
success (Fig. 6C). Since the Cd2ap*/~ mice tested in this experi-
ment, heterozygous for the germline loss-of-function allele, are
expected to have haploinsufficiency across all tissues and cell
types, it is possible that observed behavioral impairment arises
from a requirement in either neurons, other brain cells (e.g.
microglial or endothelial cells), or possibly even other tissues.
Nevertheless, these results were overall consistent with a subtle,
haploinsufficient requirement for Cd2ap in pairwise discrimina-
tion, but Cd2ap appeared otherwise dispensable for general ner-
vous system function, based on our broad survey of cognitive and
motor behavioral phenotypes.

Cd2ap triggers dose-sensitive protein signatures

of altered proteostasis and synaptic dysfunction

To further explore the molecular consequences of Cd2ap loss, we
performed mass-spectrometry proteomics on hippocampi from
approximately 5-week-old mice, examining Cd2ap~~ homozy-
gotes versus wildtype controls. Our quality-controlled dataset
included 8478 proteins for analyses. We detected 832 significantly
differentially expressed proteins in hippocampal tissue lacking

Cd2ap when compared with wildtype brain tissue, including 602
up-regulated and 230 down-regulated proteins (Fig. 7A and B and
Table S1). As expected from our phenotypic characterization, loss
of Cd2ap induced differential expression of proteins with roles in
proteostasis and synaptic transmission, based on gene ontology
term enrichment analysis (Fig. 7C, Fig. S11, Tables S2 and S3).
Specifically, our analysis identified perturbations among protea-
some subunits (PSMD4 and UCHLS), components of the ubiqui-
tin machinery (multiple ring finger domain-containing proteins),
as well as chaperones, including DNAJA1. We also discovered
numerous regulators of synaptic structure and function, includ-
ing GABRA1, DLGAP4, and BDNF. Interestingly, Cd2ap KO was also
unexpectedly associated with perturbations in lipid metabolism,
including up-regulation of several apolipoproteins (e.g. APOA1,
APOC1, and APOC3).

Given our findings of potential haploinsufficient requirements
for Cd2ap in synaptic structure/function and visual pairwise
discrimination, hippocampi from Cd2ap heterozygotes were
additionally included for generation of proteomic profiles (e.g.
together with controls and Cd2ap homozygotes in the same batch).
We discovered 508 significantly differentially expressed proteins
in hippocampal tissue from Cd2ap*/~ hippocampi, consisting of
323 up- and 185 down-regulated proteins (Fig. 7A, Fig. S11A and B,
and Table S1). Importantly, our analyses revealed enrichment
for many overlapping biological pathways (Figs 7C and S11B-D;
Tables S2 and S3). Indeed, 26% (133 out of 508) of differentially
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Figure 7. Cd2ap loss triggers protein signatures of altered proteostasis,
lipid dysmetabolism, and synaptic dysfunction. (A) At 5-weeks of age,
Cd2ap homozygous and heterozygous animals have significantly over-
lapping hippocampal differential expression signatures, when compared
with wildtype controls. Differentially expressed proteins were P <0.05,
and overlap for directionally concordant changes was based on Fisher’s
exact test (P=1.58 x 107%). 130 out of 133 overlapping, differentially
expressed proteins were concordant. One dissected hippocampus from
5 animals per genotype were profiled (N =5 each for wildtype, Cd2ap~/~,
and Cd2ap™~; with 2 female and 3 male wildtype, 3F and 2M Cd2ap~"~;
and 3F and 2M Cd2ap*/~). See also Fig. $11 and Table S1 for full results.
(B) Volcano plot highlighting results from differential expression analysis
of Cd2ap~~ homozygous animals vs. wildtype controls. Significantly
differentially expressed protein (P < 0.05, dotted horizontal line) are indi-
cated with dark gray). Proteins highlighted in black were consistently
differentially expressed in Cd2ap*/~ heterozygotes. The residual Cd2ap
protein signal in the Cd2ap~~ germline null animal is likely attributable
to background chemical noise, possibly stemming from tandem mass tag
isotope impurity. See also Fig. S11 and Table S1. (C) Gene ontology term
enrichment analysis highlights significant pathways affected in Cd2ap~/~
animals (Fisher’s exact test false discovery rate P < 0.05). Representative
terms were selected from among the top results. Darker bars denote
pathways that are consistent affected in Cd2ap*/~ heterozygous animals.
See also Fig. S11 and Table S2 for full results.
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expressed proteins from Cd2ap™~ heterozygotes were also
seen in Cd2ap~~ homozygotes, comprising a highly significant
overlap (P=1.6 x 107%) (Fig. 7A). Further, 130 out of 133 (97.7%)
of these overlapping differentially expressed genes were in fact
concordant. In fact, out of 1207 unique differentially expressed
proteins from either comparison, there was an 82.3% concordance
in direction of expression (Fig. S12). Thus, partial loss of Cd2ap
causes a proteomic signature similar to complete loss-of-
function, consistent with a dose-sensitive, haploinsufficient
requirement.

Discussion

CD2APis an AD susceptibility gene candidate, butits potential role
in the adult nervous system has remained undefined, impeding
a comprehensive understanding of its contribution in disease.
Here, we show that CD2AP protein is broadly expressed in the
mammalian brain, including in hippocampus, and is present at
the synapse. Following conditional nervous system knockout and
a comprehensive behavioral analysis, Cd2ap was largely dispens-
able for cognitive and motor behaviors. Nevertheless, findings
from both in vitro and in vivo studies, along with proteomics,
converge to implicate Cd2ap with a regulatory role in synaptic
proteostasis and plasticity, and we speculate that its activity
could become critical during stress conditions. Lastly, our results
highlight dose-sensitive, haploinsufficient requirements in the
nervous system, suggesting how modest perturbations in CD2AP
expression might impact AD risk and pathogenesis.

