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Context and objectives

Protein function regulation by phosphorylation is implicated in the great majority of cellular
processes in eukaryotes, and to a lesser extent in prokaryotes. Regulatory phosphorylation
of proteins is a post-translational modification in which a phosphoryl group is transferred
from a donor, usually adenosine triphosphate (ATP), to the substrate, a residue of an amino
acid: either serine, threonine or tyrosine in metazoans. Protein phosphorylation is a reaction
catalyzed by protein kinases, usually reversible due to the action of protein phosphatases
which catalyze dephosphorylation. Protein kinases and phosphatases contribute to the
cellular adaptation to the environment in response to extra and intra-cellular signals and
often act as integrators.

Genes coding for protein kinases represent about 2% of eukaryotes protein coding
genes and embody one of the major classes. Protein kinases and protein phosphatases are
both comprised of different families. In the human, on the ~540 genes coding for protein
kinases, 90 code for “real” tyrosine kinases (TK) of which 32 are non-receptor tyrosine
kinases (nRTK) and 58 are transmembrane receptors having a tyrosine kinase activity
(RTK) (Manning et al., 2002b; Wilson et al., 2018). Our laboratory is particularly interested
in the nRTK group named focal adhesion kinase (FAK) family containing only two
members: FAK and the proline-rich tyrosine kinase 2 (Pyk2).

FAK and Pyk2 share roughly 45% amino acid sequence identity and 65% similarity
(Avraham et al., 1995, 2000; Sasaki et al., 1995) but display very distinct expression patterns.
Two products of alternative splicing characterized by the presence or absence of an
alternative exon were described for Pyk2. The variant lacking this exon is highly expressed
in hematopoietic cells whereas the complete form is enriched in the brain. Pyk2 has a key
role in numerous cellular physiological and pathological processes such as cell migration,
proliferation, survival and death. In the nervous system, it could participate in learning and
memory. The major step initiating Pyk2 activation is its autophosphorylation on Tyr-402.
This phosphorylation allows the recruitment and the activation of Src family members, the
phosphorylation of other residues of Pyk2 and the recruitment of other partners leading to
the activation of several pathways.

Works of many laboratories, including ours, have shown that Pyk2 is involved in
NMDA receptor regulation and synaptic plasticity in the hippocampus, suggesting maybe
a participation of Pyk2 in neurological diseases. However, Pyk2 function remains unclear
and the mechanism of action of Pyk2 is still poorly understood. The objective of my thesis
was to clarify the role of Pyk2 in the central nervous system and its implication in several
neurological pathologies.

We studied the involvement of Pyk2 in cognitive deficits associated to Huntington's
disease (Article 1). We also investigated a putative role of Pyk2 in the resilience of mice to
a model of depression (Article 2) and in a mouse model of Alzheimer's disease (AD)
(Article 3). In parallel with this last study, we used the same mouse model of AD to
investigate the potential benefit of astrocyte-targeted delivery of BDNF in this disease
(Article 4). We finally characterized the expression of Pyk2 in the striatum and its role in
cocaine response (Article 5, submitted).

In the bibliographic introduction, I will address several topics associated to my
subject: the presentation of FAK family kinases, the characterization of Pyk2, and the
specific role of Pyk2 in the central nervous system.
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[.  Tyrosine kinase signaling and the FAK family

In animals, phosphotyrosine (pTyr) signaling is an essential system that regulates hormone,
growth factor, immune, and adhesion-based signaling, therefore allowing cell-cell
communication (Hunter and Cooper, 1981; Shattil and Brugge, 1991; Myers et al., 1994;
Weiss and Littman, 1994).

This signaling relies on a simple mechanism: a TK phosphorylates certain tyrosine
residues on the substrate protein (or itself). Then, an effector protein recognize the pTyr
by its Src homology 2 (SH2) domain or other pTyr-binding domains, and activates
downstream signaling. The pathway can be stopped by a protein tyrosine phosphatase
(PTP) which dephosphorylates the pTyr (Figure 1).

« - .H@

Downstream
signaling

Figure 1. Mechanism of TK signaling. Tyrosines are phosphorylated by TKs and
dephosphorylated by PTPs. The phosphorylated tyrosine is then recognized by an SH2-containing
effector.

1. The origin of TKs and FAK family

The cukaryotic protein kinase (ePK) superfamily is divided into two kinase families
according to their substrate specificity: the TKs and the serine/threonine kinases (STKs)
families. TKs originally evolved from STKs. Although some STKs can phosphorylate
tyrosine residues and are referred to as dual specificity protein kinases (Lindberg et al.,
1992), TKs are discriminated from STKs by their overall sequence similarity and also
notably by their characteristic catalytic loop motif (Hanks and Hunter, 1995; Manning et
al., 2008).

The evolutionary history of TK family has been specifically studied and discussed
for many years (Miller, 2012; Tong et al., 2017). It was initially believed that tyrosine kinases
were specific to metazoans. In contrast with the high diversity of TKs in many metazoan
phyla, they were initially not found in plants, fungi and other analyzed eukaryotes (Hanks
and Hunter, 1995; Manning et al., 2002a). Although some bacteria evolved unique tyrosine
kinases known as bacterial tyrosine kinases (BY-kinases), metazoan-like TKs were not
found in bacteria (Grangeasse et al.,, 2012). Accordingly, TK were hypothesized to be a
metazoan-specific evolutionary innovation that permitted cell-cell communication and thus
contributed to the origin of metazoan multicellularity.

However, in 2001, King and Carroll discovered the first TK (a receptor tyrosine
kinase designated MBRTKI1) outside of the metazoan taxon (King and Carroll, 2001). This
TK was found in Monosiga brevicollis, a unicellular member of choanoflagellates that are the
closest known living relatives of metazoans (Richter and King, 2013). Successive papers

13



then confirmed the existence of multiple active tyrosine kinases in this organism (King et
al., 2003) and in several other choanoflagellate species (Segawa et al., 2006; Suga et al., 2008).

Genomic analyses then revealed that choanoflagellates contain a rich and complex
repertoire of TKSs that is comparable to those observed in the most complex multicellular
animals (King et al., 2008; Manning et al., 2008; Pincus et al., 2008). Many choanoflagellates
can form colonies, suggesting that their common ancestor with the metazoan could be a
transitional form between unicellular and multicellular organisms and that these unicellular
tyrosine kinases may have facilitated the evolution of multicellular animals (King, 2004).

Afterward, new genome/transcriptome sequencing has uncovered TKs in other
cukaryotes thus forcing to reconsider every time the apparition date of TKs during
evolution. In this way, in addition to the metazoans and the choanoflagellates, tyrosine
kinases were discovered in three other sister lineages: the filastereans, the ichthyosporeans
and the corallochytreans (forming, with the metazoans and the choanoflagellates, the
holozoans) (Shalchian-Tabrizi et al., 2008; Suga et al., 2012, 2014; Fairclough et al., 2013;
Sebé-Pedros et al., 2016). TKs were also found in two amoebozoans (Clarke et al., 2013;
Schaap et al., 2015) and in the apusozoan Thecamonas trahens (Suga et al., 2012). Moreover,
TKs were discovered in some bikonts such as the green alga Chlamydomonas reinbardtii or the
higher plants Arabidopsis thaliana and Oryza sativa (Shiu and Li, 2004; Miranda-Saavedra and
Barton, 2007; Kerk et al., 2008; Wheeler et al., 2008) but also the oomycete Phytophthora
infestans (Shiu and Li, 2004; Judelson and Ah-Fong, 2010). Nevertheless and so far, TKs
were not found in the non-holozoan opistokonts (the fungi (Shiu and Li, 2004; Miranda-
Saavedra and Barton, 2007; Suga et al., 2012, 2014), and the fungi relatives cristidiscoideans
(Suga et al., 2014)), and in many other species (Shiu and Li, 2004; Miranda-Saavedra and
Barton, 2007; Suga et al., 2008; Liu et al., 2011; Clarke et al., 2013) (Figure 2).

FAK
Clade ortholog

Excavata v X

Chromalveolata +/ X
Archaeplastida +/ X

5 Amoebozoa v X
Apusozoa / X

Cristidiscoidea X X

Fungi X X

Corallochytrea v X
Ichthyosporea v X
Filasterea vV
Choanoflagellata v v
Porifera v
Eumetazoa % -

Figure 2. Distribution of tyrosine kinases and FAK family within eukaryotic evolution. The
branches in the phylogenetic tree are not proportional to the divergence time. Presence or absence
of tyrosine kinases or FAK orthologs in a clade is marked by a green tick or a red cross respectively.

One can thus hypothesize that the appearance of TKs dates back up to the beginning
of eukaryotic evolution and that some species then lost these enzymes (Shiu and Li, 2004;
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Miranda-Saavedra and Barton, 2007; Kerk et al., 2008; Wheeler et al., 2008; Schaap et al.,
2015). However, one cannot exclude absolutely the possibility of multiple independent
appearance of TKs or eventually some horizontal gene transfers. In any case, the prime
hypothesis of a phosphotyrosine signaling at the origin of metazoan multicellularity is
invalidated by these recent findings. Nevertheless, it is worth noting that the number of
TKs underwent a great expansion in the holozoans (Manning et al., 2008; Suga et al., 2012,
2014; Fairclough et al., 2013; Sebé-Pedros et al., 2016) suggesting a more prominent role of
phosphotyrosine signaling in this monophyletic group. This expansion is the result of
several gene duplications and domain shuffling (Shiu and Li, 2004; Suga et al., 2008, 2012,
2014; Liu et al., 2011; Jin and Pawson, 2012; Liu and Nash, 2012) and, as reviewed in Tong
et al,, it was certainly allowed by the fact that holozoan pTyr signaling had little cross-
interference with pre-existing signaling systems such as pSer/Thr signaling and had
therefore liberty to evolve novel functions (Tong et al., 2017).

Within holozoan lineage, a central set of TK families rapidly arose and remained
conserved throughout the evolution. Among them, orthologs of the focal adhesion kinase
(FAK) family have been discovered in filastereans and choanoflagellates but not in more
evolutionary-distant clades (Sebe-Pedros et al., 2010; Fairclough et al., 2013; Suga et al.,
2014) (Figure 2). This suggests an urholozoan origin of the FAK family.

However, the appearance of paralogs within FAK family seems to have occurred
early in the vertebrate lineage. FAK family is composed of FAK and the proline rich kinase
2 (Pyk2) sharing together around 45% amino acid identity. Sequence alignments from
different species suggests that gene duplication leading to the appearance of FAK and Pyk2
occurred after the urochordate branch and is consequently specific to vertebrates (Corsi et
al., 2000) (Figure 3). Besides, the aforementioned alignments showed that FAK genes are
more closely related to the common unique ancestor than Pyk2 genes. This gives rise to the
idea that Pyk2 probably underwent less evolutionary pressures and had thus more
possibilities to evolve.

Number of

Clade orthologs in
FAK family

Cnidaria
Protostomia

Xenambulacraria

Urochordata

ati
Teleostei 2
Lissamphibia 2
Mammalia 2
Aves 2

Figure 3. Evolution of FAK family within eumetazoan clade. The branches in the phylogenetic

tree are not proportional to the divergence time. The dendrogram summarizes the results obtained
in Corsi et al., 2006.
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2. FAK family
2.1.  Identification of FAK family kinases

FAK was first identified in the beginning of the 90’s as a 120-kDa protein that is
phosphorylated on tyrosine in cells attached to fibronectin-coated surfaces (Guan et al.,
1991). It was then cloned independently by two laboratories from chicken embryo cells
infected with v-Src (Schaller et al., 1992) and by sequence homology in mouse (Hanks et
al., 1992). As its name implies, FAK is located to focal adhesions which are interaction sites
mediated by integrins, between extracellular matrix and actin cytoskeleton through the
plasma membrane (Carragher and Frame, 2004). FAK was then cloned in multiples
vertebrate and invertebrate species including human (Whitney et al., 1993), xenope (Hens
and DeSimone, 1995; Zhang et al., 1995), zebrafisch (Henry et al., 2001; Crawford et al.,
2003), sea urchin (Garcié et al., 2004) and drosophila (Fox et al., 1999; Fujimoto et al., 1999;
Palmer et al., 1999).

