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Abstract

Synapse degeneration and dendritic spine dysgenesis are believed to be crucial early steps in
Alzheimer’s disease (AD), and correlate with cognitive deficits in AD patients. Soluble amyloid
beta (AB)-derived oligomers, also termed Ap-derived diffusible ligands (ADDLS), accumulate in
the brain of AD patients and play a crucial role in AD pathogenesis. ADDLSs bind to mature
hippocampal neurons, induce structural changes in dendritic spines and contribute to neuronal
death. However, mechanisms underlying structural and toxic effects are not fully understood. Here
we report that ADDLSs bind to cultured mature cortical pyramidal neurons and induce spine
dysgenesis. ADDL treatment induced the rapid depletion of kalirin-7, a brain-specific guanine-
nucleotide exchange factor for the small GTPase Racl, from spines. Kalirin-7 is key regulator of
dendritic spine morphogenesis and maintenance in forebrain pyramidal neurons and here we show
that overexpression of kalirin-7 prevents ADDL-induced spine degeneration. Taken together, our
results suggest that kalirin-7 may play a role in the early events leading to synapse degeneration,
and its pharmacological activation may prevent or delay synapse pathology in AD.
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Introduction

Fibrillar amyloid plaques are among the hallmark neuropathological features of Alzheimer’s
disease (AD), and are composed of aggregates of Ap, a proteolytic cleavage product of
amyloid precursor protein (Hardy and Selkoe 2002). It is well established that amyloid
plaques induce synaptic degeneration; however, much evidence indicates that the early
cognitive deficits of AD result from synaptic dysfunction due to the accumulation of soluble
oligomeric Ap-derived diffusible ligands (ADDLS), which are elevated in the brain and
cerebrospinal fluid of AD patients (Georganopoulou et a/. 2005, Selkoe and Hardy 2016).
Soluble AB inhibits long-term potentiation (Shankar et a/. 2008, Spires-Jones and Knafo
2012, Wang et al. 2002) and results in a reduction in forebrain dendritic spine density
(Calabrese et al. 2007, Lacor et al. 2007), and the cognitive and spine deficits of AD mouse
models ensue at a time of elevated soluble AP levels (Jacobsen ef al. 2006).

Synapse degeneration and dendritic spine dysgenesis are crucial early steps in AD (Selkoe
2002) and in animal models of AD (Almeida ef a/. 2005, Jacobsen et al. 2006, Lanz et al.
2003, Moolman et al. 2004, Spires et al. 2005), and correlate well with cognitive deficits in
AD patients (Counts et al. 2006, Ji et al. 2003). Spine structural plasticity is ultimately
mediated by a change in the ratio of filamentous F-actin and globular G-actin, with F-actin
being enriched in more stable, mature spines. Synaptosomes from both AD patient brain
samples and AD mouse model brains display decreased levels of F-actin; furthermore,
exposure of cortical neurons to AB_4> is sufficient to cause a similar reduction in F-actin in
spines (Kommaddi et a/. 2018). Dendritic spine markers spinophilin and PSD-95 are also
reduced in the cerebral cortex of AD patients (Gylys et al. 2004, Mi et al. 2017).
Nevertheless, the signaling cascades responsible for these changes remain poorly
understood.

ADDLSs specifically bind to excitatory neurons and have been shown to colocalize with
PSD-95, but not the inhibitory synapse marker gephyrin (Lacor et al. 2004; Klein 2006;
Lacor et al. 2007; Renner et al. 2010). Many studies have sought to understand how ADDLSs
target excitatory neurons and the mechanisms by which they induce dendritic spine atrophy
(discussed in Penzes and Vanleeuwen 2011; Wilcox et al. 2011; Koleske 2013). ADDLSs can
interact directly with postsynaptic NMDA and AMPA glutamate receptors, and lead to the
removal of these receptors from the synapse (Knobloch and Mansuy 2008). In addition to
glutamate receptors, other signaling molecules important in spine morphogenesis/plasticity
and implicated in memory formation are down-regulated by soluble amyloid, including the
receptor tyrosine kinase EphB2, and the F-actin stabilizing protein drebrin (Lacor et al.
2007, Roselli et al. 2005, Zhao et al. 2006). The Rho family of small GTPases are also
hypothesized to contribute to dendrite spine shrinkage in AD, however; the exact
mechanisms by which Rho GTPase is involved in ADDL-induced atrophy is not fully
understood (Pozueta et al. 2013).

We have previously identified the protein kalirin as a brain-specific guanine-nucleotide
exchange factor, which activates the Rho family GTPase Racl (Penzes et al. 2003, Penzes et
al. 2001a). Kalirin is expressed most highly in the hippocampus and cortex and is only
present at low levels outside of the brain (Ma ef a/. 2001). Its most abundant form, kalirin-7,
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is concentrated in dendritic spines and interacts with the major postsynaptic scaffolding
protein PSD-95 (Penzes et al. 2001b). In pyramidal neurons, kalirin-7 controls dendritic
spine formation, maintenance, and remodeling via its promotion of actin polymerization
(Penzes et al. 2003, Penzes et al. 2001a). Kalirin-7 also interacts with several postsynaptic
proteins that are affected in AD and which contribute to AD pathology, including p21-
activated kinase (PAK) (Penzes et al. 2003), inducible nitric oxide synthase (Ratovitski ef a/.
1999), X11la (Penzes et al. 2001b), and GluAl (Xie et al. 2007).