Tissue and cell type-specific expression patterns can help pin-
point the causal genes responsible for susceptibility signals from
GWAS, and further provide important clues to potential mech-
anisms in disease. In particular, eQTL analysis can link specific
risk variants to altered expression. Consistent with prior work [17,
19, 27, 48], we document Cd2ap expression throughout the mouse
brain, and within multiple cell types. Importantly, we also show
that AD-associated risk variants at the CD2AP locus selectively
increase gene expression in microglia and neurons. While sub-
stantial recent work has focused on how AD susceptibility genes
function in microglia to alter immune-mediated mechanisms,
less is known about potential roles within neurons and at the
synapse. Nevertheless, synaptic loss is strongly associated with
the earliest clinical manifestations of AD [49-51]. Several key
findings from this work support a requirement for CD2AP at the
mammalian synapse. First, using a new antibody, we highlight
robust and specific CD2AP expression within mouse hippocampal
and cortical neurons, and further demonstrate protein local-
ization at the pre-synapse. Second, based on the paired pulse
facilitation assay, germline knockout of Cd2ap disrupts synaptic
plasticity, which is largely dependent on pre-synaptic mecha-
nisms [40]. Third, deletion of Cd2ap from primary cultured neu-
rons caused reduced dendritic branching and increased synaptic
spines, and we observed related changes in the hippocampus of
Cd2ap~~ mice. Finally, proteomic profiles from Cd2ap knockout
mice revealed signatures of altered synaptic processes.

While the precise mechanism(s) for CD2AP at the synapse
remain to be determined, our results along with prior published
findings provide several important clues. In our recordings from
hippocampus, spontaneous synaptic vesicle release (mEPSCs) was
normal in the absence of Cd2ap, whereas paired pulse facili-
tation was abnormally increased. This suggests that Cd2ap is
dispensable for processes governed by resting Ca’*, but may be
important for activity dependent synaptic processes that rely on
Ca?* kinetics. Specifically, increased facilitation following loss of
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Cd2ap is consistent with an overall reduced probability of synap-
tic vesicle release, leading to a larger pool of vesicles triggered
during the subsequent pulse [40]. We previously showed that
loss of the Drosophila CD2AP homolog, cindr, caused reduced pre-
synaptic Ca?*, and similarly enhanced facilitation during rapid
stimulation at the neuromuscular junction [9]. It is possible that
CD2AP either directly participates in synaptic vesicle priming
and release, consistent with its established role in endocyto-
sis and vesicle trafficking [20, 26, 52], or alternatively, it could
more indirectly regulate neuronal Ca?* homeostasis. In both the
Drosophila and mouse brain, loss of Cd2ap/cindr triggers elevated
levels of the major Ca?* efflux transporter, PMCA, possibly due
to altered ubiquitin-proteasome activity [9]. Indeed, the protea-
some is important for maintenance of many synaptic functions,
and dysregulated turnover of PMCA, Synapsin, and other key
proteins may explain the altered short-term plasticity following
loss of Cd2ap [53, 54]. In the future, it may be interesting to
examine whether long-term potentiation and/or depression also
require Cd2ap, as the proteasome has also been implicated in
these synaptic plasticity phenomena [55]. Besides its contribution
to neuronal physiology, Cd2ap also appears to have an evolution-
ary conserved role in synapse formation or maturation. At the
Drosophila neuromuscular junction, cindr mutants show aberrant,
incompletely differentiated synaptic boutons [9]. We also discov-
ered an increase in synaptic spines within primary mouse neu-
ronal cultures, including the observation of immature filopodia
morphology; and in vivo, we documented an analogous increase
in spine density at apical dendrites of hippocampal pyramidal
neurons. It is possible that opposing and proportional shifts in
synaptic spine numbers along apical or basal dendrites, perhaps
with concomitant changes in dendritic branching, may explain
why mEPSC frequency is unaffected following Cd2ap loss. Altered
synapse numbers may also represent a compensatory response
to impaired synaptic vesicle release or other related circuit dys-
function. Alternatively, CD2AP may have separable roles in both
synapse development and function. For example, CD2AP has been
shown to regulate actin cytoskeleton dynamics [20, 56], which
in turn, is an important contributor to synaptic spine morphol-
ogy, axonal outgrowth, and dendritic arborization [57]. Follow-
ing Cd2ap knockout, we found that primary cortical neuron cul-
tures showed decreased dendritic branching. Potentially consis-
tent with our findings, a previous study demonstrated that Cd2ap
overexpression reciprocally leads to increased neurite branch
complexity in rat neuronal cultures [17].

Given its brain expression and requirement for synaptic
structure and function, it is perhaps unexpected that Cd2ap
was largely dispensable for locomotor and cognitive behaviors,
based on our comprehensive survey Since Cd2ap germline
knockout causes progressive kidney failure and animals die by
7 weeks, we developed and characterized a conditional knockout
allele, in which Cd2ap was removed specifically from the adult
nervous system. Our findings of normal behavior in 12-month-
old animals were consistent with results from prior studies of
mice homozygous for the germline Cd2ap knockout allele, but
including a nephrin promoter-driven transgenic construct that
restores Cd2ap expression in the kidney [19]. Thus, despite the
important role of synaptic plasticity for memory encoding in the
hippocampus, our results do not support a major requirement
for Cd2ap in this process. However, there are a few notable
caveats. First, as alluded to above, we cannot exclude the
possibility of adaptive synaptic or circuit mechanisms that
may compensate for potential Cd2ap behavioral requirements.
Second, it is also plausible that the brain-expressed CD2AP

paralog, CIN85 (69% similarity/37% identity), may functionally
substitute [58-62]. Lastly, we note that our studies of synapse
neurophysiology and morphology were performed using the
germline knockout (Cd2ap~~); whereas our behavioral survey
used the conditional knockout (Cd2ap”/;Nes-Cre), somewhat
limiting inter-comparability. Although our experiments were
conducted prior to fulminant decompensation of renal function
in Cd2ap~~ mice, we cannot definitively exclude that early
metabolic changes may have also contributed. However, we note
that similar synaptic morphological changes were observed in
primary neuronal cultures, following CRISPR-mediated deletion.
It is also possible that the complete germline knockout removes
Cd2ap function among additional brain cell types, such as
microglia and endothelial cells, that are poorly targeted by Nestin-
Cre [63], which expresses primarily in neuronal and astrocytic
precursors. For example, based on prior published work, Cd2ap
may be required in endothelial cells to maintain the blood-brain
barrier [19].