Pyk2 (Lev et al., 1995), also known as cell adhesion kinase- (CAKP) (Sasaki et al.,
1995), calcium dependent-protein tyrosine kinase (CADTK) (Yu et al., 1996) or related
adhesion focal tyrosine kinase (RAFTK) (Avraham et al., 2000) was initially described in
PC12 cells as an nRTK activated by cytosolic calcium increase and stimulation of protein
kinase C (PKC) (Lev et al., 1995). These two signaling pathways can be, in some case,
independently activated by the same stimulus but can have an additive effect on Pyk2
activation (Brinson et al., 1998). As mentioned above, Pyk2 is a vertebrates-specific protein.

2.2.  Structure of FAK family kinases

FAK and Pyk2 are composed of three conserved domains (Figure 4): an amino-terminal
four-point-one, ezrin, radixin, moesin (FERM) domain, a central kinase domain and
carboxy-terminal focal adhesion targeting (FAT) domain (Girault et al., 1999b; Lipinski and
Loftus, 2010; Hall et al., 2011; Walkiewicz et al., 2015). These three domains are connected
by two linker regions which contain proline-rich (PR) motifs. Unlike many nRTKSs, neither
FAK nor Pyk2 encompass Src-homology domains 2 and 3 (SH2 and SH3). FERM and
FAT domains both contribute to the regulation of the enzymatic activity of FAK and Pyk2
and allow their interaction with many proteins playing a key role in signal transduction.

Tyr-397 Tyr-576/Tyr-577 Tyr-861 Tyr-925
FAK (| FERM ] Kinase | || [ ] FaT )
PRA PR2 PR3
46% 28% 61% 20% 57%
Pyk2 (| FERM | Kinase | || [ FaT )
PR1| | | PR2 PR3 |
Tyr-402 Tyr-579/Tyr-580 Tyr-881

Figure 4. Comparison of human FAK and Pyk2 structures. FERM, kinase, FAT and PR
domains, as well the main phosphorylated tyrosines are indicated. Percentages of identity
(aminoacids) of each domain are specified.
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2.2.1. FERM domain

FERM domains are roughly 300 amino-acids domains commonly found in proteins that
bind cytoplasmic regions of transmembrane proteins and often act as linker between the
cytoskeleton and plasma membrane (Chishti et al., 1998; Girault et al., 1999b; Riggs et al.,
2011). Besides, FERM domains can also mediate intramolecular interactions. For instance,
the functional activity of the prototypical FERM domain proteins ezrin, radixin, and moesin
is regulated by FERM domain mediated intramolecular associations (Pearson et al., 2000;
Edwards and Keep, 2001).

The FERM domain has three lobes, namely: F1, F2 and F3, together forming a
cloverleaf-shaped structure that mediates both protein-membrane targeting as well as
protein-protein interactions (Figure 5). It is worth noting FAK FERM domain shares only
12-15% identity with the sequences of other FERM domains but they adopt a quite similar
tertiary structure as shown by hydrophobic cluster analysis (Girault et al., 1999b).

FERM proteins are targeted to the membrane due to the interaction between basic
residues in a cleft between subdomains F1 and F3 and PIP2 (Hirao et al., 1996; Hamada et
al., 2000). This interaction further induces conformational changes of FERM proteins that
would stimulate their interaction with the cytoplasmic tails of transmembrane proteins
(Hamada et al., 2003).

The FERM domain also appears be a domain of interaction with various cytosolic
and nuclear proteins. Among them, the three membrane-associated phosphatidylinositol
transfer proteins (PITPNMs), a family of protein associated with metastasized cancers,
interact with the FERM domain of Pyk2 but not FAK (Lev et al., 1999). In contrast, the
transcription factor p53 was shown to interact with the FERM domain of both FAK
(Golubovskaya and Cance, 2011) and Pyk2 (Lim et al,, 2010). The mitogen-activated
protein kinase kinase kinase kinase 4 (MAP4K4) was shown to interact with the FERM
domain of Pyk2 but not of FAK (Loftus et al., 2013).

Another function of the FERM domain is a potential autoregulatory role due to
interactions with the kinase domain. This autoinhibitory interaction has been described in
FAK (Lietha et al., 2007), and also, more recently, in Pyk2 (Loving and Underbakke, 2019).
Moreover, in both FAK and Pyk2, the FERM domain is supposed to be mandatory for the
activation-induced homodimerization (Kohno et al., 2008; Riggs et al., 2011; Brami-
Cherrier et al., 2014).

Finally, a nuclear localization sequence (NLS) and a nuclear export signal (NES)
were found in the F2 and F1 subdomain respectively of both FAK and Pyk2 showing a
particular standing of this region for FAK family kinases nucleocytoplasmic shuttling (Lim
et al., 2008a; Ossovskaya et al., 2008).
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Figure 5. Cartoon structure of FAK (left) and Pyk2 (right) FERM domain. FAK FERM
structure was taken from Ceccarelli et al., 2006. Pyk2 FERM structure was taken from PDB ID:
4EKU Savarimuthu et al.

2.2.2. Linker 1

The FERM domain of FAK family kinases is followed by a linker of approximately 70
aminoacids which precedes the kinase domain. This sequence is poorly conserved with the
exception of PR1 and the Tyr-397/Tyt-402 (FAK /Pyk2) whose phosphotylation plays a
key role in the activation of FAK and Pyk2 and in the recruitment of Src-family kinases
(SFKs) (Dikic et al., 1996; Hall et al., 2011). Indeed, this recruitment is based on a two-
point interaction between: 1. the SH2 domain of the SFK and the phospho-tyrosine (pTyt-
397 of FAK/pTyr-402 of Pyk2) 2. The SH3 domain of the SFK and the PR1 of FAK/Pyk2
(Schaller et al., 1994; Thomas et al., 1998; Arold et al., 2001).

In FAK specifically, this linker also contains the Tyr-407, which phosphorylation
was shown to negatively regulate FAK activity (Lim et al., 2007).

2.2.3. Kinase domain

The central region is the kinase domain which is highly conserved between FAK and Pyk2
(Sasaki et al., 1995). This domain adopts a typical bi-lobal structure, very similar to that of
other kinase domains, surrounding the catalytic site and the ATP binding pocket (Han et
al., 2009) (Figure 6). The N-lobe contains a five-stranded beta-sheet and one alpha-helix
whereas the C-lobe is mainly composed of alpha-helixes and the activation loop.
Phosphorylation of Tyr-579 and Tyr-580 (Tyr-576 and Tyr-577 for FAK) within this
activation loop is crucial to maximize Pyk?2 kinase activity.

This kinase domain was also shown to interact directly with the retinoblastoma 1-
inducible coiled-coil 1 (RB1CC1) which is supposed to be an inhibitor of Pyk2 kinase
activity (Ueda et al., 2000).

Moreover, a NES was found in the C-lobe of both FAK and Pyk2 suggesting an
unexpected role of the kinase domain in nucleocytoplasmic shuttling of FAK family kinases
(Ossovskaya et al., 2008).
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Figure 6. Cartoon structure of Pyk2 kinase domain co-crystalized with ATPgS. (From
Han et al., 2009a).

2.2.4. Linker 2

The linker 2 is located between the kinase domain and the FAT domain. This sequence
contains two PR sequences, named PR2 (residues 713 to 720 in Pyk2) and PR3 (residues
855 to 860, ibid.), that mediate the interaction of Pyk2 with a number of SH3 domain-
containing proteins that also interact with FAK such as p130Cas (Astier et al., 1997; Xiong
et al., 1998; Lakkakorpi et al., 1999), SAPAP3, and Graf (Ohba et al., 1998; Xiong et al.,
1998). More specifically in Pyk2, these PR sequences were also shown to interact with PSD-
95 (Seabold et al., 2003), synapse-associated protein 102 (SAP102) (Seabold et al., 2003),
ArfGAP with SH3 domain, ankyrin repeat and PH domain 2 (ASAP2) (Andreev et al.,
1999), Arg kinase binding protein 2 (ArgBP2) (Haglund et al., 2004), nephrocystin (Benzing
et al.,, 2001) and proline-rich acidic protein (PRAP) (Takahashi et al., 2003).

Additionally, a NES and a nuclear targeting sequence (NTS) were found in the linker
2 of Pyk2, playing an important role in subcellular trafficking of Pyk2 (Faure et al., 2013).

2.2.5. FAT domain

The C-terminal FAT domain of FAK family kinases is highly conserved between Pyk2 and
FAK. It exhibits an anti-parallel four-helix bundle structure in both FAK (Hayashi et al.,
2002; Liu et al., 2002) and Pyk2 (Lulo et al., 2009) (Figure 7). In FAK, this domain is
consubstantially linked to focal adhesion targeting (Hildebrand et al., 1993; Shen and
Schaller, 1999). It was reported to interact with talin (Chen et al, 1995) and paxillin
(Tachibana et al., 1995; Brown et al., 19906), two proteins highly enriched in focal adhesions.
Conversely, Pyk2 FAT domain was shown to interact with paxillin (Lulo et al., 2009) but
not talin (Zheng et al., 1998). Moreover, it was demonstrated that the binding mechanism
between Pyk2 and FAK for paxillin was different and that paxillin thus formed a much
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more stable complex with the FAT domain of FAK than with the FAT domain of Pyk2
(Vanarotti et al.,, 2014). Instead of paxillin, Pyk2 FAT domain showed a preferential
interaction with some proteins from the same paxillin superfamily such as leupaxin
(Vanarotti et al., 2016) or the molecular scaffold and transcription co-regulator Hic-5
(Matsuya et al., 1998). These differences between FAK and Pyk2 perhaps explain why only
a small proportion of Pyk2 is localized in focal contacts in most cell types.

Moreover, the FAT domain of FAK and Pyk2 associates with gelsolin, an actin
binding protein, showing a common regulatory role of FAK and Pyk2 in actin cytoskeleton
organization (Wang et al., 2003; Chan et al., 2009). Finally, within the FAT domain, Tyr-
925 in FAK and Tyr-881 in Pyk2, when phosphorylated by Stc, constitute a binding site for
the adaptor Grb2 leading to the initiation of the MAP kinase signaling pathway (Schlaepfer
and Hunter, 1996; Blaukat et al.,, 1999). In Pyk2, this phosphorylated tyrosine was also
reported to be an anchoring site for the oncogenic TK c-Abl (Zrihan-Licht et al., 2004).

..
S

Figure 7. Cartoon structure of Pyk2 FAT domain. (From Lulo et al. 2009).

The structural differences between FAK and Pyk2 highlighted in this part constitute
a basis for the explanation of the many differences between these two proteins.

2.3.  Expression of FAK and Pyk2

FAK and Pyk2 are encoded by PTK2 and PTKZ2B genes, respectively, in humans (P7&£2 and
Ptk2b in mice). These genes are localized, in human, on chromosome 8 and, in mouse, on
chromosomes 15 and 14 respectively (Fiedorek and Kay, 1995; Herzog et al., 1996). Their
regulation mechanisms are not well understood yet. However, FAK promotor
characterization allowed to highlight regulations by several transcription factors. FAK
transcription is positively regulated by NF-xB and N-Myc, and negatively regulated by p53
(Golubovskaya et al., 2004; Beietle et al., 2007). FAK is ubiquitously expressed during
development and in the adult (Hanks et al., 1992; André and Becker-André, 1993; Furuta
et al., 1995; Ilic et al., 1995; Kanazawa et al., 1995; Zachary, 1997). The highest expression
of FAK is observed in the brain, lung, testis and osteoclasts (Hanks et al., 1992; André and
Becker-André, 1993; Barry and Critchley, 1994; Burgaya et al., 1995; Grant et al., 1995).
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In fetus, Pyk2 is mostly, although modestly, expressed in the brain. In adult, it is
expressed in the brain but also in the lung, kidney, spleen and thymus (Avraham et al., 1995;
Sasaki et al., 1995; Menegon et al., 1999). In adult brain, Pyk2 is mainly concentrated in
forebrain neurons but it is also present in astrocytes (Cazaubon et al., 1997) and microglial
cells (Combs et al., 1999; Tian et al., 2000).