Importantly, KALRN has been identified as the most consistently underexpressed gene in
the hippocampus and frontal cortices of individuals with AD (Youn et al. 2007; Murray et al.
2012). AB treatment of cultured hippocampal neurons reduces kalirin-7 mRNA expression,
and overexpression of XBP1, a transcription factor which promotes kalirin expression, has
been shown to rescue spine deficits in the hippocampus of a mouse model of AD. This effect
was prevented by concomitant knockdown of kalirin-7 (Cisse et al. 2017a,b).

Given that the selective memory deficits and spine dysfunction present in kalirin-knockout
(KO) animals closely parallel that of human AD and early stages in AD animal models
(Cahill et al. 2009; Xie et al. 2010; Xie et al. 2011; Vanleeuwen and Penzes 2012), we aimed
to determine whether kalirin-7 is involved in ADDL-induced spine dysfunction. We report
that kalirin-7 localization is altered ADDL-treated cortical neurons and our data suggest that
enhancing kalirin-7 may be a mechanism to slow ADDL-induced spine atrophy.

Materials and Methods

2.1 Antibodies and reagents

The plasmid encoding myc-kalirin-7 and a rabbit polyclonal antibody against kalirin-7 have
been described previously (Penzes et al. 2000; 1:500), as has a mouse monoclonal antibody
against ADDLs (Lambert et a/, 2007; 1:2000). The pEGFP-N2 plasmid was purchased from
Clontech (Mountain View, CA). The following antibodies were used: chicken anti-GFP
(RRID:AB_300798; Abcam; Cambridge, MA; 1:1000); mouse anti-myc
(RRID:AB_627268; Santa Cruz Biotechnology; Dallas, TX; 1:1000); Alexa Fluor 488 goat
anti-chicken IgY (RRID:AB_2534096; 1:1000), Alexa Fluor 488 goat anti-mouse 1gG
(RRID:AB_2534084; 1:1000), Alexa Fluor 568 goat anti-mouse 1gG (RRID:AB_2534072;
1:1000), and Alexa Fluor 568 goat anti-rabbit 1IgG (RRID:AB_10563566; 1:1000) (all from
Invitrogen; Carlsbad, CA).

2.2 Neuronal culture and transfections

Medium and high density cortical neuron cultures were prepared from Sprague-Dawley rat
(RRID:MGI:5651135) E18 embryos as described previously (Xie et al. 2007). Animals were
singly housed on a 12:12 light-dark cycle, given ad libitum access to food and water, and
euthanized via CO,. Neurons were plated onto coverslips coated with poly-D-lysine (0.2
mg/ml) (Sigma; St. Louis, MO), in plating media (feeding media plus 5% fetal calf serum).
After 1 h, the media was changed to feeding media (Neurobasal media supplemented with
B27 (Invitrogen) and 0.5 mM glutamine (Invitrogen)). 200 uM D,L-amino-
phosphonovalerate (D,L-APV) (Ascent Scientific; Cambridge, MA) was added to the media
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4 days later. Neurons were transfected at DIV 26 using Lipofectamine 2000 following the
manufacturer’s recommendations. Briefly, between 2-5 g of each DNA was mixed with 4
ul of Lipofectamine 2000 in 100 pl feeding media; transfections were allowed to carry on for
2 days.

2.3 Neuronal treatments

2.4

ADDLSs were generated as described previously (Lambert ef a/. 2001; Klein 2002). Neurons
were treated with ADDLSs or vehicle for either 2 or 16 h as indicated in the Results.
Alternatively, neurons were treated with 1 mM activated sodium vanadate (New England
BioLabs, Ipswich, MA) or vehicle for 2 h. Following incubation for the given times, cells
were immediately fixed and immunostained.

Immunostaining

Neurons were fixed in either 4% formaldehyde, 4% sucrose in PBS for 10 min, or in 4%
formaldehyde, 4% sucrose in PBS followed by 10 min of fixation with methanol pre-chilled
to —20°C. Neurons were then permeabilized and blocked simultaneously in PBS containing
2% normal goat serum and 0.2% Triton-X-100 for 1 h at room temperature. Primary
antibodies were added in PBS containing 2% normal goat serum overnight at 4 °C, followed
by three 10 min washes in PBS. Secondary antibodies were incubated for 1 h at room
temperature, also in 2% normal goat serum in PBS. Three further washes in PBS were
performed before coverslips were mounted with ProLong Antifade Reagent (Invitrogen,
Carlsbad, CA). In the case of co-transfections with eGFP-N2 and kalirin-7-myc plasmids,
neurons were stained with both anti-GFP and anti-myc antibodies.

2.5 Quantitative analysis of spine density and dendritic expression of kalirin-7

Confocal images of single- and double-stained neurons were obtained with a Zeiss LSM5
Pascal confocal microscope. To determine the lateral resolution of our confocal microscope,
we imaged fluorescent microspheres of known diameters, mounted in ProLong antifade
solution, using the 63x oil-immersion objective (NA = 1.4). An anti-GFP antibody was used
to circumvent potential unevenness of GFP diffusion in spines. Images of neurons were
taken using the 63X oil-immersion objective (NA = 1.4) as a z-series of 3-8 images,
averaged 4 times, at 0.37 um intervals. The acquisition parameters were kept the same for all
scans. Two-dimensional maximum projection reconstructions of images, morphometric
analysis and quantification were done using MetaMorph software (Molecular Devices,
Sunnyvale, California). Only healthy excitatory neurons with homogenous GFP staining,
and intact secondary and tertiary apical and basilar dendrites were imaged. If dendritic
blebbing was detected, neurons were excluded. Co-transfection with kalirin-7 and GFP
plasmids was confirmed before image acquisition. Excitatory neurons were identified by
their prominent apical dendrite and numerous thinner basilar dendrites. Cultures that were
directly compared were stained simultaneously and imaged with the same acquisition
parameters. Kalirin-7 immunoreactivity expression in dendrites and spines was determined
using ImageJ (NIH, Bethesda, Maryland).