Our findings add to prior work suggesting conserved dose-
sensitive, haploinsufficient requirements for Cd2ap. Inherited
loss-of-function mutations in CD2AP cause autosomal dominant
kidney disease, and age-dependent, progressive renal dysfunction
has been recapitulated in heterozygous Cd2ap*/~ mice [13-16].
Here, we show that Cd2ap™~ mice manifest enhanced paired
pulse facilitation similar to homozygous littermates, and we
further found evidence for decreased synaptic spine density in
heterozygotes. We also discovered a possible haploinsufficient
requirement for visual discrimination learning, which is depen-
dent on the hippocampus [64]. Perhaps most striking, Cd2ap
heterozygous mice revealed hippocampal differential protein
expression signatures that significantly overlapped with that seen
in complete knockout animals, including similar enrichment for
synaptic proteins and ubiquitin-proteasome system components.
We note, however, that our proteomic results do not support an
additive, dose-response for Cd2ap loss on differential expression
fold-change for most proteins (Fig. S11A). Nevertheless, dose-
sensitive requirements may be an important hallmark for genes
like CD2AP that are implicated in AD risk, since most GWAS
susceptibility signals represent the impact of common regulatory
variants causing modest changes in gene expression.

Notably, our evaluation of Cd2ap function in the mouse brain
reveals links to several processes strongly connected to AD patho-
genesis [65-68]. For example, the ubiquitin-proteasome system,
synaptic morphology/plasticity, and discrimination learning are
all compromised in AD mouse models [69-74], and our findings
implicate Cd2ap in each of these contexts. Recent work sup-
ports early impairments in brain proteostasis in AD pathogenesis
[75, 76] and pharmacologic activation of the proteasome was
protective in both AD cell culture and animal models [75, 77].
The ubiquitin-proteasome system is also required for normal
synaptic structure and function, including in the hippocampus,
with CD2AP potentially playing a dual role in the context of
both healthy aging and disease [9, 76]. Based on proteomics, we
also unexpectedly discovered that Cd2ap loss-of-function trig-
gered increased expression of multiple apolipoproteins, including
ApoCland ApoC3, both of which are known to interact with
Apolipoprotein E (ApoE) [78, 79]. In humans, the APOE epsilon-4
allele is among the most common and potent genetic risk factors
for AD [80]. Several other genes with roles in lipid metabolism
have also been implicated by AD GWAS, including SORL1, CLU,
and ABCA7 [12, 81, 82].

Based on single cell eQTL analysis, the AD risk variant at
the CD2AP locus causes a modest but significant increase in
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CD2AP mRNA levels, including within neurons and microglia.
Since our studies focus exclusively on the characterization of
CD2AP loss-of-function, it would be interesting in future work to
additionally consider the consequences of modest CD2AP over-
expression. Complementary genetic manipulations of CD2AP in
microglia would also be valuable given the growing evidence sup-
porting an important role for other microglial genes (e.g. TREM2,
SPI1, CD33) and immune-mediated mechanisms in AD risk [83-
88]. While CD2AP was initially discovered for its participation
in immune signaling [11], to our knowledge, there have not yet
been any studies in microglia. Lastly, it will also be important
to determine whether Cd2ap gain- or loss-of-function impacts
other established AD mechanisms, including amyloid-beta- or
tau-mediated neurodegeneration. In Drosophila, CD2AP loss-of-
function enhanced tau-mediated neurodegeneration, possibly via
convergent impact on the ubiquitin-proteasome system [9, 25].
In cell culture, CD2AP knockdown altered endocytic trafficking of
the Amyloid-g precursor protein (APP), enhancing amyloidogenic
processing [26]. Neither of these results support a simple model
in which reduced expression of CD2AP may lower AD risk, as
suggested by our eQTL analysis. Conversely, in the APP/PSEN1
transgenic model, heterozygosity for the Cd2ap null allele had the
opposite effect, leading to a decreased AB4y/AB4o ratio [27], con-
sistent with protection. Interestingly, APP/PS1 mice also manifest
decreased paired-pulse facilitation [66]; therefore, our finding of
increased facilitation in Cd2ap*~ mice may also be interpreted
as potentially protective. However, other Cd2ap loss-of-function
phenotypes are more difficult to reconcile, particularly the hap-
loinsufficient requirement for visual discrimination learning.

Given its broad expression pattern and potential impact in
many cell types in the brain and other tissues, it is unlikely that
the action of CD2AP in AD pathogenesis can be precisely mapped
to a single time and place. Instead, it is possible that CD2AP—and
perhaps other AD risk genes—have distributed impacts in mul-
tiple cell types, different stages of disease, and with conflicting
implications for risk versus protection. In sum, systematic func-
tional dissection will be essential to define the requirements of
each gene implicated in AD risk, both to inform an understanding
of disease mechanisms as well as the full impact of potential
therapies. Our work thus reveals the requirements for CD2AP in
the mammalian brain and highlights important links to synaptic
and proteostatic mechanisms with relevance to AD.

Materials and methods
Mouse strains

Mice were treated in compliance with US Department of Health
and Human service and the Institutional Animal Care and Use
Committee (IACUC). All procedures to maintain and use these
mice were approved by IACUC for Baylor College of Medicine
under protocol number ANS5596. All mice were maintained
on a 12-hour light-dark cycle and were provided with water
and standard rodent diet ad libitum. We used both male and
female mice in our studies. The following mouse lines were
used in this study: wildtype C57BL/6 (JAX:000664), germline
Cd2ap knockout (JAX:008907) [16] and germline Cd2ap knockout
(MGIL:6257815), nestin-Cre (JAX:003771), Cas9 (JAX:028239), and
conditional Cd2ap knockout strain generated as part of this work
(below). All mice were maintained on a C57BL/6 background.
The Cd2ap knockout (MGI:6257815) allele, which was obtained
from the Knockout Mouse Phenotyping Project (KOMP2), was
used only in the behavioral touchscreen testing. Otherwise,
the JAX:008907 Cd2ap germline knockout allele was used in all
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other experiments involving germline Cd2ap knockout mice.
The germline Cd2ap knockout alleles are based on targeted
deletions of either exon 2 (JAX:008907) or exon 5 (MGI:6257815).
Cd2ap conditional knockout mice were generated using cell-type-
specific Cre-mediated deletion of the Cd2ap gene, as a service of
the Augusta University Genome Editing Core. The target construct
was designed by introducing loxP sites flanking Cd2ap exon 2,
which encodes the first SRC homology 3 (SH3) domain and is
the same exon that was targeted in the development of the
germline Cd2ap knockout [16]. Cd2ap conditional knockout mice
were generated by crossing Cd2ap/*/1°* mice with nestin-cre mice
to obtain Cd2ap//flox;Nestin-Cre (Cd2ap”/;Nes-Cre) experimental
mice. The Augusta Genome editing core also generated a Cd2ap-
HaloTag knock-in mouse strain (C-terminal HaloTag). However, we
were unable to confirm specific expression of this reporter, and
the strain was therefore not used further, but is available upon
request.