2.4.  Cellular localization of FAK family kinases

In adhering non-neuronal cells, FAK is located in focal adhesions which are sub-cellular
complexes forming mechanical links between intracellular actin bundles and the
extracellular matrix (Schaller et al., 1992). Pyk2 is essentially located in the perinuclear
region (Sieg et al., 1998; Avraham et al., 2000) but can be found, to a lesser extent than
FAK, in focal adhesions (Du et al., 2001).

In neurons, FAK is enriched is cellular body, growth cones and dendrites (Renaudin
et al., 1999). Moreover, FAK can be enriched along perinuclear microtubules associated to
centrosomes (Xie et al., 2003). In neurons, Pyk2 is enriched in cell body and dendritic shafts
(Menegon et al., 1999; Corvol et al., 2005).

However, FAK and Pyk2 can also shuttle to the nucleus. Indeed, FAK was observed
in the nucleus of cardiomyocytes under some pathological conditions (Lobo and Zachary,
2000; Yi et al., 2003). Pyk2 was also observed in the nucleus of various cell types including
keratinocytes (Schindler et al., 2007), chondrocytes (Arcucci et al., 20006), and in depolarized
neurons or PC12 cells (Faure et al., 2007). The dynamic of nucleocytoplasmic shuttling of
FAK and Pyk2 results from the presence of multiple regulatory sequences detailed above.
For instance, in the case of Pyk2, it was shown that the NES located on linker 2 was
regulated by phosphorylation at residue Ser-778, a substrate of 3’,5’-cyclic adenosine
monophosphate (cAMP)-dependent protein kinase and calcineurin, a Ca2?"/calmodulin-
activated protein phosphatase. The detailed mechanism of this regulation will be discussed
in II1.1.2.

2.5.  Isoforms of FAK family kinases

Both FAK and Pyk2 present various isoforms resulting from alternative splicing of their
messenger ribonucleic acid (mRNA) or from alternative transcription initiation sites
(Figure 8).
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FAK ( FERM Kinase FAT )
PR1| | | PR2 |PR3 |
Tyr-397 Tyr-576/Tyr-577 Tyr-861 Tyr-925
FNRK ( FAT )
PR2 PR3
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Pyk2 ( FERM Kinase FAT )
PR1| | | PR2 PR3 |
Tyr-402 Tyr-579/Tyr-580 Tyr-881
PNRK ( FAT )
PR3

Figure 8. FAK and Pyk2 isoforms.

2.5.1. FAK isoforms

To date, FAK possesses four additional peptides (called boxes) which can be included or
not to the sequence and are named according to the number of aminoacids contained in
the box: box 28, box 6, box 7 and box 3 (or PWR, based on the single letter amino acid
code for three residues of this box, Pro, Trp, and Arg; FAK isoform containing this exon
is termed FAK™).

These inserts provide biological differences between isoform. Besides, every isoform
present a specific expression pattern. For instance the isoform containing the boxes 3, 6
and 7 (called FAK*%7) is predominant in neurons (Burgaya et al., 1997).

Moreover, FAK gene possesses a second promotor located in the intron following
the last exon coding for the catalytic domain. Expression of the C-ter domain from this
promotor produces the so-called FAK-related non-kinase (FNRK). This variant is an in
vitro inhibitor of FAK as it competes with FAK for the localization to focal adhesions by
its intact FAT domain (Schaller, 2010). FRNK was shown to have physiological functions.
Increased expression of FRNK prevented metastatic adhesion of hepatocellular carcinoma
cells (von Sengbusch et al., 2005). Moreover, FRNK negatively regulates IL.-4-mediated
inflammation by attenuating eosinophil recruitment in a way that seems independent of
FAK pathway (Sharma et al., 2015).

2.5.2. Pyk2 isoforms

Pyk2 has an isoform lacking 42 amino acids in the linker 2 (Dikic et al., 1998; Xiong et al.,
1998; Keogh et al., 2002; Kacena et al., 2012). This isoform, called Pyk2-H (hematopoietic)
or Pyk2-§ (short), is abundantly expressed in hematopoietic cells where it is implied in cell
response to some chemokines.
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As for FAK, another isoform of Pyk2 results from the expression of the C-terminal
domain only and is termed Pyk2-related non-kinase (PRNK) (Xiong et al., 1998). This
variant also inhibits Pyk2 function and was tested for this reason in many experiments.
Thus, exogenous expression of PRNK could prevent myocardial fibrosis (You et al., 2015),
impair CD11b/CD18-mediated phagocytosis in macrophages (Paone et al., 2016), and
could reduce squamous carcinoma cells viability, migration, invasiveness and adhesion
ability (Yue et al., 2015). However, PRNK may act as an inhibitor of Pyk2 only in some cell
types as it does not interact with the Pyk2 partner p130Cas or Graf (Xiong et al., 1998).

Finally, Arcucci et al discovered a nuclear fragment of Pyk2 of 68 kDa in chick
embryo epiphyseal chondrocytes which is not recognized by an antibody raised against the
N-terminal region of Pyk2 suggesting that this fragment lacks the N-terminal region
(Arcucci et al., 2006). However, neither the mechanism of formation of this fragment nor
its biological function is known.

2.6. Biological functions of FAK

2.6.1. Cellular functions of FAK

Among the adhesion sites mediated by integrins, the focal adhesions are long flat structures
often located in the periphery of cells (Sastry and Burridge, 2000). They are mainly
composed of integrin, paxillin, vinculin, talin and FAK.

Upon engagement of integrins by extracellular matrix, FAK is recruited to the focal
adhesions and rapidly phosphorylated on tyrosine (Hanks et al., 1992; Kirchner et al., 2003;
Zaidel-Bar et al., 2003). Activated FAK can interact with Src which phosphorylate many
partners such as a-actinin which then recruits vinculin and regroups the actin bundles to
the focal adhesions (Mitra et al., 2005) (Figure 9). FAK-/- fibroblasts have reduced and
immature focal adhesions with a default of binding to the actin bundles showing that FAK
is essential to the function of these structures (Ili¢ et al., 1995; Katoh, 2017). Particularly,
loss of FAK results in the persistence of old focal adhesions and in the inability to form
new ones showing the importance of FAK in focal adhesion turnover (Ren et al., 2000).
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Figure 9. Structure of focal adhesions. Adapted from Mitra et al., 2005.

FAK-/- fibroblasts also show decreased motility (Ili¢ et al., 1995) whereas FAK
overexpression in many cell types stimulates migration (Schlaepfer and Mitra, 2004). Cell
migration can be defined as the ability of a cell to move in response to a stimulus. It
participates in many physiological processes such as embryogenesis, wound healing,
angiogenesis, inflammation, or in some pathological processes such as tumorigenesis and
metastasis formation. Several studies demonstrated the importance of FAK in many steps
of cell migration such as stimuli sensing (Katsumi et al., 2004; Schlaepfer and Mitra, 2004),
lamellipodia (Tilghman et al, 2005) and filipodia (Wu et al, 2004) formation and
microtubules stabilization (Siegrist and Doe, 2007). FAK thus functions as a biosensor or
integrator to control cell motility by influencing the cytoskeleton and the renewing of focal
adhesion and membrane protrusions (Mitra et al., 2005).

FAK was also shown to contribute to cell proliferation. Inhibition of FAK results
in cell proliferation inhibition (Parsons, 2003; Owen et al,, 2011; Mierke et al., 2017)
whereas FAK overexpression in fibroblasts speeds it up (Zhao et al., 1998). FAK would
particularly promote cyclin D expression and cyclin-dependent kinases activation during
G1/S transition allowing a faster transition (Zhao et al., 2003; Bond et al., 2004; Owen et
al., 2011).
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Finally, FAK is involved in cell survival and was shown to be an anti-apoptotic
kinase. In response to some pro-apoptotic stimuli such as oxidative stress, FAK can activate
the PI3K/Akt pathway (Chen et al., 1996) thereby inhibiting many actors of the apoptotic
machinery such as BAD or caspase-9 (Hanks et al., 2003). FAK would also be an inhibitor
of the pro-apoptotic p53 (Golubovskaya and Cance, 2013). Furthermore, FAK was shown
to undergo cleavage during apoptosis thereby stopping its anti-apoptotic function (Manzur
et al., 2018). This function is particularly engaged for the inhibition of anoikis, a form of
programmed cell death that occurs in anchorage-dependent cells when they detach from
the surrounding extracellular matrix (Duxbury et al., 2004). Integrin interaction with the
extracellular matrix activates FAK thereby preventing cell from anoikis (Beauséjour et al.,
2012).

2.6.2. Physiological functions of FAK

FAK knockout mice is embryonic lethal around E8.5 showing a major role in development
(Furuta et al., 1995). This phenotype principally results of a migration defect as detailed in
the previous part (Ili¢ et al, 1995). Interestingly the function of FAK during early
development involves more than its autophosphorylation mechanism. For example mice
homozygous for a deletion of the exon that codes for Tyr-397 have a normal development
up to E12.5 and die later (Corsi et al., 2009).

FAK is also important in the nervous system 7z vivo as shown by several studies. It
is highly expressed during brain development whereas its levels decrease in the adult
(Burgaya et al., 1995). Conditional deletion of FAK in the cortex demonstrated its major
role in basal lamina formation (Beggs et al., 2003) and in dendritic shaft formation (Gorski
et al., 2002). Conforming to its role in focal adhesion turnover, FAK was shown to be a
negative regulator of axonal branching and synapse formation (Rico et al., 2004). FAK is
also critical for neuronal migration and axon guidance during development (Xie et al., 2003;
Li et al., 2004b; Bechara et al., 2008; Chacon et al., 2012; Kerstein et al., 2017) as well as for
the control of cortical dendrite arborization (Garrett et al., 2012). Additionally, conditional
deletion of FAK in Schwann cells proved the requirement of FAK for axonal myelination
(Grove and Brophy, 2014).

According to these various physiological functions, FAK is involved in many
diseases such as cancer (Naser et al., 2018), ischemia (Bikis et al., 2015; Gao et al., 2018),
beta peptide accumulation (Zhang et al, 1996; Williamson et al,, 2002) and cardiac
hypertrophy (Mohanty and Bhatnagar, 2018) and is thus studied as a potential target for
many molecular therapies.

II. Pyk2: a nRTK of FAK family

1. Regulation of Pyk?2 activity in non-neuronal cells
1.1.  Activation and phosphorylation of Pyk2

1.1.1. Canonical activation of Pyk2

Canonically, Pyk2 is activated in response to increases in intracellular calcium levels (Lev et
al., 1995; Girault et al., 1999a; Alier and Morris, 2005; Cao et al., 2007; Schaller, 2008).
Calmodulin appears to play an important role in this activation. However the mechanism
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proposed for this activation is still not well understood. Kohno et al. proposed that
Ca?*/CaM binds to the FERM domain of Pyk2 allowing dimerization and trans-
autophosphorylation of Pyk2 (Kohno et al., 2008). Conversely, Xie et al. suggested that the
interaction site of Pyk2 with Ca?*/CaM was located in the kinase domain of Pyk2 (Hens
and DeSimone, 1995). This binding would enhance Pyk2 homodimerization. In 2011, Riggs
et al. demonstrated that EGTA could not dissociate Pyk2 homodimers leading to the
hypothesis that Ca?"/CaM is required for Pyk2 homodimer formation but that this dimer
undergoes a conformational change in another state which does not include Ca%*/CaM
(Riggs et al., 2011). Following this dimerization, Pyk2 is phosphorylated on Tyr-402. Several
enzyme can catalyze this reaction. In 2004, Park et al. transfected Pyk2 in SYF cells which
are deprived of the Src, Yes and Fyn kinases and they observed phosphorylation of Pyk2
on Tyr-402 supporting the hypothesis of an autophosphorylation independent of Src. They
also provided evidence for an autophosphorylation acting in a trans (and not cis) manner
by transfecting various mutant forms of Pyk2 and observing that a kinase dead mutant form
of Pyk2 was phosphorylated by Pyk2 with an active kinase domain (Park et al., 2004).
However in 2016, Zhao et al. reassessed this question by proving that Src was necessary to
adhesion-induced phosphorylation of Pyk2 in vitro (Zhao et al., 2016). They proposed that
the phosphorylation of Pyk2 observed by Park et al. in SYF cells was due to the
overexpression of Pyk2 and that, in physiological conditions, Src would be needed for the
initial phosphorylation of Tyr-402 of Pyk2 and that this pre-activated form of Pyk2 could
then auto-trans-phosphorylate the other Pyk2 proteins thus bringing back together the two
hypothesis.