To examine the morphologies of dendritic spines, individual spines on dendrites were
manually traced, and each spine was measured by MetaMorph. Based upon morphological
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measurements, spines were classified as thin, stubby, mushroom or filopodia (Risher et a/.,
2014). All data was collected and analyzed by an experimenter who was blind to the
experimental treatment.

2.6 Statistical analysis

Statistical analyses (Student’s unpaired t-test, one-way ANOVA) were performed in Excel
and SPSS. Tukey-b post hoc analysis was used for multiple comparisons.

3. Results

3.1. ADDLs bind to dendrites and spines of cortical neurons

Studies have shown that binding of ADDLs composed of soluble oligomeric Ap;_45 to the
spines of hippocampal neurons may be crucial for induction of spine dysgenesis and
cognitive loss in AD (Lacor et al. 2007). Further, long-term ADDL treatment induces death
of human cortical neurons (Deshpande et a/. 2006). Here, we investigated the ability of
ADDLSs to bind to dendrites and dendritic spines of cortical pyramidal neurons. We
transfected mature (DIV 28) cultured rat cortical neurons with GFP and treated them with
500 nM ADDLSs for 2 hours, then immunostained with antibodies against ADDLs and GFP
and imaged using confocal microscopy (Fig.1a-€). We found that approximately 75% of
dendritic spines were bound by ADDLs (Fig. 1c, arrowheads in 1d); however, binding also
occurred along the dendrite (Fig. 1d). This pattern of binding is comparable to that which
has been observed in cultured hippocampal pyramidal neurons (Lacor et al. 2007).

3.2 ADDLs induce rapid changes in kalirin-7 localization

Kalirin-7 is expressed at lower levels in both AD patient hippocampi and frontal cortices as
well as in the brains of AD model mice (Youn et al. 2007; Murray et al. 2012; Cisse et al.
2017b,), and siRNA-mediated knockdown of kalirin-7 in cortical neurons leads to reductions
in spine area (Xie et al. 2007). Further, kalirin-7 has been shown to be vital for spine
function and maintenance, and its expression is altered in multiple neuropsychiatric
disorders (Penzes and Jones 2008; Penzes and Remmers 2012; Remmers et al. 2014). For
these reasons, we examined the effect of exogenous ADDLSs on the localization of
endogenous kalirin-7 in dendritic spines (Fig. 2a,b). ADDL did not significantly reduce total
kalirin-7 immunoreactivity [#29)=1.67, p=0.11] (Fig. 2c); however, it reduced the ratio of
kalirin-7 in spines to dendrites [£g)=4.17, p<0.001] (Fig. 2c). These data indicate that
ADDLs rapidly alter kalirin-7 localization, suggesting that modification of kalirin-7
localization is an early event that potentially contributes to oligomeric amyloid pathogenesis.

3.3 Kalirin-7 overexpression prevents dendritic spine dysgenesis caused by ADDLs

Treatment of both dissociated and organotypic hippocampal cultures with Ap oligomers
alters dendritic spines (Lacor et a/. 2007; Smith et al. 2009) and transcriptional activation of
kalirin-7 has been shown to reverse the reductions in spine density seen in the hippocampus
of AD transgenic mice (Cisse et al. 2017b). Further, we observed that ADDLSs bind to
cortical neurons in a similar pattern as they do to hippocampal neurons (Lacor et al. 2007).
Thus, we first evaluated whether ADDL treatment would induce spine dysgenesis in cortical
neurons and then assessed if overexpression of kalirin-7 would prevent any ADDL-induced
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spine dysgenesis. We transfected cortical neurons with a kalirin-7 expressing plasmid or
GFP plasmid for two days before treating neurons with ADDLs for 16 hours (Fig. 3a,b). We
then analyzed dendritic spine density and morphology. ADDLSs increases the average length
of all spines but overexpression of kalirin-7 occludes this effect [£; 35) =9.06, p<0.001]
(Fig. 3c). We also observed that ADDL treatment reduces density of dendritic spines, but in
this case, overexpression of kalirin-7 only partially blocked spine loss [F2 34)=4.85, p=0.01]
(Fig. 3d). We next classified dendritic spines as mushroom, thin, stubby and filopodia.
ADDL treatment severely reduced the percentage of mushroom spines, but kalirin-7
overexpression prevented mushroom spine loss [F 35=14.62, p<0.0001], (Fig. 3e).
Filopodia accounted for a greater percentage, approximately 38%, of total dendritic spines in
ADDL-treated neurons, compared to 25% of spines in vehicle-treated neurons. Notably,
kalirin-7 overexpression also occluded this increase [/, 35=8.19, p=0.001], (Fig. 3f).
ADDL-treatment did not alter the percentage of thin [~ 35=0.08, p=0.92] (Fig. 3g) or
stubby spines [F(2 35)=0.087, p=0.43] (Fig. 3h). Filopodia are less stable than mature,
bulbous, mushroom-shaped spines that most commonly host synapses (Yoshihara et al.
2009). As such, these sorts of changes in morphology following ADDL treatment would be
expected to alter circuit properties in an intact brain and may underlie the cognitive deficits
in AD. Taken together our data indicate not only that that ADDLSs promote an immature
spine phenotype and destabilize mature spines, but also that increasing kalirin-7 levels
prevents ADDL-induced spine atrophy.