Mouse breeding schemes

We used the following breeding scheme to generate mice used
in behavioral experiments on conditional Cd2ap knockout mice:
Cd2apflo¥/fox: Nestin-Cre male x Cd2ap/*/f* female, which produced
co-housed Cd2ap”’ and Cd2ap”/;Nes-Cre littermates. We used the
following breeding scheme to generate germline Cd2ap knockout
mice (JAX:008907) for all other in vivo experiments: Cd2ap*/~ male
x Cd2ap*/~ female, which produced co-housed litters of Cd2ap*/+
(‘"WT"), Cd2ap*/~, and Cd2ap~/~ mice. To generate germline Cd2ap
knockout mice (MGI:6257815) used in the touchscreen assay, lit-
ters from a separate pool of WT and Cd2ap*/~ breeders were used.
This is standard practice for the Knockout Mouse Phenotyping
Project (KOMP2) and International Mouse Phenotyping Consor-
tium (IMPC), through which touchscreen testing was completed.
We thus cannot exclude litter effects as a potential source of
variability that could account for any of the positive or negative
results of the touchscreen assay. However, all mice (WT and
experimental) were tested at the same time.

Histology and immunohistochemistry

Mice were deeply anesthetized using isoflurane and transcar-
dially perfused with 10 ml of 1x phosphate-buffered saline (PBS;
pH 7.35) followed by 10 ml of 4% paraformaldehyde (PFA; Electron
Microscopy Sciences catalog # 15710) diluted in PBS. Brains were
immersion fixed at 4°C for 12 to 48 h in 4% PFA and then trans-
ferred to 30% sucrose for cryoprotection overnight. Brains were
then embedded in Tissue-Tek O.C.T. compound (Sakura Finetek
United States catalog # 4583) and sectioned into <40-um sections
on a cryostat (Leica CM1860). Free-floating tissue sections were
placed into PBS immediately for immunohistochemistry (IHC).

For staining of synaptic proteins (PSD95 and Synapsin), brains
were ‘flash-frozen’ in liquid nitrogen immediately after cardiac
perfusion of mice with 10 ml of chilled PBS. Brains were then
embedded in O.C.T, sliced into <30-um sections, and directly
mounted onto glass slides (VWR catalog # 16005-108). Slides were
immersion fixed in 4% PFA for 5 min before staining. All brain
sections were blocked for 1 h at room temperature (RT) in 4% goat
serum blocking solution made in 0.2% PBS-T (0.2% Triton-X 100
in PBS, pH 7.35) and then incubated in primary antibody diluted
in blocking solution over-night at 4°C. Following three washes in
0.1% PBS-T (0.1% Triton-X 100 in PBS, pH 7.35) (15 min/wash at RT)
slices were incubated in secondary antibody diluted in blocking
solution for 2 h at RT. Slices were washed (three 15 min washes
in 0.1% PBS-T at RT) and mounted using DAPI Fluoromount-G
(SouthernBiotech catalog # 0100-20).
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For immunohistochemistry of cultured neurons, culture media
was aspirated from the wells and replaced with equal volume of
warm 4% PFA/0.2M sucrose/1X PBS and incubated for 10 min atRT.
Fixative was aspirated from wells and replaced with equal volume
of 0.1% PBS-T and incubated for 10 min at RT. PBS-T solution was
then replaced with a PBS wash, and the fixed cells were blocked for
1hatRTin 2% goat serum blocking solution made in 0.01% PBS-T,
and then incubated in primary antibody diluted in PBS+ 1% goat
serum over-night at 4°C. Following three washes in PBS + 1% goat
serum (15 min/wash at RT), the cells were incubated in secondary
antibody diluted in PBS + 1% goat serum for 2 h at RT, washed, and
mounted using DAPI Fluoromount-G.

For Golgi-Cox staining, 37- to 41-day-old animals were eutha-
nized with deep anesthesia in isoflurane chamber and perfused
transcardially with 0.9% Sodium Chloride. The brains were dis-
sected out and processed for a modified Golgi-Cox staining as
described by the manufacturer of the FD Rapid GolgiStain™ Kit
(FD NeuroTechnologies PK401), at the coronal section thickness
of 200 pum.

Immunoblotting

Mice were euthanized with isoflurane followed by cervical dislo-
cation. Hippocampal, cortex, or whole brain samples were dis-
sected quickly on ice. Tissue was flash-frozen in liquid nitro-
gen and stored at —80°C. For immunoblotting, tissue was first
lysed in RIPA Lysis and Extraction Buffer (Thermo Fisher catalog
# 89900) prepared with protease inhibitor (GenDepot catalog #
P3100-005). Each sample was placed in a test tube with 300 ul
(for hippocampus) or 500 ul (for cortex, whole brain, and kidney)
lysis buffer and homogenized using a pestle. For lysis of kidneys,
samples were incubated in lysis buffer on ice for 10 min before
homogenization. For lysis of cultured neurons, culture media was
first aspirated from wells (~600000 cells/well in a 6-well plate)
and replaced with lysis buffer. Cells were then scraped, and the
lysate transferred into a new tube. Both tissue and cultured cells
lysates were spun down at the maximum speed at 4°C for 20 min.
The supernatant was then transferred into a new test tube and
spun again using the same settings. The protein concentration
of the final lysate was calculated using the Pierce BCA Pro-
tein Assay Kit (Thermo Scientific catalog # 23225) and FLUOstar
Optima microplate reader (BMG Labtech). The concentration of
samples was normalized using Prism 9 and Excel, such that all
samples had equal protein amount. Loading samples were made
by mixing the same amount of protein from each lysate with
2X Laemmli sample buffer (Bio-Rad catalog # 1610737) with 5%
b-mercaptoethanol. Loading samples were heated at 95°C for
5 min, followed by centrifugation at 15000 rpm for 10 min. Sam-
ples were loaded at 15 ug into pre-cast 4 to 12% Bis-Tris protein
gels (Invitrogen). Running buffer was 1x MOPS SDS (Invitrogen).
Gels were transferred onto PVDF membrane (Millipore catalog
# IPVH00010) on ice in 1x tris-glycine-sodium dodecyl sulfate
transfer buffer with 20% methanol. Membranes were blocked
with 5% bovine serum albumin (BSA) (Sigma catalog # A3294-
100G) in tris-buffered saline with 0.1% Tween® 20 (TBST). TBST
was used for all washing steps. Primary antibody incubations
were performed overnight at 4 °C, and all secondary antibody
incubation were 2 hours-long at RT. Primary antibodies were
diluted in 5% BSA and secondary antibodies were diluted in TBST.
After three washes, blots were developed using ECL (PerkinElmer
catalog # NEL120001EA) for chemiluminescence and imaged using
ChemiDoc MP Imaging System (BIO RAD) equipped with Image
Lab Touch v2.4.0.03 software (BIO RAD). Western blot images were
quantified using FIJI (Image]) 2.1.0/1.53c software. Raw data from

FIJI were imported into Excel, then into GraphPad Prism 9 software
for graphing and statistical analysis.