This latter mechanism may nonetheless be limited to the activation of Pyk2 upon
integrin ligation. Additionally, in some cell types, Pyk2 activation seems to be independent
of CaM. In cytotoxic T lymphocytes, Pyk2 phosphorylation was not inhibited by the
calmodulin inhibitor W7 (Lysechko 2010). In these cells, increased intracellular Ca?*
induces the production of reactive oxygen species, which activate the mitogen activated
protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) pathway, leading to
Src-family kinase-dependent Pyk2 phosphorylation (Lysechko 2010). In human sperm,
calmodulin inhibition even enhances Pyk2 phosphorylation by an unknown mechanism
(Battistone 2014).

The mechanisms leading to the phosphorylation of Pyk2 on Tyr-402 are thus likely
to be different according to the stimulus activating Pyk2. The specific mechanism of
activation of Pyk2 in neurons will be discussed in I11.1.1.

The phosphorylated tyrosine then constitutes a binding site for the SH2 domain of
the SFKs which phosphorylate Tyr-579 and Tyr-580 within the activation loop of Pyk2
kinase domain triggering full activation (Li et al., 1999; Schlaepfer et al., 1999). SFKs also
phosphorylate Tyr-881 which recruits the Grb2/Sos complex thus leading to the ERK
pathway activation (Blaukat et al., 1999; Lev et al., 1999).

Other residues of Pyk2 can be phosphorylated but the biological function of these
phosphorylation sites still remains unclear (Oppermann et al., 2009).

1.1.2. Regulation of Pyk2 activation by Ca*"-activated kinases
1.1.2.1. PKC

The role of PKC in Pyk2 activation is still not clear. In 1995, Lev et al. demonstrated that
PKC activation was able to activate Pyk2 (Lev et al., 1995). Many studies then confirmed
the involvement of PKC in Pyk2 activation. Pharmacological inhibition of PKC by
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staurosporine and Ro31-8220 in platelet cells inhibited Pyk2 phosphorylation in response
to thrombin (Ohmorti et al., 1999). In accordance with this, inhibition of PKC in neurons
also blocked depolarization-induced Pyk2 phosphorylation (Siciliano et al., 1996; Corvol et
al., 2005). Although, the precise mechanism of PKC function in Pyk2 activation is
unknown, residue(s) phosphorylated by PKC on Pyk2 have not been identified so far, and
one can hypothesize that it acts indirectly by favoring Ca®* elevation in cells.

1.1.2.2. CaMKII

Another enzyme involved in Pyk2 regulation is CaMKII. Pharmacological inhibition by
KN-62 reduced Pyk2 phosphorylation induced by depolarization but not by bradykinin
(Zwick et al., 1999). Ribonucleic acid (RNA) interference of CaMKII in PC12 cells blocked
KCl-induced phosphorylation of Pyk2 (Banno et al., 2008). Treatment of vascular smooth
muscle cells with the inhibitor KN-93 also inhibited H20, induced Pyk2 phosphorylation
(Bouallegue et al., 2009). Specific knockdown of CaM kinase 1182 in cultured hypothalamic
neurons and CaM kinase 1If'e in cultured gonadotroph cells both inhibited the GnRH-
induced activation of Pyk2 (Okitsu-Sakurayama et al,, 2019). Although the specific
mechanism of Pyk2 activation by CaM kinases remains unknown, these results clearly show
a direct or indirect role for Ca?*-dependent kinases in Pyk2 regulation.

1.2.  Dephosphorylation of Pyk2

Pyk2 signaling can also be regulated by dephosphorylation. The protein phosphatases
involved are divided in two groups according to their substrates: the PTPs and the protein
serine-threonine phosphatases (PSTPs).

1.2.1. Tyrosine phosphatases
1.2.1.1. SHP-1

Pyk2 is a substrate of SHP-1 (Kumar et al., 1999; Ganju et al., 2000). SHP-1 associates with

Pyk2 (Ganju et al.,, 2000) and overexpression of SHP-1 inhibits Pyk2 phosphorylation
y J p y

(Kumar et al., 1999).

1.2.1.2. SHP-2

Pyk2 is also a substrate of SHP-2 (Chauhan et al., 2000; Tang et al., 2000). An interaction
between SHP-2 and Pyk2 was shown in some cell types. This interaction was constitutive
(Tang et al., 2000), induced by interleukins (Chauhan et al., 2000) or by platelets engagement
(Wiiger and Prydz, 2004). The domain involved in this interaction is unknown but it does
not involved SH2 (Chauhan et al., 2000; Tang et al., 2000).

1.2.1.3. PTP-PEST

The Tyr-402 and Tyr-579/580 of Pyk2 were shown to be substrates of PTPN12, also
known as PTP-PEST (Davidson and Veillette, 2001; Lyons et al., 2001). PTP-PEST
interacts with Pyk2 by its N-terminal PR domain (Gupta et al., 2003; Chellaiah et al., 2007).
PTP-PEST deficiency results in Pyk2 hyperphosphorylation and increased cell motility in
endothelial (Souza et al., 2012), cancer (Sahu et al., 2007; Li et al., 2015) and dendritic cells
(Rhee et al., 2014). A PTP-PEST/Pyk2 pathway is also involved in the response of T cells
(Davidson et al., 2010), macrophages fusion (Rhee et al.,, 2013) and osteoclasts function
(Eleniste et al., 2012).
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1.2.1.4. STEP

PTPNS5, also known as striatal-enriched protein-tyrosine phosphatase (STEP) binds to and
dephosphorylates Pyk2 at Tyr-402 (Xu et al., 2012). The role of this brain-specific PTP in
Pyk2 regulation will be discussed further in II1.

1.2.2. Set/Thr phosphatases

In 2002, Lin et al. described the implication of Pyk2 and calcineurin, also known as PP2B,
in the carbachol-induced signaling pathway (Lin et al., 2002). Treatment of cells with
cyclosporine A, a calcineurin inhibitor, was shown to decrease Pyk2 phosphorylation
suggesting a role of calcineurin in Pyk2 activation (Xia et al, 2006). Calcineurin
dephosphorylates Pyk2 at Ser-778, a residue phosphorylated by PKA and involved in the
regulation of the nuclear export motif of Pyk2 (Faure et al, 2007, 2013). This
dephosphorylation leads to Pyk2 nuclear accumulation but mutation of Ser-778 do not.

1.3. SUMOylation of Pyk2

Recently, Uzoma et al. discovered that four lysines of Pyk2 could be SUMOylated thus
promoting autophosphorylation of Pyk2 at Tyr-402 (Uzoma et al., 2018). This result
suggests a crosstalk between phosphorylation and SUMOylation and enriches the spectrum
of Pyk2 regulatory mechanisms.

1.4.  S-nitrosylation of Pyk2

In 2015, Yan et al. demonstrated that oxidative stress induced S-nitrosylation of Cys-534
of Pyk2 (Yan et al., 2015). The Cys-534 mutant Pyk2 overexpression in cells reduced Pyk2
S-nitrosylation and decreased the oxygen glucose deprivation-induced Pyk2
phosphorylation suggesting a role for this post-translational modification in the regulation
of Pyk2 phosphorylation.

The principal post-translational modifications of Pyk2 are compiled in Figure 10.

PKA pr28 Localization
SUMO  SUMO + + SNO SUMO P %
Lys-35 Lys-145 Cys-534 Lys-581 Ser-778 Lys-895
Pyk2 (| FERM Y| | Kinase | || | FaT )
Tyr-402 Tyr-579-580 Tyr-881
P — PP —* P \v
Pyk2 PTP-PEST SFKs PTP-PEST SFKs ACtIVIty &
SFKs?  STEP Recruitment

of partners
Unknown exact substrate:
- SHP-1
- SHP-2

Figure 10. Pyk2 post-translational modifications. SUMOylation and S-nitrosylation of Pyk2
promote phosphorylation. Tyr-402 phosphorylation recruits SFKs which phosphorylate Tyr-579
and Tyr-580 leading to full activation of Pyk2, and Tyr-881 inducing the recruitment of the
Gtb2/Sos complex. Ser-778 phosphorylation/dephosphorylation regulate Pyk2 cytonuclear
shuttling.
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2. Pyk2 functions in non-neuronal cells
2.1.  Pyk2 cellular functions

2.1.1. Cell adhesion

As FAK, Pyk2 possesses a FAT domain which targets it to the membrane and the focal
adhesions. In fibroblasts, Pyk2 localizes at focal adhesions and microinjection of Pyk2 in
these cells leads to reorganization of focal adhesions and cell rounding (Du et al., 2001). In
macrophages as well, Pyk2 localizes within F-actin-rich membrane ruffles (Williams and
Ridley, 2000). Pyk2 deletion in macrophages resulted in a delay in the formation of the
leading edge lamellipodia in response to chemokine stimulation and the incapacity to detach
from the substrate at the trailing edge thus reducing cell migration (Okigaki et al., 2003).
Latter, Hashido et al. showed that Pyk2 was involved in cell repulsion by promoting focal
adhesion disassembly (Hashido et al., 2006). In T-cells, Pyk2 activation leads to the
separation of the cell with dendritic cells (Raab et al., 2017). It is thus likely that Pyk2
promotes the turnover of focal adhesions in cells. This may involve the activation of Rho,
a GTPase controlling cytoskeletal morphology (Lim et al., 2008b).

2.1.2. Cell migration

In concordance with its role in focal adhesions turnover, Pyk2 also regulates migration in
different cell types including vascular smooth muscle cells (Soe et al., 2009), PC-12 cells
(Park et al., 2007), B-2 cells and marginal zone B cells (Tse et al., 2012), macrophages
(Okigaki et al., 2003), cytotoxic T lymphocytes (Cheung and Ostergaard, 20106a),
cosinophils(Zhu et al., 2008), monocytes (Watson et al., 2001) and neutrophils (Allingham
et al., 2007).

Rho family of GTPases are crucial in this molecular process with Rho acting in
cytoskeletal reorganization in stress fibers and Rac stimulating formation of lamellipodia
(Lawson and Ridley, 2018). Pyk2 was shown to interact with these two signaling proteins.
PLC-gammal activates Pyk2 which then activates Rac thus upregulating the formation of
lamellipodia and cell migration (Choi et al., 2007). Pyk2-Rac pathway is also involved in
macrophages migration (Miao et al., 2016). Rho is activated by Pyk2 in vascular smooth
muscles cells (Ohtsu et al.,, 2005) and Pyk2 deficient macrophages were shown to have
decreased Rho activation and lamellipodia contraction (Okigaki et al., 2003). By stimulating
both Rac and Rho, Pyk2 thus embodies a pro-migratory role.

However, in osteoblasts, Pyk2 was shown to have an anti-migratory role as Pyk2
deletion increases osteoblast migration (Eleniste et al., 2016). Such contradictory results
need further study to be understood precisely.

One should note that FAK loss is accompanied by a compensatory increase of Pyk2
expression and function (Sieg et al., 1998; Lim et al., 2008b; Weis et al., 2008) suggesting
that FAK can be partly replaced by Pyk2 for the regulation of cellular migration. On the
contrary, FAK does not compensate for Pyk2 in Pyk2-deficient B cells and macrophages
suggesting that Pyk2 developed particular features during evolution (Guinamard et al.,
2000).
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2.1.3. Cell division

Pyk2 is also involved in the control of the cell cycle and cell proliferation. Expression of
inactive Pyk2 decreases lymphocytes (Miyazaki et al., 1998) and prostatic cells (Picascia et
al., 2002) proliferation.

The Wnt/B-catenin pathway is known for promoting cellular proliferation by
initiating the transcription of cyclin D1 and cMyc (Klaus and Birchmeier, 2008). Pyk2
increases nuclear accumulation of [-catenin by phosphorylating B-catenin on tyrosine
residues (Otero et al., 2009), associating with the Wnt5a/Frizzled/LRP5 complex which
also activates B-catenin (Despeaux et al.,, 2012), and protecting B-catenin from GSK38-
induced degradation (Zhang et al., 2014).

Pyk2 thus promotes cell proliferation and is the object of many studies focusing of
its oncogenic function (Shen and Guo, 2018).