4. Discussion

Here we show that ADDLSs bind to dendritic spines and dendrites of cultured mature cortical
pyramidal neurons. ADDL treatment alters endogenous kalirin-7 localization, an effect that
is associated with loss of dendritic spine density and an increase in dendritic spine length.
This immature spine phenotype is prevented by overexpression of kalirin-7, thus a possible
mechanism by which ADDLs induce spine morphological changes may be the removal of
kalirin-7 from spines. Taken together, these data suggest that kalirin-7 may play a role in AD
neuropathology.

There is an urgent need for the development of effective treatments that prevent, slow, or
revert memory deficits. Aberrant synaptic signal transduction, as well as abnormal synaptic
structure and function, are thought to be crucial contributors to the pathophysiology of AD
(Selkoe 2002). However, the mechanisms linking structural and functional alterations in
synapses in patient brains with the loss of their cognitive abilities are not fully understood.
Consequently, the development of effective treatments for AD will be significantly
facilitated by a better understanding of the mechanisms underlying synaptic pathology and
by the identification of novel drug targets based on the links between synaptic pathology and
cognitive deficits (Coleman et al. 2004). Based on our data, kalirin-7 may be one such target.

We have previously shown that kalirin-KO mice express altered neuronal morphology and
structural changes as well as behavioral abnormalities that resemble certain features of AD.
For example, dendritic spine density on pyramidal neurons in kalirin-KO animals is
unchanged in juvenile animals but is significantly reduced in the cortex by three months of
age and in the hippocampus by one year (Cahill et a/. 2009; Vanleeuwen and Penzes 2012).
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Kalirin-KO mice also exhibit a reduction in hippocampal cell number and area and a
thinning of the frontal cortex (Xie et al. 2010, 2011). These morphological and
macroanatomical changes correlate with deficits in cognitive tasks known to engage the
cortex and hippocampus, including working memory as assessed by the Morris water maze
and Y-maze; contextual and cued fear conditioning; and social recognition (Cahill et al.
2009; Xie et al. 2011; Vanleeuwen and Penzes 2012).

Biochemically, kalirin-7 functions in a pathway in which multiple members have been
linked to AD. We have previously demonstrated that Fyn phosphorylates kalirin-7 in
heterologous cultures and induces an increase in Racl activation (Cahill ef a/. 2011).
Although total Fyn levels are unchanged in the cortices of AD patients, the ratio of Fyn
levels in patients’ neuronal cell bodies to that in synapses is increased (Ho et al. 2005). Fyn
is activated downstream of A binding to prion protein (PrPC), leading to its
phosphorylation of multiple synaptic proteins, and hippocampal cultures from mice lacking
either PrPC or Fyn were resistant to the loss of spines induced by AR (Um et al. 2012).

Kalirin-7 is also phosphorylated by EphB2, which leads to a clustering of kalirin-7 in the
synapse and is required for ephrinB-induced spine formation (Penzes et a/. 2003). Ap
oligomers have been shown to bind EphB2 in cultured hippocampal neurons, leading to its
degradation (Lacor et al. 2007; Shi et al. 2016). Conversely, overexpression of EphB2 in the
hippocampus of AD model mice is capable of preventing the loss of NMDA receptors and
cognitive deficits caused by excess AB1_4» exposure (Cisse ef al. 2011; Miyamoto et al.
2016; Hu et al. 2017). Kalirin-7 directly interfaces with NMDA receptors, and this
interaction is critical for synaptic plasticity (Kiraly et a/. 2011). ADDLs have been shown to
bind NDMA receptors (De Felice et al. 2007), highlighting another possible mechanism by
which kalirin-7 may contribute to AD neuropathology.

Kalirin-7 stimulates Rac1 which activates PAK, which then phosphorylates numerous
substrates involved in F-actin polymerization and stabilization (Penzes et al. 2003). Both AD
patient brains and AD mouse model brains, as well as cultured neurons, display abnormal
PAK activation. Specifically, the ratio of phospho-PAK in membrane fractions versus
cytosolic fractions is increased, and the translocation of phospho-PAK to the membrane was
coupled with a change in co-localization with Racl (Zhao et al. 2006; Ma et al. 2008).

Here, we report that ADDL treatment alters kalirin-7 localization in dendrites and dendritic
spines. As the total kalirin-7 levels remain unchanged, one possible explanation is that
kalirin-7 is moving from the dendritic spines to the dendrite. We also observe that ADDL
treatment induces an immature spine phenotype characterized by a loss of mushroom spines
and an increase in filopodial-like spines. Given that kalirin-7 co-localizes with PSD-95 and
stabilizes spines, it is not surprising that kalirin-7 is not as abundant in the immature
filopodial spines that are less likely to host synapses than mature mushroom-shaped spines.
Also, of note, we observe a decrease in dendritic spines density with ADDL treatment.
Despite this spine loss, we do not see an overall reduction in kalirin-7 levels, suggesting that
as the spines shrink, kalirin-7 accumulates in the dendrite. Additional studies, such as live
imaging, are needed to determine kalirin-7 mobility during dendritic spine formation and
elimination.
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Based upon the literature discussed above and the data presented here, we developed a
model by which ADDLs induce dendritic spine atrophy and contribute to AD pathology by
disrupting kalirin-7 (Fig. 4). In this model, ADDLs alter the localization of kalirin-7 in
dendrites and dendritic spines by stimulating kalirin-7 binding partners, such as EphB2 and
NMDA receptors. The abnormal localization of kalirin-7 disrupts Racl and PAK signaling
and contributes to spine atrophy. With elevated kalirin-7 levels, in the case of
overexpression, kalirin-7 mediated spine stabilization and downstream signaling is
unaffected despite ADDL exposure. Thus, we postulate that ADDLSs may cause spine
atrophy by interfering with kalirin-7 localization and signaling, although live imaging
studies are needed to directly test this hypothesis.