Antibodies and dyes

The following antibodies were used for IHC and Western blot (WB)
experiments: rabbit anti-CD2AP (IHC 1:2000, WB 1:200) (affin-
ity purified, custom-made polyclonal antibody; validated using
homozygous Cd2ap KO mouse brain tissue as the negative con-
trol (Figs 1A and S1A), chicken anti-MAP2 (IHC 1:750 on brain
slices and 1:500 on fixed cultured cells, Abcam catalog # ab5392),
mouse anti-NeuN (IHC 1:500, Sigma-Aldrich catalog # MAB377),
mouse anti-PSD95 (IHC 1:500, WB 1:1000, NeuroMab-UC Davis
catalog # 75-028), guinea pig anti-Synapsin (IHC 1:250, Synaptic
Systems catalog # 106004), mouse anti-Synapsin (WB 1:100, Devel-
opmental Studies Hybridoma Bank-University of lowa 3C11 anti
SYNORF1 clone), mouse anti-Actin (WB 1:1000, Sigma-Aldrich
catalog # MAB1501), and mouse anti-Tubulin (WB 1:1000, Sigma-
Aldrich catalog # T6199). A new CD2AP antibody was generated by
Biosynth, Inc. Rabbits were immunized with a peptide consisting
of amino acids 597-610 of CD2AP (ALKKDHGKELEKLRC-NH?) in
Freund’s adjuvant. Notably, the antigen sequence used in making
the custom CD2AP antibody did not match the sequence of any
protein other than CD2AP [89]. To limit potential non-specific
binding of the custom-made antibody, the antibody was pre-
absorbed using mouse Cd2ap~~ brain tissue before use in IHC
and WB. For pre-absorption, 400 ul of the purified antibody was
incubated with 2 cryo-preserved Cd2ap~/~ brain tissue slices in 1
well of a 24-well plate for 4 h at 4 °C. The following secondary
antibodies were used for fluorescence IHC: goat anti-mouse, anti-
rabbit, anti-chicken, or anti-guinea pig antibodies conjugated to
AlexaFluor—488, —546, —555, and —647 fluorophores (all 1:1000,
Invitrogen). The following secondary antibodies were used for
WB: goat anti-mouse or anti-rabbit IgG (H+ L) antibodies conju-
gated to horseradish peroxidase (all 1:5000, Invitrogen). For actin
staining in cultured neurons, we used a fluorescent-conjugated
rhodamine phalloidin dye (Invitrogen catalog # R415) following
manufacturer’s protocol.

Microscopy and imaging

Images of fluorescent staining on brain slices and on primary cul-
tured neurons were obtained using Leica LAS X software and the
following microscopes: Leica confocal SP8 equipped with either a
10x/0.40 NA or 20x/0.75 NA dry objective, or a 63x/1.40 NA or
100x/1.40 NA oil objective; Leica MICA, equipped with a 10x/0.32
NA (dry), 20x/0.75 NA (dry), or 63x/1.20 NA (water) objective. All
immunofluorescence images were processed using Imaris version
9.7.2 (Bitplane Software) or FIJI 2.1.0/1.53c. (ImageJ). Neuronal and
dendritic morphology analyses on cultured neuron images were
completed in Imaris as previously described [90]. Briefly, we used
Filament tracer extension to trace dendritic arbors of cultured
neurons using the autopath function with thinnest diameter set
to 1.00 um. Dendritic spines were detected using the Filament
tool with spine length empirically determined to be < 3um. Spine
types were classified using the Filament tool and the follow-
ing criteria: mushroom (mean_width(head) < mean_width(neck),
spine length <2.5um), stubby (spine length <0.75um), long thin
(mean_width(head) =mean_width(neck)). Sholl analysis was com-
pleted using the Filament Sholl Analysis XTension.

For quantification of dendritic trees and spine density,
CA1 pyramidal neurons that fulfill all the following criteria
were selected for neuron reconstruction: 1. somas reside in
the middle 50 um of the 200 um section 2. impregnated in
their entirety 3. have continuous and complete dendritic trees
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throughout Stratum Oriens (SO) and Stratum Radiatum (SR),
and reaching into Stratum Lacunosum-Moleculare (SLM). Three-
dimension neuron reconstruction was performed using 100x oil-
immersion objective of a Zeiss widefield apotome microscope
with Neurolucida software (MBF Bioscience). Basal dendrites
were traced for their entirety, and apical dendrites were traced
up to ~350 um from the somas (i.e. the entirety in SR and the
beginning of SLM). For dendritic branching analysis, 9 neurons
were reconstructed for each experimental group (from 4 wildtype
controls, 4 Cd2ap*/~, and 2 Cd2ap~/~ animals). Structural and
spatial analysis (including dendritic length, branching points,
and Sholl analysis) for apical and basal dendritic trees were
performed with Neurolucida Explorer software (MBF Bioscience).
For dendritic spine imaging, 100x oil-immersion objective of
Nikon microscope was used. CAl pyramidal neurons were
selected based on the same criteria as above. In each neuron,
2 main apical dendritic segments (100~200 um from soma)
and 3 apical oblique dendritic segments (120~240 um from
soma) within the Stratum Radiatum, and 3 basal dendritic
segments within the Stratum Oriens were randomly selected
for imaging and quantification. These segments are evenly
impregnated in their entirety and at least 20 um in length. All
protrusions (whether thin or stubby, with or without mushroom-
like expansions) were counted as spines if they were in direct
continuity with the dendritic shaft. 3 ~6 neurons were analyzed
for each group, resulting in 11~18 neurons per group. Spine
densities were calculated as mean numbers of spines per 10
micrometer dendritic segment per neuron. Spines located on
main apical dendrites, on apical oblique dendrites, and on basal
dendrites were analyzed separately.