2.1.4. Cell survival

Pyk2 plays a dual role in cell survival as it can be either pro or anti-apoptotic depending on
the cell type and the conditions.

In mammary epithelial cells, Pyk2 activates an anti-apoptotic pathway involving
epidermal growth factor receptor (EGFR), Akt and the inhibition of p53 in response to
benzola]pyrene exposure (Burdick et al., 2006). In thymocytes, Pyk2 is activated by
interleukine-7 in an anti-apoptotic pathway involving Jak activation (Benbernou et al.,
2000). In pathological conditions, Pyk2 is also associated with pathways preventing cell
death. In breast cancer cells for instance, Pyk2 activates an EGFR/ Akt signaling inhibiting
apoptosis (Burdick et al., 2000). Inhibition of the Pyk2/B-catenin pathway in multiple
myeloma cells leads to increased cell death, showing an anti-apoptotic role of Pyk2-
activated pathway in this situation (Kamihara et al., 2016). After ischemia/reperfusion, Pyk2
is involved in the activation of the prosurvival signaling molecules ERK and Akt, thereby
preventing excessive increases in reactive oxygen species and providing protection from
injury (Miller et al., 2019).

Pyk2 also has a pro-apoptotic role. In 1997, Xiong and Parsons induced apoptosis
in fibroblasts by inducing the expression of Pyk2 (Xiong and Parsons, 1997). Latter, Ueda
et al. reported this effect i vitro and prevented apoptosis by the expression of the FAK
family kinase-interacting protein of 200 kD (FIP200), which is a natural inhibitor of Pyk2
(Ueda et al., 2000). Inhibition of Pyk2 by the expression of its C-terminal domain also
improved survival of ventricular myocytes 7z vivo following myocardial infarction suggesting
a role of Pyk2 in cell death (Hart et al., 2008). In osteoblasts as well, kinase-deficient or
phosphorylation-defective Pyk2 mutations were shown to inhibit the glucocorticoid-
induced apoptosis (Plotkin et al., 2007). In the bone marrow, Pyk2 deletion increases the
number of monocytes suggesting a pro-apoptotic role of Pyk2 in these cells thus regulating
the turnover of these cells (Llewellyn et al., 2017). Pharmacological blockade of Pyk2 or
inhibition of Pyk2 activation by NaxS reduced myocardial infarct size in mice (Bibli et al.,
2017).

The molecular mechanisms involved may be different depending on the cell type
and the environmental condition. In fibroblasts, Pyk2 may function as an inhibitor of the
anti-apoptotic PI3K/Akt pathway (Xiong and Parsons, 1997). Pyk2 was also shown to
phosphorylates and inhibits endothelial NO synthase (eNOS) which produces protective
amounts of NO (Bibli et al., 2017). The effect of Pyk2 on cell survival is also often related
to the activation of MAPKs. As mentioned in I1.1.1.1, Pyk2 can recruit the Grb2/Sos
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complex which activates the ERK pathway (Blaukat et al., 1999; Lev et al., 1999). Pyk2 also
act as an upstream regulator of the c-Jun NHz-terminal kinase (JNK) pathway through the
phosphorylation, by Src, of p130Cas and subsequent recruitment of Crk, C3G and
DOCK180, leading to JNK activation (Blaukat et al., 1999). Furthermore, p38 was shown
to be activated by Pyk2 through a pathway involving mitogen-activated protein kinase
kinase 3 (MKK3) (Pandey et al., 1999; Sorokin et al., 2001). These signaling pathways
regulate a variety of cellular activities including cell survival and death. In osteoblasts, the
apoptotic effect of Pyk2 in appears to be due to the activation of JNK (Plotkin et al., 2007).
In cardiomyocytes, Pyk2 activates p38 leading to the cleavage of PARP, the activation of
caspase-3 and deoxyribonucleic acid (DNA) degradation (Melendez et al, 2004).
Conversely, in these same cells but following ischemia/reperfusion, Pyk2 has a protective
role through the activation of the ERK pathway notably (Miller et al., 2019).

2.1.5. Cell differentiation

Pyk2 is involved in keratinocytes differentiation by increasing the expression of
transcription factors promoting the expression of differentiation markers (Schindler et al.,
2007).

However, Pyk2 is more often associated with de-differentiation of cells. Pyk2
inhibits the differentiation of myeloid progenitors (Dylla et al, 2004) and of
osteoprogenitors (Buckbinder et al,, 2007). Recently, Pyk2 was confirmed to inhibit
osteoblast differentiation (Posritong et al,, 2018). Besides, Pyk2 inhibition promotes
differentiation of vascular smooth muscle cells into a contractile phenotype thus promoting
the integrity of the vascular wall (Grossi et al., 2017). This aspect of Pyk2 also contributes
to its involvement in many cancers.

2.2.  Physiological role of Pyk2

2.2.1. Bone physiology

Bone mass regulation results from the equilibrium between the actions of osteoblastic cells
which produce bone matrix and osteoclasts which induce matrix resorption.

Pyk2/- mice have increased bone-mass due to increased osteoblast proliferation,
migration and activity and decreased osteoclast function (Buckbinder et al., 2007; Gil-Henn
et al., 2007; Eleniste et al., 20106).

In osteoclasts, Pyk2 is involved in the assembly and disassembly of podosomes
which are conical, actin-rich membrane protrusions which serve as both sites of attachment
and degradation along the extracellular matrix. Pyk2 interacts with structural proteins
surrounding the actin ring of the podosome such as vinculin, talin, a-actinin and gelsolin
(Shyu et al., 2007). Pyk2 is activated by the attachment of osteoclasts on different substrates
(Duong et al., 1998). One should note that the role of Pyk2 appears to be dependent on its
autophosphorylation site (Tyr-402) but not on its kinase activity. Pyk2 appears to recruit
Src which then activates Cbl and PI3K allowing the development of osteoclasts polarity
and function (Lakkakorpi et al., 2003; Horne et al., 2005; Buckbinder et al., 2007).

In osteoblasts, mechanical stimulations were shown to activate and re-localize Pyk2
(Guignandon et al., 20006). Pyk2 has an inhibitory function on osteoblast activity (Posritong
et al,, 2018). Accordingly, a research team developed a PEGDA-gelatin hydrogel containing
an inhibitor of Pyk2 which promoted, 7z vitro, increased osteoblast activity and mineral
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deposition possibly constituting a suitable treatment of skeletal defect (Posritong et al.,
2019).

2.2.2. Vascular system integrity

In endothelial cells, Pyk2 is activated upon stimulation by different signals from integrin
binding to growth factors or mechanical stimulations (Orr and Murphy-Ullrich, 2004).
Neovessel formation after hind-limb ischemia is impaired in Pyk2-/- mice. Pyk2 is involved
in Src/PLCgammal and Src/PI3-kinase/ Akt pathways, leading to endothelial NO synthase
phosphorylation, and modulation of vasoactive function and angiogenic response (Matsui
et al., 2007). Pyk2 would actually have an inhibitory action on eNOS thus blocking its
vasodilatation activity (Fisslthaler et al., 2008).

Pyk2 is an important determinant of thrombin-induced endothelial inflaimmation.
Thrombin stimulation of endothelial cells was shown to activate IKK, through Pyk2, and
to promote the release and the transcriptional capacity of RelA/p65 (Soni et al., 2017).

Pyk2 may also have a role in endothelial integrity by modulating cell adhesion. VE-
cadherin loss of function was shown to induce tyrosine phosphorylation of B-catenin by
Pyk2 (van Buul et al., 2005). Pyk2 phosphorylation of VE-PTP constitutes a docking site
for Src which phosphorylates VE-cadherin leading to endothelial barrier dysfunction (Soni
et al., 2017).

2.2.3. Immune system function

Pyk2 is expressed in cells of hematopoietic origin where it controls the molecular
mechanisms of migration and activation.

In macrophages, Pyk2 is activated by FcyR stimulation during phagocytosis
(Kedzierska et al., 2001). Both FAK and Pyk2 are involved in phagocytosis (Bruce-Staskal
et al., 2002; Hudson et al., 2005). However, the two proteins do not display the same
function. Pyk2 activation is sufficient for phagocytosis of YadA expressing bacteria whereas
FAK is sufficient for phagocytosis of invasin expressing bacteria (Owen et al., 2007).

Pyk2 is also involved in cytokines secretion by macrophages such as IL-18 and IL-
18 (Vilimiki et al., 2013). Pyk2 phosphorylates the inflaimmasome adaptor protein ASC
which participates in speck formation that leads to caspase-1 activation and secretion of I1L-
18 and IL-18 (Chung et al., 2016). Pyk2 might thus be involved in HIV-associated dementia
characterized by the infiltration of macrophages in perivascular sites of the central nervous
system and the production of IL-1f in the brain (Cheung et al., 2008).

As detailed above, Pyk2 is implicated in cell migration. Particularly, Pyk2 plays a
crucial role in the migration of macrophages (Owen et al., 2007), T cells (Cheung and
Ostergaard, 2016b), marginal zone B cells (Tse et al., 2009), platelets (Cipolla et al., 2013),
cosinophils (Zhu et al., 2008), and neutrophils (Kamen et al., 2011). The role of Pyk2,
probably involving the RhoA-ROCK signaling pathway, is underlined by the inability of
Pyk2 deficient cells to detach form the rear (Okigaki et al., 2003; Cheung and Ostergaard,
2016a).

The production of reactive oxygen species (ROS) by macrophages (Lin et al., 2008)
and neutrophils (Zhao and Bokoch, 2005) also involves Pyk2 activity and is necessary to
inflammatory response of these cells.

2.2.4. Kidney function

Pyk2 plays an important role in acidobasic homeostasis. Acidosis activates Pyk2 in kidney
cells, promoting MAPK- and JNK-dependent transcription and activation of the NHE3
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transporter, thus increasing acid secretion by these cells (Gluck, 2004; Li et al., 2004a;
Preisig, 2007).

Pyk2 is also involved in the acid-stimulated citrate reuptake by NaDC-1
cotransporter in kidney cells (Zacchia et al., 2018).

Diabetes was also shown to induce a Pyk2-dependent inactivation of GSK38 thus
causing elevated protein synthesis and kidney hypertrophy (Mariappan et al., 2014).

2.2.5. Sperm capacitation

Northern blot and immunoprecipitation analysis demonstrate that, among germinal cells,
Pyk2 is more abundant in spermatocytes and spermatids (Chieffi et al., 2003). Inhibition of
Pyk2 results in decreased sperm motility, acrosome reaction and ability to penetrate eggs
(Battistone et al., 2014). Pyk2 may phosphorylate CatSper, a Ca?* channel, thus promoting
the Ca?* wave necessary to sperm capacitation (Brukman et al., 2019).

2.2.6. Generation of Pyk2 knockout mice

Genetic knockout is a useful approach to better study the physiological function of a
protein in an organism.

The Schlessinger group was the first to develop Pyk2 knockout mice by inserting a
Neo expression cassette into the 5' portion of Pyk2 sequence encoding for the protein
tyrosine kinase domain as shown in Figure 11 (Okigaki et al., 2003). In contrast to the
embryonic lethality in FAK-deficient mice, Pyk2 knockout mice are viable and fertile
(Guinamard et al., 2000; Okigaki et al., 2003). They display a mild immunological phenotype
with reported defects in immune cells activation and mobility as described in 11.2.2.3
(Guinamard et al., 2000; Okigaki et al., 2003; Cipolla et al., 2013).
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Figure 11. Generation of Pyk2 knockout by Okigaki et al., 2003. Schematic diagrams and
partial restriction maps of Pyk2 locus, the Pyk2 targeting vector, and the predicted structure of the
Pyk2 locus after homologous recombination with targeting vector. The filled box represents Pyk2
coding sequence, the open box indicates the Neo expression cassette and thymidine kinase (TK)
expression cassette. The arrows in open box indicate the direction of transcription. A, Ap, B, and
S represent Accl, Apal, BamHI, and Sacl, respectively. From Okigaki et al., 2003.
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More recently, our group generated Pyk2 knockout mice in collaboration with Gen-
O-way (Lyon, France) (Giralt et al., 20106). First, the P#£2b exons 15b-18 were flanked with
LoxP sequences to generate Pyk27/f C57Bl/6 mice (Figutre 12). Pyk27f mice were then
crossed with an expressing Cre line to delete exons 15b-18 thereby resulting in Pyk2 genetic
knockout (Giralt et al., 2016). These Pyk2 knockout mice were used to study the
involvement of Pyk2 in astrocytes migration as will be detailed further in I11.2.5.
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Figure 12. Generation of Pyk2”" C57Bl1/6 mice by Giralt et al., 2016. Hatched rectangles
represent Pyk2 coding sequences, grey rectangles indicate non-coding exon portions and solid lines
represent chromosome sequences. The neomycin positive selection cassette is indicated. LoxP sites
are represented by triangles and FRT sites by double triangles. From Giralt et al., 2016.