Taken together, our study fills an important gap in knowledge about a key component of the
pathway linking amyloid production with synapse dysgenesis in AD. Several publications
cited in this article have reported that upstream regulators of kalirin-7, including EphB2 and
NMDA receptors bind ADDLSs, while a downstream target of kalirin-7, PAK, is essential for
synapse dysfunction in AD. Moreover, postmortem studies have shown that kalirin-7 is
downregulated in brains of patients with AD, but the cellular impact of these findings was
not clear. Here we reveal the cellular consequence of altered levels of kalirin-7 in the context
of a model of AD. These findings could pave the way to the development of new therapeutic
approaches to rescue spine dysgenesis.

Conclusions

In our present study, we have employed a cellular model of AD-relevant soluble amyloid
pathology, and showed that aberrant kalirin-7 regulation is a consequence of this pathology
and contributes to dendritic spine atrophy, thereby implicating kalirin-7 as another potential
therapeutic target for AD. The data presented here indicate that ADDLSs 1) bind to both
dendrites and dendritic spines; 2) rapidly alter endogenous kalirin-7 localization; 3) induce
an immature dendritic spine phenotype characterized by a loss of mature mushroom spines
and an increase in dendritic spine length. Notably, these effects are prevented by
overexpression of kalirin-7. Thus, we propose that ADDL exposure impairs kalirin-7
localization contributing to dendritic spine destabilization, identifying a novel mechanism to
counter neuronal phenotypes associated with AD.
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PBS phosphate-buffered saline
PrPC prion protein
PSD-95 postsynaptic density protein 95

References

Almeida CG, Tampellini D, Takahashi RH, Greengard P, Lin MT, Snyder EM and Gouras GK (2005)
Beta-amyloid accumulation in APP mutant neurons reduces PSD-95 and GIuR1 in synapses.
Neurobiol Dis, 20, 187-198. [PubMed: 16242627]

Cahill ME, Jones KA, Rafalovich I, Xie Z, Barros CS, Muller U and Penzes P (2011) Control of
interneuron dendritic growth through NRG1/erbB4-mediated kalirin-7 disinhibition. Mol
Psychiatry, 17, 99-107.

Cahill ME, Xie Z, Day M et al. (2009) Kalirin regulates cortical spine morphogenesis and disease-
related behavioral phenotypes. Proc Natl Acad Sci U S A, 106, 13058-13063. [PubMed: 19625617]

Calabrese B, Shaked GM, Tabarean 1V, Braga J, Koo EH and Halpain S (2007) Rapid, concurrent
alterations in pre- and postsynaptic structure induced by naturally-secreted amyloid-beta protein.
Mol Cell Neurosci, 35, 183-193. [PubMed: 17368908]

Cisse M, Duplan E and Checler F (2017a) The transcription factor XBP1 in memory and cognition:
Implications in Alzheimer disease. Mol Med, 22.

Cisse M, Duplan E, Lorivel T, Dunys J, Bauer C, Meckler X, Gerakis Y, Lauritzen | and Checler F
(2017b) The transcription factor XBP1s restores hippocampal synaptic plasticity and memory by
control of the Kalirin-7 pathway in Alzheimer model. Mol Psychiatry, 22, 1562-1575. [PubMed:
27646263]

Cisse M, Halabisky B, Harris J et al. (2011) Reversing EphB2 depletion rescues cognitive functions in
Alzheimer model. Nature, 469, 47-52. [PubMed: 21113149]

Coleman P, Federoff H and Kurlan R (2004) A focus on the synapse for neuroprotection in Alzheimer
disease and other dementias. Neurology, 63, 1155-1162. [PubMed: 15477531]

Counts SE, Nadeem M, Lad SP, Wuu J and Mufson EJ (2006) Differential expression of synaptic
proteins in the frontal and temporal cortex of elderly subjects with mild cognitive impairment. J
Neuropathol Exp Neurol, 65, 592-601. [PubMed: 16783169]

De Felice FG, Velasco PT, Lambert MP, et al. (2007) Ap Oligomers Induce Neuronal Oxidative Stress
through an A-Methyl-D-aspartate receptor-dependent mechanism that is blocked the the alzheimer
drug memantine. J. Biol. Chem, 282, 11590-11601. [PubMed: 17308309]

Desphande A, Mina E, Glabe C and Busciglio J (2006) Different conformations of Amyloid B induce
neurotoxicity by distinct mechanisms in human cortical neurons. J Neurosci, 26, 6011-6018.
[PubMed: 16738244]

Georganopoulou DG, Chang L, Nam JM, et al. (2005) Nanoparticle-based detection in cerebral spinal
fluid of a soluble pathogenic biomarker for Alzheimer’s disease. Proc Natl Acad Sci U S A, 102,
2273-2276. [PubMed: 15695586]

Gylys KH, Fein JA, Yang F, et al. (2004) Synaptic changes in Alzheimer’s disease: increased amyloid-
beta and gliosis in surviving terminals is accompanied by decreased PSD-95 fluorescence. Am J
Pathol, 165, 1809-1817. [PubMed: 15509549]

Hardy J and Selkoe DJ (2002) The amyloid hypothesis of Alzheimer’s disease: progress and problems
on the road to therapeutics. Science, 297, 353-356. [PubMed: 12130773]

Eur J Neurosci. Author manuscript; available in PMC 2020 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xie et al.