Proteasome activity assay

In vitro proteasome activity assay was carried out using the 20S
Proteasome Activity Assay kit (Sigma-Aldrich catalog # APT280)
and following the manufacturer protocol. Briefly, media was aspi-
rated from wells (~600000 cells/well) and replaced with lysis
buffer. Cells were scraped and lysed, and sample protein con-
centration was quantified and normalized using the Pierce BCA
Protein Assay Kit as described above for Immunoblotting. Sam-
ple lysates of equal protein amount were added to an assay
mixture of proteasome substrate (Suc-LLVY-AMC), assay buffer
and water (adding up to 100 ul) and then incubated for 2 h at
37 C in a 96-well plate. Fluorescence intensity was read using
a 380/460 nm filter set on FLUOstar Optima microplate reader
(BMG Labtech).

Cd2ap expression analysis

Cd2ap expression was evaluated using reverse transcription
polymerase chain reaction (PCR) as previously described [91-93].
Briefly, mice were euthanized with isoflurane followed by cervical
dislocation and their hippocampi and cortices rapidly dissected
on ice. Tissue was homogenized using a pellet pestle and RNA was
extracted using 15 ul Trizol (Thermo Fisher catalog # 15596026)
per 1 mg tissue. Chloroform was added at 1/5 volume of Trizol
for 5 min incubation at RT. Samples were spun at 12000 x g for
15 min at 4°C. Aqueous phase was pipetted into a new tube,
70% of aqueous phase by volume of isopropanol was added, and
the mixture was incubated at RT for 10 min. Samples were then
centrifuged at max speed for 5 min at 4°C, and the supernatant
was discarded. Pellets were washed with ~500 ul 70% cold ethanol
and centrifuged at 7500 x g for 10 min at 4°C. Ethanol was
removed and pellets were resuspended in nuclease-free water.
RNA was quantified using a NanoDrop (Wilmington, DE) and then
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DNAse-digested following manufacturer’s protocol (Invitrogen
catalog # 18068015). cDNA was synthesized using the GoScript
Reverse Transcription Kit (Promega catalog # A5000) following
manufacturer’s protocol. Negative controls contained no reverse
transcriptase. Quantitative PCR was performed using SYBR Green
master mix (Thermo Fisher catalog # K0221) in 96-well plates
(Applied biosystems catalog # N8010560). The following PCR
primers were used: Primer pair 1: {-TCCGAGTTGGGGAAATCATCA
and r-TGTCTCTCGCTTAATTTCCTTAACA. Primer pair 2: {-ACTA
CAGGAAGAAGGATGGCT and -TGTCTCTCGCTTAATTTCCTTAAC.
Applied Biosystems Design and Analysis v2.6.0 software (Thermo
Fisher) was used for data analysis.

Primary neuronal cultures

Primary neuron cultures were prepared from postnatal day O
(PO) mouse pups as previously described [94]. Briefly, pups were
euthanized by decapitation and their cortices were dissected
under a microscope in Hanks’ Balanced Salt Solution (Invitrogen
catalog # 14110-172). Dissected cortices were placed in Eppendorf
tubes containing complete Neurobasal (CNB) media on a 37°C
shaker at 1000 rpm before dissociation. The recipe for CNB was
Neurobasal media (NB) (Invitrogen catalog # 21103049) with 2% B-
27 supplement (Invitrogen catalog # 17504-044), 2 mM GlutaMax
(Invitrogen catalog # 35050-061), and 0.2x Pen/Strep antibiotics
(Invitrogen catalog # 15140-122). The neurons were dissociated
(45 min at 1000 rpm on 37°C shaker) before addition of inhibitor
(5 min at 1000 rpm on 37°C shaker) using Papain Dissociation Sys-
tem Kit (Worthington catalog # LK003153) solutions prepared per
manufacturer’s instructions. The neurons were then plated at a
density of 100 000-600 000/well (lower cell count was used inimag-
ing experiments, and higher cell count was used for immunoblot-
ting) on 24-well plates or 4-8 well glass slides (Millipore catalog #
PEZGS0816) coated with poly-D-lysine (0.1 mg/ml) (Sigma catalog
# P6407) and maintained in CNB.

For in vitro knockout of Cd2ap, we used Cas9 mice [95],
which express Cas9 at the Hippll locus, allowing constitutive
expression of Cas9 nuclease and CRISPR-mediated knockout
of Cd2ap. Cas9 neurons were transfected on DIV3 (0.3 ul virus
in 500 ul of media/well in a 24-well plate) using either of
two viruses: AAV-U6-sgRNA Cd2ap-Efla-tdTomato (knockout)
or AAV-U6-sgRNA-Control-EF1a-EGFP (control). Experimental/-
knockout AAV expressed two sgRNAs targeting Cd2ap, under
the U6 promoter, and tdTomato under the Efl-alpha promoter.
The sgRNA sequences were CTGGAGCAGTGTACCCAAAG and
AACTTCCAGTAGTGAAACAG. Control AAV expressed guide
sequences targeting LacZ under the U6 promoter and EGFP
under the Efl-alpha promoter. Control sgRNA sequences were
AACCCGTGGTCGGCTTACGG and CATCGGGCAAATAATATCGG.
The serotype of both AAVs was DJ8. Packaging into AAV was
performed by the Neuroconnectivity Core at the Jan and Dan
Duncan Neurological Research Institute.

Behavioral studies

Excluding touchscreen assays, all testing was completed on
“young” (14-16-weeks-old at start of testing) and “aged” mice
(50-54-weeks-old at start of testing). The behavioral battery
took 1-3 weeks to complete. Unless otherwise stated, tests were
performed with +£60 dB white noise and under 150-200 lux
illumination and data were collected using computer-operated
apparatus via ANY-Maze 6.2 (Stoelting Co.) software. All mouse
behavioral testing was completed at the Animal Behavior Core at
the Duncan Neurological Research Institute.
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Elevated plus maze

Mouse anxiety was evaluated as previously described [96] with
some adjustments. Briefly, mice were placed in the center (facing
an open arm) of a plastic plus-shaped platform maze that was
elevated above the floor. Two opposite arms (25 cm x 7.5 cm) of
the maze were walled with 15-cm-high walls, and the other two
arms were open. Mice were able to move freely and choose to enter
the different arms of the maze during 10 min. Their activity was
traced automatically by ANY-Maze.