3. Pathological role of Pyk2

3.1. Pyk2 and inflammatory diseases

As shown in I1.2.2.3, Pyk2 is an important actor of the immune system. Pyk2 is also
associated with the dysregulation of this system characterizing inflammatory diseases (Zhu
etal., 2018). Pyk2, which is essential for inflammatory cell migration 7z vitro, regulates airway
inflammation, Th2 cytokine secretion, and airway hyper-responsiveness in a mouse model
of asthma (Duan et al,, 2010). In the development of peritonitis, Pyk2 was shown to
phosphorylate ASC, an inflaimmasome adaptor protein thus leading to its dimerization and
to NLRP3 activation (Chung et al.,, 2016). Pyk2 inhibition blocks lung inflaimmation in a
mouse model of acute lung injury (Duan et al., 2012). As detailed in 2.2.1, Pyk2 is also
targeted in a recent therapy directed against osteoporosis (Posritong et al., 2019).

3.1. Pyk2 and cancers

Given its many roles in cell survival, differentiation and migration, Pyk2 rapidly appeared
as a putative oncogenic factor (Shen and Guo, 2018). Pyk2 acts as the crossroads of multiple
signaling pathways promoting cancer progression.

Pyk2 induces cell proliferation and tumor growth via activation of ERK pathway in
breast (Behmoaram et al., 2008), prostate (Picascia et al., 2002), lung (Roelle et al., 2008;
Zhang et al., 2008b) and liver cancers (Sun et al., 2008) and in glioma (van der Horst et al.,
2005). In lung cancer cells, SOCS3, a tumor suppressor, binds to Pyk2 via its SH2 and
kinase inhibitory region (KIR) domains, and decreases cell migration through inhibiting
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Pyk2-associated ERK activity (Zhang et al., 2008a). A Pyk2/ERK pathway was also shown
to mediate the EGF-inducted telomerase activity in malighant ovarian cells (Bermudez et
al., 2008). In urothelial carcinoma cells as well, Pyk2 regulates IGF-I-induced ERK
activation leading to cell motility and invasion (Genua et al., 2012).

Pyk2 is also an activator of the EGFR/PI3K/Akt pathway promoting sutvival of
multiple myeloma (Zhang et al., 2014) and breast cancer cells (Burdick et al., 20006). In 2015,
Datta et al. targeted this pathway with alpha-naphthoflavone, a chemopreventive agent
promoting the sensitivity of breast cancer cells to doxorubicin and abrogating doxorubicin
resistance via inhibiting phospho-Pyk2, phospho-FAK and EGF-induced Akt activation
(Datta et al., 2015). In liver cancer as well, Pyk2 activates Akt thus promoting cell survival,
drug resistance (Geng et al., 2011) and VEGF production leading to angiogenesis and
metastasis (Cao et al.,, 2013). In urothelial carcinoma cells, Akt activation by Pyk2 also
contributes to the IGF-I-induced cell motility and invasion evoked previously (Genua et
al., 2012).

Pyk2 also contributes to the activation of the Rho GTPases pathway leading to
increased cell motility in prostate (Sahu et al., 2007) and in liver cancer (Sun et al., 2011).

At the intersection of these pathways, Pyk2 appears to have an oncogenic role,
promoting proliferation, survival, invasion, metastasis, and chemo-resistance of tumor cells
as reviewed in Figure 13. However, two exceptions were interestingly reported. A tumor-
suppressive role of Pyk2 has indeed been observed in both neuroblastoma (Nakagawa-Yagi
et al., 2001) and androgen-dependent prostate cancers (Stanzione et al., 2001; Wang et al.,
2002; Wiese et al., 2015). The differences between cell types studied in this section may
explain this apparent contradiction.

Pyk2

NN

Erk EGFR/PI3K/Akt Rho GTPases
Cell proliferation Cell immortality Tumor invasion Cell survival Drug resistance

Figure 13. Schematic model of the oncogenic role of Pyk2.
3.1.  Pharmacological inhibitors of Pyk2

The involvement of Pyk2 in many diseases created expectation for the discovery or the
development of an efficient and specific chemical inhibitor.

Malononitrile, 3,5-di-tert-butyl-4-hydroxybenzylidene, also referred as tyrphostin
A9, or AG 17 has been shown to inhibit Pyk2 activation in cultured cells (Fuortes et al.,
1999). This inhibitor was used for showing the role of Pyk2 in neutrophils (Fuortes et al.,
1999; Evangelista et al., 2007), platelets (Kim et al., 2013) and chondrocytes (Ding et al.,
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2009) activation, in T-cells chemotaxis (Saitoh et al., 2017), in the production of interleukin-
10 by macrophages (Okenwa et al., 2013) and in zebrafish oocyte fertilization (Sharma and
Kinsey, 2013). However, this chemical inhibitor is not selective against Pyk2 as it was shown
to inhibits other kinases including Cdk2 (Palumbo et al., 1997) and the platelet-derived
growth factor receptor (PDGFR) (Marhaba et al., 1996). Hence, the effects of this inhibitor
may be only partially due to Pyk2 inhibition.

During the 2000s, the Pfizer group got particularly interested in some
diaminopyrimidines and derivatives for their ability to compete with the ATP binding site
of FAK and/or Pyk2. Diaminopyrimidines ate a class of organic chemical compounds that
include two amine groups on a pyrimidine ring. Among them, PF-562271 is a potent
reversible inhibitor of FAK and Pyk2 with an IC50 of 1.5 and 14 nmol/L respectively
(Roberts et al., 2008). In accordance with the oncogenic role of both FAK and Pyk2, this
compound displays an antitumor activity (Roberts et al., 2008; Bagi et al., 2009; Stokes et
al., 2011). In 2008, Walker et al. used a combination of library and chemistry techniques to
transform the FAK-selective inhibitor PF-431396 into compounds with good Pyk2 potency
and up to 10- to 20-fold selectivity over FAK (Walker et al., 2008). Thereafter, Han et al.
described a novel Pyk2 conformation which led to the development of strong Pyk2-targeted
inhibitors PF-4618433 (Han et al, 2009) and PF-4594755 (Bonnette et al., 2010)
interacting with allosteric sites outside of the ATP binding pocket which are poorly
conserved between Pyk2 and FAK. PF-4618433 was recently used in a PEGDA-gelatin
hydrogel as a promising treatment for skeletal defect (Posritong et al., 2019).

Another study reported the screening of a diverse collection of ~250,000 small
molecule compounds to identify inhibitors of Pyk2 with potential osteogenic activity in
osteoblast cells (Allen et al., 2009). This screening identified compounds that showed strong
biochemical potency against Pyk2 and up to 3700-fold selectivity over FAK (Allen et al.,
2009).

In 2017, Meirson et al. used an 7 si/ico systematic screening approach to discover
Pyk2-selective inhibitors in an original way: four different Pyk2 kinase domain crystal
structures were generated and prepared for screening. A virtual library of six million
compounds was docked in silico against these four domains and ligand selectivity for Pyk2
over FAK was then evaluated to identify promising Pyk2 inhibitors with high specificity
(Meirson et al., 2017).

A distinct strategy for the inhibition of Pyk2 consists in the expression of
recombinant proteins which prevent Pyk2 activation. The dominant-negative inhibitor of
Pyk2, TAT-mediated protein transduction of dominant-negative C-terminal Pyk2 (TAT-
Pyk2-CT), results from the fusion of TAT peptide to the C-terminal Pyk2 (Han et al., 2003).
This inhibitor was used to show the involvement of Pyk2 in the regulation of leucocytes
activation (Han et al., 2003) and migration (Zhu et al., 2008; Wang et al., 2010a), in platelets
activation (Kim et al., 2013), and more generally in lung inflammation (Duan et al., 2010,
2012). Alternatively, a GST-FERM fusion protein was shown to block Pyk2
oligomerization and activation (Riggs et al, 2011). This fusion protein was used to
demonstrate the role of Pyk2 in zebrafish oocyte fertilization (Sharma and Kinsey, 2013).

Finally, it is interesting to note that the anti-inflammatory effects of salicylate may
be due, at least partially, to the inhibition of Pyk2 and Src and not solely to the inhibition
of cyclooxygenase activity (Wang and Brecher, 2001). Particularly, the vasodilator effect of
salicylate would results from the inhibition of the Pyk2-mediated RhoA/Rho-kinase
activation (Ying et al., 2009; Mills et al., 2015).
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III. Roles of Pyk2 in the CNS

1. Specific regulation of Pyk2 in the CNS
1.1.  Activation of Pyk2 in neurons

We have seen above that, in most non-neuronal cells, Pyk2 is thought to be activated
through a Ca2"/calmodulin-dependent homodimerization and transphosphorylation
(Kohno et al., 2008; Schaller, 2008; Riggs et al., 2011; Walkiewicz et al., 2015).

In neurons, it was also suggested that intermolecular Pyk2 autophosphorylation
results from the Ca?*-induced dimerization of the associated post-synaptic density protein
PSD-95 (Bartos et al., 2010). In 2003, Seabold et al. discovered that the PR sequences-
containing linker 2 of Pyk2 interacts with the SH3 domain of PSD-95 (Seabold et al., 2003).
However, the GK domain of PSD-95 also interacts with this SH3 domain thus inhibiting
PSD-95 interaction with Pyk2 at basal state (Seabold et al., 2003). Following this study,
Bartos et al. demonstrated that Ca?t/calmodulin but not calmodulin alone associates with
the SH3 domain of PSD-95 thereby releasing this autoinhibitory interaction and allowing
PSD-95 to interact with Pyk2 (Bartos et al., 2010). In this model, Ca*" influx through
NMDAR induces post-synaptic Pyk2 clustering through Ca?*/CaM:PSD-95. Clustered
Pyk2 then autophosphorylates in trans, leading to full activation of Pyk2. In this cluster,
Pyk2 can modify neuronal excitability by inducing the phosphorylation of ion channels (Lev
et al., 1995; Felsch et al., 1998; Huang et al., 2001) (Figure 14).
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Figure 14. Model of the activation of the neuronal activation Pyk2.
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1.2, Regulation of Pyk2 localization

In addition to its postsynaptic translocation, Pyk2 can also shuttle between the nucleus and
cytoplasm in neurons as described in 1.2.4 and I1.1.2.2 (Faure et al,, 2007, 2013). In
hippocampal slices and PC12 cells, depolarization induces a calcineurin-dependent nuclear
translocation of Pyk2 (Faure et al., 2007). This translocation depends on the regulation of
the NES by the phosphorylation/dephosphorylation of residue Ser-778. At basal state, this
residue is phosphorylated by PKA and positively regulates this nuclear export motif thereby
leading to nuclear exclusion of Pyk2. Upon neuronal stimulation and Ca?" increase,
calcineurin dephosphorylates Ser-778 leading to the inactivation of the nuclear export motif
and the accumulation of Pyk2 in the nucleus mediated by the NLS and NES located in the
FERM domain and the linker 2 respectively (Figure 15) (Faure et al., 2013).
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Figure 15. Model of Pyk2 intracellular localization regulation in neurons proposed in Faure
et al., 2013. a In basal conditions, the phosphorylation of S778 positively regulates the NES of
Pyk2 contributing to its nuclear exclusion. b Upon neuronal depolarization, Ca**/calmodulin
(CaM) activates calcineurin which dephosphorylates S778 leading to the inactivation of the NES

and the nuclear accumulation of Pyk2 due to the predominant activity of the NLS and possibly the
NTS.
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This property may contribute to specific long-term adaptations in neurons, given
the possible effects of Pyk2 on chromatin and transcription observed in other cell types.
Indeed, in osteocytes, after translocation to the nucleus, Pyk2 was shown to interact with
methyl-CpG-binding protein 2 (MECP2), a protein involved in the mediation of the
biological consequences of methylation signals in DNA (Hum et al., 2014). In fibroblasts,
it was shown that nuclear accumulation of Pyk2 was accompanied by the accumulation of
Hic-5, a coactivator of nuclear receptors, thereby regulating transcription (Aoto et al., 2002).
However and despite this elucidated mechanism, any direct implication of Pyk2 in the
regulation of transcription in neurons still remains to be elucidated.