Page 10

Ho GJ, Hashimoto M, Adame A, et al. (2005) Altered p59Fyn kinase expression accompanies disease
progression in Alzheimer’s disease: implications for its functional role. Neurobiol Aging, 26, 625—
635. [PubMed: 15708437]

Hu R, Wei P, Jin L et al. (2017) Overexpression of EphB2 in hippocampus rescues impaired NMDA
receptors trafficking and cognitive dysfunction in Alzheimer model. Cell Death Dis, 8, e2717.
[PubMed: 28358367]

Jacobsen JS, Wu CC, Redwine JM et al. (2006) Early-onset behavioral and synaptic deficits in a mouse
model of Alzheimer’s disease. Proc Natl Acad Sci U S A, 103, 5161-5166. [PubMed: 16549764]

Ji'Y, Gong Y, Gan W, et al. (2003) Apolipoprotein E isoform-specific regulation of dendritic spine
morphology in apolipoprotein E transgenic mice and Alzheimer’s disease patients. Neuroscience,
122, 305-315. [PubMed: 14614898]

Kiraly DD, Lemtiri-Chilieh F, Levine ES, Mains RE and Eipper BA (2011) Kalirin binds the NR2B
subunit of the NMDA receptor, altering its synaptic localization and function. J Neurosci, 31,
12554-12565. [PubMed: 21880917]

Klein WL (2002) Abeta toxicity in Alzheimer’s disease: globular oligomers (ADDLS) as new vaccine
and drug targets. Neurochem Int, 41, 345-352. [PubMed: 12176077]

Klein WL (2006) Synaptic targeting by A beta oligomers (ADDLS) as a basis for memory loss in early
Alzheimer’s disease. Alzheimers Demet, 2, 43-55.

Knobloch M and Mansuy 1M (2008) Dendritic spine loss and synaptic alterations in Alzheimer’s
disease. Mol Neurobiol, 37, 73-82. [PubMed: 18438727]

Koleske AJ (2013) Molecular mechanisms of dendrite stability. Nat Rev Neurosci, 14, 536-550.
[PubMed: 23839597]

Kommaddi RP, Das D, Karunakaran S et al. (2018) Abeta mediates F-actin disassembly in dendritic
spines leading to cognitive deficits in Alzheimer’s disease. J Neurosci, 38, 1085-1099. [PubMed:
29246925]

Lacor PN, Buniel MC, Chang L, et al. (2004) Synaptic targeting by Alzheimer’s-related amyloid B
oligomers. J Neurosci, 24: 10191-10200. [PubMed: 15537891]

Lacor PN, Buniel MC, Furlow PW, et al. (2007) Abeta oligomer-induced aberrations in synapse
composition, shape, and density provide a molecular basis for loss of connectivity in Alzheimer’s
disease. J Neurosci, 27, 796-807. [PubMed: 17251419]

Lambert MP, Velasco PT, Chang L et al. (2007) Monoclonal antibodies that target pathological
assemblies of Abeta. J Neurochem, 100, 23-35. [PubMed: 17116235]

Lambert MP, Viola KL, Chromy BA et al. (2001) Vaccination with soluble Abeta oligomers generates
toxicity-neutralizing antibodies. J Neurochem, 79, 595-605. [PubMed: 11701763]

Lanz TA, Carter DB and Merchant KM (2003) Dendritic spine loss in the hippocampus of young
PDAPP and Tg2576 mice and its prevention by the ApoE2 genotype. Neurobiol Dis, 13, 246-253.
[PubMed: 12901839]

Ma QL, Yang F, Calon F, et al. (2008) p21-activated kinase-aberrant activation and translocation in
Alzheimer disease pathogenesis. J Biol Chem, 283, 14132-14143. [PubMed: 18347024]

Ma XM, Johnson RC, Mains RE and Eipper BA (2001) Expression of kalirin, a neuronal GDP/GTP
exchange factor of the trio family, in the central nervous system of the adult rat. J Comp Neurol,
429, 388-402. [PubMed: 11116227]

Mi Z, Abrahamson EE, Ryu AY, et al. (2017) Loss of precuneus dendritic spines immunopositive for
spinophilin is related to cognitive impairment in early Alzheimer’s disease. Neurobiol Aging, 55,
159-166. [PubMed: 28259365]

Miyamoto T, Kim D, Knox JA, Johnson E and Mucke L (2016) Increasing the Receptor Tyrosine
Kinase EphB2 Prevents Amyloid-beta-induced Depletion of Cell Surface Glutamate Receptors by
a Mechanism That Requires the PDZ-binding Motif of EphB2 and Neuronal Activity. J Biol
Chem, 291, 1719-1734. [PubMed: 26589795]

Moolman DL, Vitolo OV, Vonsattel JP and Shelanski ML (2004) Dendrite and dendritic spine
alterations in Alzheimer models. J Neurocytol, 33, 377-387. [PubMed: 15475691]

Murray PS, Kirkwood CM, Gray MC et al. (2012) B-Amyloid 42/40 ratio and kalirin expression in
Alzheimer disease with psychosis. Neurobiol Aging, 33, 2807-2816. [PubMed: 22429885]

Eur J Neurosci. Author manuscript; available in PMC 2020 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xie et al.