Y-maze

Mouse working memory was evaluated in Y-maze as previously
described [97] with some adjustments. Briefly, mice were placed in
the center of a plastic Y-shaped platform maze that was elevated
above the floor. All three arms of the maze were walled (15-cm-
high walls). Testing was performed at regular room 700-750 lux
for 10 min. Mice were able to move freely and choose to enter the
different arms of the maze. Their activity was traced automat-
ically by ANY-Maze. Spontaneous alteration (% alteration) was
calculated as (Alternate arm entry/total arm entry) x 100, where Alter-
nate arm entry was the number of times the mouse consecutively
entered three different arms of the Y-maze.

Open field assay

Mouse activity and anxiety levels were evaluated in as previously
described [98]. Briefly, mice were placed in the center of the glass-
walled chamber (40x40x30 cm) and their activity was measured
by photobeams connected to a computer operated Digiscan opti-
cal animal activity software (AccuScan, Columbus, OH, United
States) for 30 min.

Novel object recognition

Mouse recognition memory was tested as previously described
[99] over 2 days. Briefly, on both days, the mice were placed in
a habituation arena for 5 min before 5 min-long testing. The
habituation arena and the testing arena were two identical, large,
empty rodent cages. On day 1, the testing arena contained two
identical objects. On day 2, the testing arena contained one object
from the previous day and one novel object. Both objects were
two ~12 cm tall Lego objects, either identical (day 1), or differing
in color pattern and shape (day 2). The amount of time spent
exploring each object (approaching the object closely while being
oriented towards it, sniffing the object, or touching the object) was
quantified manually via ANY-Maze. The preference index was cal-
culated as time spent exploring novel object/[(total time spent exploring
both familiar and novel object) x 100], as previously described [100].

Fear conditioning

Mouse freezing data in fear conditioning were acquired auto-
matically using FreezeFrame4 software (Actimetrics/Coulbourn
Instruments). On day 1 (“training”), mice were placed into sound-
attenuated chambers for 2 min before a sound (30 s, 85+2 dB)
(conditioned stimulus) came on and was immediately followed
by a foot shock (2 s, 1.0 mA) (unconditioned stimulus). This
conditioning pattern was repeated once. 24 h after the condition-
ing, mice were placed in the same environment and observed
for 5 min (“context”). One hour after completion of the context
paradigm, the mice were placed back in the chamber but with the
environment changed (bedding was removed from transfer cages
and testing chambers were modified with a plastic cover on the
chamber floor, vanilla syrup behind a plastic wall, and the room
now had red overhead lighting) for the final “cued fear” paradigm.

Mice were in the modified chamber for 3 min before the sound
(conditioned stimulus) came on stayed on for 3 min.

Hot plate

Mice were tested for pain recognition as previously described
[98]. Briefly, mice were placed in a Hot-Plate Analgesia Meter
(Columbus Instruments), pre-heated to 55 C. Their latency to
respond to heat was recorded manually and served as a functional
readout of pain recognition. Responses included hindlimb licking,
shaking, or twitching.

Touchscreen assays

WT and Cd2ap*/~ mice in this assay were tested between 2-3-
months-of-age. For the visual discrimination task, we used the
Bussey-Saksida touchscreen operant system (Campden Instru-
ments/Lafayette Instrument Company, Lafayette, Indiana). These
trapezoidal touchscreen boxes were fitted with screens contain-
ing a two-hole mask, measuring 7 x 7 cm. Visual images were
presented on each of the 2 holes, one of which was correct (S+)
and the other incorrect (S—). When the mouse nose-poked the cor-
rect image the food reward (strawberry milkshake, Ensure®) was
presented through plastic tubing regulated by a peristaltic pump,
along with the illumination of the tray light and a tone. If the
animal chose an incorrect response, they received no food reward,
and the house light was turned on. Mice were first acclimated
to the chambers, following which they were trained to touch the
screen through the ‘Initial touch’ module. This was followed by
the “Must touch” module where stimuli were displayed randomly
on the screen one at a time and the animal must touch the
stimulus to elicit a tone/food response and complete 30 trials in
60 min to reach criterion. Animals then entered the “must initiate”
module, where there was free delivery of food, and the tray light
would be turned on. Once the mouse nose-poked and exited the
reward tray, the stimulus was presented on the screen. One stim-
ulus was presented at a time, with the other side left blank. The
mouse had to touch the stimulus to elicit tone/food response. The
duration of the module was 60 min or 30 correct trials, whichever
occurred first. The mice then advanced to the “punish incorrect”
module, in which incorrect responses are paired with illumination
of the house light and no reward as a negative reinforcement. The
mice were presented with 30 trials and had to achieve 23/30 (77%)
correct trials in 30 min for 2 days in a row to advance to the next
module. The next module was pairwise discrimination, the visual
discrimination task. In each trial there were two stimuli, of which
one was associated with a food reward and the other with negative
reinforcement. Mice had to complete 30 trials in <60 min and
achieve at least 24/30 (80%) correct trials.