2. Pyk2 biological functions in the CNS
2.1.  Ionic channels regulation

2.1.1. Kvl.2

In 1995, Pyk2 was identified as a Kv1.2 regulator (Lev et al., 1995). This channel is highly
expressed in the brain and in cardiac muscle and it is negatively regulated by tyrosine
phosphorylation which induces its endocytosis (Williams et al., 2007). In 1998, Felsch et al.
transfected Xenopus oocytes with truncated forms of the channel and revealed that the C-
terminus was phosphorylated by Pyk2 (Felsch et al., 1998).

2.1.2. BK channels

“Big potassium” large conductance voltage-gated K+ channel (BK) channels are potassium
channels activated by membrane depolarization and increases in intracellular Ca?*
concentration (Contet et al., 2016). Pyk2 regulates and co-immunoprecipitates with BK
channel (Ling et al., 2004; Florio et al., 2005; Massa et al., 2006). BK channel activity was
reduced by Pyk2 inhibitors indicating an activating role of Pyk2 (Florio et al., 2005; Massa
et al., 2000).

More recently, Pyk2 was also shown to be positively regulated by BK channels in
astrocytes (Hsieh et al., 2016; Liou et al., 2019).

2.1.3. NMDA receptor NMDAR)

In 2001, Huang et al. demonstrated a physical interaction of Pyk2 but not FAK with the
NMDAR in CA1 hippocampus, without determining whether the interaction was direct or
indirect (Huang et al., 2001). In this study, Pyk2 was shown to enhance NMDAR currents
via sequential activation of Src (Huang et al., 2001). In cortical neurons, selective activation
of group I mGluRs with (S)-3,5-dihydroxy-phenylglycine (DHPG) induced a
Ca?*/calmodulin-dependent activation of Pyk2 and the SFKs Src and Fyn leading to
tyrosine phosphorylation of the NMDAR (Heidinger et al., 2002). After transient cerebral
ischemia and reperfusion, tyrosine phosphorylation of NMDAR subunit 2A (GIuN2A) is
also mediated via the Pyk2/Stc pathway (Liu et al., 2003, 2005). In human neuroblastoma
cells, NRG1 signaling, through activation of Fyn and Pyk2, stimulates phosphorylation of
Tyr-1472 on the GluN2B subunit of the NMDAR (Bjarnadottir et al., 2007). Pyk2 and the
SFKs are also involved in the potentiation of the NMDAR by insulin (Jones and Leonard,
2005).

PSD-95 and SAP102 constitute a potential link between Pyk2 and the NMDAR,
allowing, upon Pyk2 activation, its recruitment to the NMDAR via their SH3 domains
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(Seabold et al., 2003). More recently, tyrosine phosphorylation of PSD-95 by Src was shown
to facilitate the recruitment of Pyk2 to the complex, leading to the idea of a positive loop
in which Pyk2 recruited at PSD-95 clusters can activate Src, which phosphorylates PSD-95
and thereby supports the maintained recruitment of Pyk2 and the subsequent tyrosine
phosphorylation of GluN2A, which ultimately results in the upregulation of NMDAR
function and synaptic transmission (Zhao et al., 2015).

2.2.  Development

Pyk2 is a key component of signaling pathways involved in neurite growth and synapse
formation (Wang et al., 2010b). In 2000, Ivankovic-Dikic et al. showed that the expression
of the C-terminal domain of Pyk2 or FAK blocked neurite outgrowth indicating the
possible implication of the FAK family in neurite outgrowth regulation (Ivankovic-Dikic et
al., 2000). Blocking intracellular Ca?* mobilization and thereby Pyk2 activation in PC12 cells
prevents cell attachment and spreading indicating a role for Pyk2 in morphogenesis and
cytoskeletal reorganization that provide the subcellular framework for neurite outgrowth
during NGF-induced neuronal differentiation (Park et al., 2000). The role of Pyk2 in neurite
formation is likely to involve paxillin, a protein expressed at focal adhesions and interacting
with Pyk2 (Park et al, 2000). In PC-12 cells, S85A mutation of paxillin, a residue
phosphorylated by the p38 MAPK, was shown to decrease its association with Pyk2 and to
inhibit NGF-induced neurite extension (Huang et al., 2004). Pyk2 was also shown to form,
with Cbl, a signaling complex that is translocated to lipid rafts and is enriched in growth
cones of differentiating PC12 cells following growth factor stimulation (Haglund et al.,
2004). Pyk2 may also be involved in pathways leading to the regulation of the expression
of genes promoting neurite outgrowth (Banno et al., 2008).

Conversely, activation of GSK38 by Pyk2 was shown to cause neurite retraction in
a mechanism depending on microtubules destabilization (Sayas et al., 2006) and, in 2012,
Suo et al. demonstrated an inhibitory function of Pyk2 on Racl activity and dendritic
development (Suo et al., 2012). It is thus likely that Pyk2 activity may be implicated in both
retraction and outgrowth of developing neurites, maybe depending on its subcellular
localization and specific binding partners.

2.3.  Synaptic plasticity

Pyk2 and the Src family kinases were rapidly proposed and then shown to be involved in
synaptic plasticity (Girault et al., 1999a; Huang et al., 2001; Bartos et al., 2010; Hsin et al.,
2010).

Several studies highlighted the importance of Pyk2 clustering with PSD-95 and
NMDAR in the induction of long-term potentiation (LTP). NMDAR was already known
to be regulated by phosphorylation on tyrosine, particularly by Src kinase (Yu et al., 1997).
In 2001, Huang et al. demonstrated that Pyk2 regulates NMDAR function and LTP by
overexpressing Pyk2 in hippocampal slices (Huang et al., 2001). In 2010, Bartos et al.
showed that the disruption of the interaction between Pyk2 and PSD-95 abolished LTP in
the CA1 (Bartos et al., 2010). In 2013, Yang et al. discovered that Pyk2 activation was
accompanied by increased surface expression of NMDAR (Yang et al.,, 2013). It is thus
likely that Pyk2 regulates NMDAR activity, in response to calcium increase, thereby leading
to LTP expression.
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In addition to its interaction with NMDAR complex, Pyk2 may also regulate the
MAPK/ERK pathway, a critical player in synaptic and neuronal plasticity (Derkinderen et
al., 1999; Adams and Sweatt, 2002). Pyk2 and ERK are required for L'TP induction and/or
maintenance in some cell types (Huang et al., 2001; Salter and Kalia, 2004) but it remains
unclear if Pyk2 contributes to MAPK activation (Lev et al., 1995; Dikic et al., 1996; Blaukat
et al., 1999; Pandey et al., 1999) or if they both participate independently to LTP (Yan et
al., 1999; Ivankovic-Dikic et al., 2000; Corvol et al., 2005).

Interestingly, some studies using a heterologous expression system have revealed
that the internalization of the Kv1.2 potassium channels is regulated by Pyk2 and its
downstream Src-family kinases (Lev et al., 1995; Felsch et al., 1998; Nesti et al., 2004). This
mechanism could be involved in a long-term potentiation of intrinsic excitability (LTP-1E)
in hippocampal CA3 pyramidal neurons (Hyun et al., 2013).

Pyk2 is also involved in LTD (Hsin et al., 2010). Small hairpin RNA-mediated
knockdown of Pyk2 blocks LTD in hippocampal slice cultures. Therefore it is possible that
Pyk2 plays a dual role in synaptic plasticity, being involved in both depression and
potentiation.

2.4. Neuronal survival

As seen in 11.2.1.4, Pyk2 exhibits dual role in non-neuronal cell survival as it can be either
pro or anti-apoptotic according to the cell type and the conditions.

In neurons, Pyk2 appears to have an important role in neurogenesis and survival.
Overexpression of Pyk2 increases cerebellar granule neurons survival while silencing Pyk2
activity by expressing a dominant-negative form decreases neuronal viability (Strappazzon
et al., 2007). Pyk2 may be involved in the brain-derived neurotrophic factor (BDNF)
pathway which promotes the growth and differentiation of new neurons and synapses (Xu
et al., 2016). Indeed, BDNF was shown to activate Pyk2 through STEP inhibition (Xu et
al., 2016) and to induce synaptic synthesis of Pyk2 in the same time (Afonso et al., 2019).
In PC12 cells, Pyk2 activates the survival signaling pathway PI3K/Akt/p70S6K in response
to H2Oz exposure (Banno et al., 2005). Pyk2 was also shown to be involved, with PKCa,
in a neuroprotective pathway activated by an enzymatic degradation product of chondroitin
sulphate proteoglycan (CSPG) (Rolls et al., 2004). More recently, a neuroprotective role of
Pyk2 has also been described in rats receiving a moderate ethanol preconditioning. This
preconditioning induces neuroprotection against oxidative stress possibly involving a
Pyk2/NMDAR pathway leading to the elevation of an antioxidant protein, peroxiredoxin
2 (Prx2) (Mitchell et al., 2010).

In contrast, a pro-apoptotic role of Pyk2 was described in the chicken spinal cord
where overexpression of Pyk2 induces apoptosis. In these cells, alpha- and gamma-
protocadherins, by binding and inhibiting Pyk2, prevent this pro-apoptotic effect of Pyk2
and thereby promote cell survival. (Chen et al, 2009). In human differentiating
neuroblastoma SH-SY5Y cells as well, Pyk2 may be involved in a pro-apoptotic pathway
induced by colchicine and implicating the formation of an 85-kDa poly(adenosine
diphosphate ribose)polymerase (PARP) fragment and the induction of the neuroblastoma
apoptosis-related RNA-binding protein (NAPOR) gene (Nakagawa-Yagi et al., 2001).
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2.5.  Pyk2in glial cells

As evoked in 1.2.3, Pyk2 in the brain is mainly expressed by forebrain neurons but it is also
present in astrocytes (Cazaubon et al., 1997) and microglial cells (Combs et al., 1999; Tian
et al., 2000).

Pyk2 is notably involved in the regulation of astrocytes migration after physical
lesion: Pyk2 deficient astrocytes migrate slower and are characterized by an impaired actin
re-polymerization after treatment with latrunculin B, a depolymerizing drug (Giralt et al.,
2016). This function possibly involves an interaction between Pyk2 and gelsolin (Wang et
al., 2003; Giralt et al., 20106).

In microglia, Pyk2 is implicated in the neurotoxic response to amyloidogenic
fragments of beta-amyloid and prion proteins (Combs et al., 1999). Pyk2 was also shown
to be phosphorylated and to colocalize with phospho-p38MAPK in microglia around the
necrotic infarcted area, 24-72 hours following ischemia (Tian et al., 2000).

Such studies corroborate the already evoked functions of Pyk2 (cell migration,
response to stress-signals, etc.) in other cell types.

3. Pyk2 in CNS diseases

Given the involvement of Pyk2 in many cellular functions in the central nervous system,
an increasing number of studies focus on the pathophysiological role of Pyk2 in the central
nervous system and possible therapeutic strategies targeting this protein.

3.1. Alzheimer’s disease

Many genome-wide association studies (GWAS) identified PTKZB as a susceptibility locus
of late onset AD (LOAD) (Kamboh et al., 2012; Lambert et al., 2013; Beecham et al., 2014;
De Jager et al., 2014; Wang et al., 2014; Chan et al., 2015; Jiao et al., 2015; Li et al., 2016;
Nettiksimmons et al,, 2016; Lin et al, 2017). PTKZB appears to be associated with
hippocampal sclerosis (Beecham et al., 2014), disease progression (Wang et al., 2014), and
cognitive decline (Nettiksimmons et al, 2016). The identified risk-associated single
nucleotide polymorphism (SNP) 1s28834970C was associated with increased PTKZB
mRNA expression in monocytes, suggesting that Pyk2 is overexpressed in patients carrying
this allele (Chan et al., 2015).