Page 11

Palop JJ and Mucke L (2010) Amyloid-beta-induced neuronal dysfunction in Alzheimer’s disease:
from synapses toward neural networks. Nat Neurosci, 13, 812-818. [PubMed: 20581818]

Penzes P, Beeser A, Chernoff J, et al. (2003) Rapid induction of dendritic spine morphogenesis by
trans-synaptic ephrinB-EphB receptor activation of the Rho-GEF kalirin. Neuron, 37, 263-274.
[PubMed: 12546821]

Penzes P, Johnson RC, Alam MR, et al. (2000) An isoform of kalirin, a brain-specific GDP/GTP
exchange factor, is enriched in the postsynaptic density fraction. J Biol Chem, 275, 6395-6403.
[PubMed: 10692441]

Penzes P, Johnson RC, Kambampati V, Mains RE and Eipper BA (2001a) Distinct roles for the two
Rho GDP/GTP exchange factor domains of kalirin in regulation of neurite growth and neuronal
morphology. J Neurosci, 21, 8426-8434. [PubMed: 11606631]

Penzes P, Johnson RC, Sattler R, et al. (2001b) The neuronal Rho-GEF Kalirin-7 interacts with PDZ
domain-containing proteins and regulates dendritic morphogenesis. Neuron, 29, 229-242.
[PubMed: 11182094]

Penzes P and Jones KA (2008) Dendritic spine dynamics--a key role for kalirin-7. Trends Neurosci,
31, 419-427. [PubMed: 18597863]

Penzes P and Remmers C (2012) Kalirin signaling: implications for synaptic pathology. Molecular
Neurobiology, 45, 109-118. [PubMed: 22194219]

Penzes P and Vanleeuwen JE. (2011) Implaired regulation of synaptic actin cytoskeleton in
Alzheimer’s disease. Brain Res Rev, 67, 184-192. [PubMed: 21276817]

Pozueta J, Lefort R and Shelanski ML (2013) Synaptic changes in Alzheimer’s disease and its models.
Neuroscience, 251, 51-65. [PubMed: 22687952]

Ratovitski EA, Alam MR, Quick RA et al. (1999) Kalirin inhibition of inducible nitric-oxide synthase.
J Biol Chem, 274, 993-999. [PubMed: 9873042]

Remmers C, Sweet RA and Penzes P (2014) Abnormal kalirin signaling in neuropsychiatric disorders.
Brain Res Bull, 103, 29-38. [PubMed: 24334022]

Renner M, Lacor PN, Velasco PT, et al. (2010). Deleterious Effects of Amyloid p Oligomers acting as
an extracellular scaffold for mGIluR5. Neuron, 66, 739-754. [PubMed: 20547131]

Risher WC, Ustunkaya T, Alvarado JS, and Eroglu C (2014) Rapid golgi analysis method for efficient
and unbiased classification of dendritic spines. PLOS One, 9.

Roselli F, Tirard M, Lu J, et al. (2005) Soluble beta-amyloid1-40 induces NMDA-dependent
degradation of postsynaptic density-95 at glutamatergic synapses. J Neurosci, 25, 11061-11070.
[PubMed: 16319306]

Selkoe DJ (2002) Alzheimer’s disease is a synaptic failure. Science, 298, 789-791. [PubMed:
12399581]

Selkoe DJ and Hardy J (2016) The amyloid hypothesis of Alzheimer’s disease at 25 years. EMBO Mol
Med, 8, 595-608. [PubMed: 27025652]

Shankar GM, Li S, Mehta TH et al. (2008) Amyloid-beta protein dimers isolated directly from
Alzheimer’s brains impair synaptic plasticity and memory. Nat Med, 14, 837-842. [PubMed:
18568035]

Shi XD, Sun K, Hu R et al. (2016) Blocking the Interaction between EphB2 and ADDLs by a Small
Peptide Rescues Impaired Synaptic Plasticity and Memory Deficits in a Mouse Model of
Alzheimer’s Disease. J Neurosci, 36, 11959-11973. [PubMed: 27881781]

Smith DL, Pozueta J, Gong B, Arancio O and Shelanski M (2009) Reversal of long-term dendritic
spine alterations in Alzheimer disease models. Proc Natl Acad Sci U S A, 106, 16877-16882.
[PubMed: 19805389]

Spires-Jones T and Knafo S (2012) Spines, plasticity, and cognition in Alzheimer’s model mice.
Neural Plast, 2012, 319836. [PubMed: 22203915]

Spires TL, Meyer-Luehmann M, Stern EA, et al. (2005) Dendritic spine abnormalities in amyloid
precursor protein transgenic mice demonstrated by gene transfer and intravital multiphoton
microscopy. J Neurosci, 25, 7278-7287. [PubMed: 16079410]

Um JW, Nygaard HB, Heiss JK, et al. (2012) Alzheimer amyloid-beta oligomer bound to postsynaptic
prion protein activates Fyn to impair neurons. Nat Neurosci, 15, 1227-1235. [PubMed: 22820466]

Eur J Neurosci. Author manuscript; available in PMC 2020 May 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xie et al.