Electrophysiology

All electrophysiological recordings were performed in acute coro-
nal brain slices from 5 to 8-week old animals. For slice preparation,
mice were anesthetized with isoflurane and perfused with cold
artificial cerebrospinal fluid solution (ACSF). Brains were quickly
removed, placed into sucrose-based cutting solution, cut at 300
micrometer thickness using a Leica VT1200 vibratome, and pre-
pared for recordings as is standard for our lab and previously
described [90]. The recipe for ACSF was as follows: 125 mM NacCl,
2.5 mM KCl, 1.25 mM NaH2PO4, 2 mM CaCl2, 1 mM MgCl2,
10 mM glucose, and 25 mM NaHCO3. The recipe for the cutting
solution (pH 7.35) was as follows (in mM): 87 NaCl, 2.5 KCl,
1.25 NaH2PO4, 0.5 CaCl2, 7 MgCl2-6H20, 13 ascorbic acid, 75
sucrose, 10 glucose, and 25 NaHCO3. Neurons were visualized
using differential interference contrast (Olympus BXS50WI) and
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an optiMOS camera (QImaging) via Micro-Manager version 1.4.22
software (University of California at San Francisco). Axon Multi-
Clamp 700B amplifier digitized at 10 kHz (Axon Digidata 1440A)
and pCLAMP software 10.7.0 were used for recordings. Record-
ing electrodes (3-5 M$2) were prepared from borosilicate glass
microcapillaries (outer diameter 1.5 mm) with a micropipette
puller (Sutter Instruments). The following recipe was used for
the internal solution (in mM): 120 Cs-MeS0O4, 10 CsCl, 2 MgCl2, 4
ATP-Mg, 0.5 GTP-Na, 10 phosphocreatine-di-Na, 1 EGTA, and 20
HEPES; pH was adjusted to 7.3 with CsOH, and the osmolarity
was adjusted to 305 mOsm/]1 with CsMeSO4. Access resistance
was monitored throughout the recordings and was maintained at
10-20 M&2 (up to 30 M2 was considered acceptable). Miniature
excitatory post-synaptic currents (mEPSCs) were recorded from
CA1 pyramidal neurons in the presence of tetrodotoxin. mEPSCs
data were analyzed using Synaptosoft Mini Analysis 6.0.7 soft-
ware, with the detection threshold at 4 pA. Recorded traces were
observed by eye and artifacts were corrected as necessary. The
following electrode internal solution (in mM) was used in current
clamp recordings: 110 K-gluconate, 10 KCI, 4 ATP-Mg, 0.5 GTP-Na,
10 Phosphocreatine-di-Na, 1 EGTA, 10 HEPES; pH was adjusted to
7.3 with KOH, the osmolarity to 305 mOsm/]l with K-gluconate.
After obtaining a whole cell seal, baseline activity was monitored
for a few minutes without current injection to ensure stability.
Series of hyper- and depolarizing current injection steps/ramps
were then applied to analyze the firing mode, the rheobase, and
threshold. Data were analyzed using Clampfit 10.7.0.3 (Molecular
Devices) software. Hippocampus field recordings were obtained as
previously described [101]. Briefly, CA1 was stimulated on Schaf-
fer collaterals using platinum/iridium parallel bipolar electrode
(1 M; 75 pm tip separation) (Microprobes, Gaithersburg, MD,
United States). The recording electrode (2 M£2) was a glass pipette
filled with ACSF. For the paired pulse facilitation recordings two
fEPSP were evoked with the two stimulus pulses of the same
current magnitude as above, separated by 50, 100, 200 or 500 ms.
The fEPSP we analyzed offline for the rising slope, using Clampfit
10.7.0.3 (Molecular Devices).

Proteomics

Mice were euthanized and hippocampi for proteomics were
dissected, flash frozen, and stored at —80°C until use as described
above. Tandem mass tag mass-spectrometry proteomics was
performed as previously described [102] for Cd2ap~~, Cd2ap*/~,
and wildtype hippocampi. 5 right hemisphere hippocampi from
34-37-day-old (4.5-5-week-old) mice were used per genotype (one
hippocampus/mouse). All samples were processed as a single
batch. Protein database search and protein quantification was
performed with Proteome Discover using the mouse Uniprot
database (August 2020 with 91413 entries). The entire protein
dataset included 125719 unique peptides, mapping to 9605
unique protein isoforms. Mapping of Uniprot IDs to Entrez IDs
was performed using the R package AnnotationDbi v.1.64.1.
Protein isoforms containing missing values were excluded and
protein intensity values mapping to the same Entrez gene ID
were summed, resulting in 8478 unique proteins. The data was
log2 transformed to allow for the application of parametric
statistics. For differential expression, t-tests were used to
compare the normalized abundance levels between control and
Cd2ap~/~ or Cd2ap*/~ KO mice for each selected gene. A cutoff of
P-value <0.05 was set to select differentially expressed proteins
(DEPs). Volcano plots were plotted using the R package ggplot2
v. 3.4.4. Overrepresentation analysis (ORA) of differentially
expressed gene sets was completed using the R implementation of
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gProfiler (gprofiler2 v. 0.2.2) [103] and online SynGO (https://www.
syngoportal.org/) [104]. SynGO requires the conversion of mouse
genes to human gene orthologs before running the enrichment
analyses. The gene conversion was performed using SynGO
suggested tool (https://www.syngoportal.org/convert). For both
analyses, a false discovery rate (FDR) < 0.05 was the threshold for
significance. From the gProfiler results, the Gene Ontology (GO)
database was used for querying representative and proteasome-
related genes and ontology terms. Bar graphs were plotted
using GraphPad Prism v. 10.0.2. Venn diagrams overlaps were
calculated using nVenn (https://degradome.uniovi.es/cgi-bin/
nVenn/nvenn.cgi) and Fisher test significance of the overlaps was
calculated using R. The background of proteins used to calculate
overlap significance was all proteins from the differential
expression analysis (n=28478). The full proteomics dataset (log2-
transformed/normalized) is available in the Supplemental Data
File along with associated Metadata (Table S4).

Human brain eQTL analysis

CD2AP eQTL analysis from single-nucleus RNA-seq of human
brains was based on a recently published dataset [35]. In brief,
single-nucleus RNA-seq libraries were prepared from 424 dorso-
lateral prefrontal cortex (DLPFC) of the ROS/MAP cohort using
10x Genomics Single Cell 3’ kit. Sequencing reads were processed
and UMI count matrix was generated using Cell Ranger soft-
ware (ver.6.0.0, 10x Genomics). Classification of cell types were
performed by clustering cells by gene expression using the R
package Seurat (ver. 4). “Pseudobulk” gene expression matrix was
constructed by aggregating UMI counts of the same cell type of
the same donor and normalizing them to the log, counts per
million reads mapped (CPM) values. Genotyping was performed
by whole genome sequencing and GATK. Mapping of cis-eQTL was
performed using Matrix-eQTL (ver. 2.3) for SNP within 1 Mb from
transcription start sites.

Statistics

Specific analysis methods are described with the corresponding
experimental procedures (above). Sample size for all comparisons
is included in each figure legend. Unless otherwise noted, the
significance threshold for all analyses was set to P<0.05 (two-
tailed test) and all statistical analyses were performed using Prism
9 version 9.5.0 (GraphPad) software. Outlier values in the data
for the electrophysiology (Fig. 4) and behavioral analysis (Fig. 5)
were identified and excluded using the ROUT test in Prism 9 with
default parameters (Q=1%).
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