Page 12

Vanleeuwen JE and Penzes P (2012) Long-term perturbation of spine plasticity results in distinct
impairments of cognitive function. J Neurochem, 123, 781-789. [PubMed: 22862288]

Wang HW, Pasternak JF, Kuo H et al. (2002) Soluble oligomers of beta amyloid (1-42) inhibit long-
term potentiation but not long-term depression in rat dentate gyrus. Brain Res, 924, 133-140.
[PubMed: 11750898]

Wilcox KC, Lacor PN, Pitt J and Klein WL (2011) Abeta oligomer-induced synapse degeneration in
Alzheimer’s disease. Cell Mol Neurobiol, 31, 939-948. [PubMed: 21538118]

Xie Z, Cahill ME and Penzes P (2010) Kalirin loss results in cortical morphological alterations. Mol
Cell Neurosci, 43, 81-89. [PubMed: 19800004]

Xie Z, Cahill ME, Radulovic J, et al. (2011) Hippocampal phenotypes in kalirin-deficient mice. Mol
Cell Neurosci, 46, 45-54. [PubMed: 20708080]

Xie Z, Srivastava DP, Photowala H, et al. (2007) Kalirin-7 controls activity-dependent structural and
functional plasticity of dendritic spines. Neuron, 56, 640-656. [PubMed: 18031682]

Yoshihara Y, De Roo M and Muller D (2009) Dendritic spine formation and stabilization. Current
Opin Neurobiol, 19, 146-153.

Youn H, Jeoung M, Koo Y, et al. (2007) Kalirin is under-expressed in Alzheimer’s disease
hippocampus. J Alzheimers Dis, 11, 385-397. [PubMed: 17851188]

Zhao L, Ma QL, Calon F et al. (2006) Role of p21-activated kinase pathway defects in the cognitive
deficits of Alzheimer disease. Nat Neurosci, 9, 234-242. [PubMed: 16415866]

Eur J Neurosci. Author manuscript; available in PMC 2020 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xie et al.

Page 13

o
o
£
o
o
o
=
1 =}
T
=
°
o
w“
(=]
3
>

Fig. 1. ADDLsbind to cortical neurons.
Cultured rat cortical neurons (DIV 28) were treated with 500 nM ADDLSs for 2 h, then

immunostained with antibodies against ADDLs and GFP. (a-b) ADDLSs bind to both the
dendrite and the dendritic spine. Inset: heat map of ADDL mean intensity. Arrow heads
indicate spines. Scale bar = 20 um (a) and 10 um (b). (c) Quantification of ADDL + spines
indicates that approximately 75% of spines were bound by ADDL. (d-e) High magnification
images further illustrate that ADDLSs bind to the head of dendritic spines (arrowheads) and
along the dendrite (arrows). Data were collected from 8 dendrite segments from 4 neurons.
Scale bar =5 um.
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Fig. 2. Endogenous kalirin-7 in dendritic spine headsisrapidly reduced by ADDL treatment.
Rat cortical neurons (DIV 28) were treated with vehicle or 500 nM ADDLSs for 2 h, then

immunostained with antibodies against kalirin-7 and GFP. (a) Endogenous kalirin-7 is
present throughout the dendrite and in the majority of dendritic spines. (b) Addition of
ADDLSs reduces endogenous kalirin-7 in spines. (c) The total levels of endogenous kalirin-7
following ADDL treatment is quantified by measuring mean intensity of kalirin-7 signal in
dendrites and dendritic spines. (d) Ratio of endogenous kalirin-7 in spines:dendrites is
reduced in ADDL-treated cultures. Data were collected from 13-18 dendrite segments from
5-7 neurons. Scale bar = 10 pm. ***p<0.001.
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Fig. 3. Kalirin-7 protects against ADDL -inducted dendritic spine mor phology in cortical
neurons.
(a) Rat cortical neurons (DIV 28) were transfected with eGFP-N2 plasmid + kalirin-7-myc

plasmid and treated with vehicle or 500 nM ADDLSs for 16 h. Scale bar = 20 um. (b) High-
magnification images of vehicle- and ADDL-treated neurons. Scale bar = 5 um. (c) Addition
of ADDLs increases dendritic spine length, an effect that is blocked by overexpression of
kalirin-7. (d) ADDLs also decreased dendritic spine density; loss of dendritic spines was
partially prevented by kalirin-7 overexpression. (e) Further analysis revealed that ADDL
treatment reduced the percent of mushroom spines, but this effect is occluded by the
overexpression of kalirin-7. (f) Filopodia represented a larger percentage of total spines in
ADDL -treated neurons and this increase was occluded by kalirin-7 overexpression. (g-h)
ADDLSs did not alter thin or stubby spines. Means + SEMs, *p=0.02, **p<0.01, ***p<0.001.
Data were collected from 2-6 dendrite segments totaling approximately 100 yum from 11-14
neurons.
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Fig. 4. Proposed model of kalirin-7 protection.
Under basal conditions kalirin-7 is localized to both the spines and the dendrites. Previous

studies show that kalirin-7 colocalizes with PSD-95 and is activated by multiple
mechanisms, including by EphB2 and NMDA receptors. Kalirin-7 can stabilize dendritic
spines through Racl-PAK-mediated signaling. Further, ADDLSs reduce levels of PSD-95 as
well as EphB2 and NMDA receptors. In the current manuscript, we show that ADDL
treatment alters the equilibrium of endogenous kalirin-7 in spines compared to dendrites.
ADDLSs also induce an immature dendritic spine phenotype characterized by a loss of
mushroom shaped spines and an increase filopodial-like spines and spine length.
Overexpression of kalirin-7 prevents this ADDL-induced spine atrophy, suggesting that
ADDLSs destabilize spines by interfering with kalirin-7 localization and signaling.
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