Particular proteolysis of amyloid precursor protein (APP) leads to the production
and accumulation of B-amyloid peptide (AB), which is a hallmark of AD (Benilova et al.,
2012). Accumulated AB can form both various neurotoxic oligomers and extracellular
insoluble plaques (Mucke and Selkoe, 2012). The prion protein (PrPc), which is a receptor
of AP oligomers (ABo), associates with metabotropic glutamate receptor 5 (mGluR5) and
through it with Homer1b/c, Pyk2, and CamKII (Haas and Strittmatter, 2016; Haas et al.,
2016, 2017). Signaling by PrPc and mGluR5, which includes Pyk2 activation, is disrupted
by ABo (Haas and Strittmatter, 2016). This PrPc -mGIuR5 signaling pathway involves Fyn
since a Fyn inhibitor blocked Pyk2 activation and improved learning and memory in
Alzheimer mice (Kaufman et al., 2015).

Another molecular hallmark of AD is aberrant phosphorylation of Tau (Mandelkow
and Mandelkow, 2012). Pyk2 is also likely to be involved in tauopathy since Tau is a
substrate of both Fyn (Lee et al., 1998, 2004, Bhaskar et al., 2005, 2010) and Pyk2 (Li and
Gotz, 2018). Pyk2 colocalizes with hyperphosphorylated Tau in the brain of AD patients
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and in Tau transgenic pR5 mouse model (Kéhler et al., 2013; Doutlen et al., 2017). Pyk2
can also activate GSK3, which phosphorylates Tau (Hooper et al., 2008). Moreover, in
drosophila, dFAK] the single orthologue of FAK and Pyk2 in invertebrates, is a modulator
of Tau toxicity (Doutlen et al., 2017).

Taken together, these results suggest that Pyk2 can be part of a signaling cascade
downstream of mGIluR5 that is altered by Ao interaction with PrPc, while it could also
contribute to tauopathy by regulating Tau phosphorylation on several sites.

In contrast, inhibition of the tyrosine phosphatase STEP was shown to enhance
Pyk2 phosphorylation 7z vvo and to improve some cognitive deficits in 3xTg-AD mouse
model of AD with no change in A and phospho-Tau levels (Xu et al., 2014).

Pyk2 may thus contribute to different parts in the course of the disease. However,
further work would be needed to better characterize its precise role.

3.2. Parkinson’s disease

Just like in AD, STEP levels were shown to be elevated in brains from patients with
Parkinson's disease (PD) (Lombroso et al., 2016) and STEP61, the membrane-associated
isoform of STEP, is upregulated in PD (Kurup et al., 2015). These results could suggest a
decrease in Pyk2 function in PD but this subject remains unexplored.

3.3. Huntington’s disease

Pyk2 may also be involved in Huntington’s disease (HD), a neurodegenerative condition
caused by an expansion of a CAG repeat in the huntingtin (HTT) gene characterized by
motor and behavioral symptoms, and cognitive decline. Expression of polyglutamine-
expanded huntingtin (Htt) increases tyrosine phosphorylation of NMDA receptors via
PSD-95 and SFKs (Sun et al., 2001; Song et al., 2003). It was also shown that wild-type Htt
and Pyk2 interact with the same SH3 domain of PSD-95 (Sun et al., 2001; Seabold et al.,
2003). Pyk2 could thus be involved in the Htt-dependent phosphorylation of NMDA
receptors leading to HD progression.

3.4. Neuroinflammation

Transient receptor potential melastatin 2 (TRPM2) is a ROS-sensitive calcium channel
involved in many neurological diseases (Belrose and Jackson, 2018). In monocytes, TRPM2
was shown to activate a Pyk2/ERK pathway leading to generation of chemokines and
ulcerative inflammation (Yamamoto et al., 2008). More recently, Alawieyah Syed Mortadza
et al. studied the role of this pathway in AB-induced AD-related neuroinflammation
(Alawieyah Syed Mortadza et al, 2018). They discovered that a TRPM2-dependent
activation of the Pyk2/ERK signaling pathway was critical for microglial activation and
generation of tumor necrosis factor-o (Alawieyah Syed Mortadza et al., 2018). In the same
way, it must be noted that the Pyk2-activated kinase GSK3 is also involved in
neuroinflaimmation (Weng et al., 2014) contributing to the idea of a pro-inflammatory role
of Pyk2 in the brain.

3.5. Glioma and neuroblastoma

Protein levels of Pyk2 were shown to be upregulated in glioma cells (Hoelzinger et al.,
2005). In 2003, Lipinski et al. discovered that the overexpression of Pyk2 in human
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glioblastoma cells stimulated migration (Lipinski et al., 2003). siRNA knockdown of Pyk2
further confirmed the central role of Pyk2 in the migration of glioblastoma cells (Lipinski
et al, 2005; Rolon-Reyes et al., 2015). Especially, the interaction between Pyk2 and
MAP4K4 was shown to be decisive in this function (Loftus et al., 2013). In 2015, Xu et al.
demonstrated that melatonin could be a potential therapeutic molecule which is able to
reduce Pyk2 activation and, thus, inhibit tumor cell migration/invasion (Xu et al., 2015). In
neuroblastoma, Pyk2 may also play an important role as it was shown that TRPM2
expression protects the viability of neuroblastoma through a pathway involving Pyk2
activation (Hirschler-Laszkiewicz et al., 2018). Taken together, these results indicate that
Pyk2 could be a potential target for glioma and neuroblastoma therapies.

3.6. Cerebral ischemia

Pyk2 is activated in cortical neurons following cerebral ischemia (Tian et al., 2000) and in
SH-SY5Y cells following oxygen-glucose deprivation, a widely used in vitro model for
stroke (Yan et al., 2015). Pyk2 would be involved in the modulation of NMDA receptor
activity after ischemia as it was shown that suppression of Pyk2 attenuates the increased
tyrosine phosphorylation of NR2A after brain ischemia in rat hippocampus (Liu et al.,
2005). Moreover, chronic lithium is neuroprotective during ischemia by inhibiting the
phosphorylation of Pyk2 and the interactions of Pyk2 and PSD-95 with NR2A, thus
decreasing NR2A activity (Ma et al., 2004). Pyk2 appears here as well as a good candidate
for therapies aiming to protect the brain after ischemia.

3.7.  Psychiatric disorders

Several studies associated Pyk2 with chronic stress damage and depressive disorders. In the
lateral septum, Pyk2 phosphorylation decreases following stress exposure and the
enhancement of Pyk2 expression prevented behavioral deficit caused by exposure to
inescapable shock, indicating an antidepressant role (Sheehan et al., 2003). Accordingly, in
rat prefrontal cortex, imipramine, an antidepressant drug that counteracts depressive
disorders, activates a pathway involving Pyk2 activation and ERK phosphorylation also
suggesting a possible antidepressant function of Pyk2 (Zalewska et al.,, 2016). In 2014,
Kinoshita et al. discovered a role of Pyk2 in the deficit of the nuclear pore protein NUP62
in CA3 hippocampal neurons following chronic stress, possibly leading to a decreased
dendritic complexity (Kinoshita et al., 2014). Besides, genome-wide association studies
identified PTKZ2B as a gene associated with subjective well-being, depressive symptoms, and
neuroticism (Okbay et al., 2010).

Thus, Pyk2 is probably playing different roles but still appears as an element of stress
response.

Another brain disorder which may involve Pyk2 is addiction. Chronic exposure to
cocaine was shown to increase Pyk2 levels in primate nucleus accumbens (NAc) (Freeman
et al,, 2001) and rat frontal cortex (Freeman et al., 2002) leading here again to the idea of a
possible implication of Pyk2 in these troubles.

To conclude this introduction, Pyk2 is an isoform of FAK which appeared early in
vertebrate ancestors. It is regulated by Ca?* through several mechanisms which are not fully
understood at the molecular level. It can also be recruited following SFKs activation and
have non-enzymatic scaffolding functions. Pyk2 role has been described in many cellular
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functions, some being similar to those of FAK with which there is some degree of
redundancy, but mostly in other original functions. It appears to have sometimes opposing
effects depending on cell types and experimental conditions. Pyk2 knockout mice are viable
and show little or no phenotype showing that Pyk2 function is not essential and/or can be
compensated by other genes. In the nervous system it may play a role in development,
synaptic function and plasticity and in non-neuronal cells including astrocytes and
microglial cells. Its implication in multiple pathological conditions has also been suggested
but very little has been actually demonstrated or shown to be important in vivo. In this
thesis the aim was to use Pyk2 KO mice to address these points.
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In the following section, I will present the experimental results of my PhD, grouping articles
to which I contributed and a preliminary manuscript of my main project.

Works from many laboratories, including our, have shown that Pyk2 is involved in
many pathologies and, notably, in neurologic diseases. For its reported implication in
synaptic signaling and plasticity amongst other, the involvement of Pyk2 in such
neurological disorders may rely on signaling abnormalities and synaptic plasticity defects.
The aim of my PhD was to dissect out the involvement and function of Pyk2 in pathological
conditions of the brain and particularly, in neurodegenerative diseases.

Our experimental approach is based on constitutive and conditional genetic deletion
of Pyk2 in mice. To do so, Pyk27f C57Bl/6 mice were generated as described in I1.2.2.6
and then crossed with an expressing Cre line (under a constitutive promotor or under a
promotor specific to a neuronal population), or injected in a part of the brain with a Cre-
expressing adeno-associated virus (AAV-Cre).

I first participated in the characterization of the biochemical and cellular
consequences of Pyk2 deficit in the hippocampus of mice and described the possible
involvement of Pyk2 in Huntington's disease cognitive impairments (Article 1).

In the prolongation of this work focused on hippocampus, I participated in a study
of Pyk2 role in chronic stress-induced depression in mice (Article 2).

Given the identification of PTKZB as a gene associated with increased risk for
LOAD, we then explored the putative role of Pyk2 in a mouse model of Alzheimer's disease
(Article 3).

In parallel with these experiments I used the same mouse model of AD to investigate
the potential benefit of astrocyte-targeted delivery of BDNF in this disease (Article 4).
Since some studies described relations between Pyk2 and the BDNF pathway (Xu et al.,
2016; Afonso et al., 2019), we will discuss the results of this paper in light of our previous
findings.

The last study (Article 5, submitted) dealt with the putative role of Pyk2 in the
striatum of mice and, particularly, in the locomotor response to cocaine.

49



50



I.  Pyk2 modulates hippocampal excitatory synapses
and contributes to cognitive deficits in a
Huntington's disease model

Albert Giralt, Veronica Brito, Quentin Chevy, Clémence Simonnet, Yo Otsu, Carmen
Cifuentes-Diaz, Benoit de Pins, Renata Coura, Jordi Alberch, Silvia Ginés, Jean-
Christophe Poncer and Jean-Antoine Girault
Nature Communication

30 May 2017, 8:15592

1. Context and objectives

Although several studies have investigated the regulation and the role of Pyk2 in the brain
including in hippocampus 7 vitro and demonstrated its possible implication in synaptic
plasticity, nothing was known about the importance of Pyk2  vivo.

In this paper, we used Pyk2 heterozygous and homozygous knockout mice
generated in the laboratory to investigate the functional consequences of Pyk2 deficiency
in hippocampal physiology. To rule out the role of developmental defects in the phenotype,
we also used Pyk2f/f mice to induce a targeted deletion in the adult by injecting AAV Cre
in the hippocampus. We also studied the morphology of Pyk2/- hippocampal neurons in
culture and tried to rescue the phenotype by expressing various forms of Pyk2 to determine
the role of its various domains, kinase activity, and autophosphorylated residue.

HD is an autosomal dominant neurodegenerative disorder associated with the
development of mood alterations, mental disabilities, coordination problems, and jerky
body movements. Although the lesions of the striatum and cerebral cortex are the most
prominent and at the forefront of the clinical manifestations, hippocampal alterations have
also been reported (Murphy et al., 2000; Milnerwood et al., 2006). Since the hippocampal
phenotype of Pyk2 KO mice had some similarities with that of R6/1 mice, a model of
Huntington’s disease (HD), we examined the levels of Pyk2 in these mice and in the
hippocampus of patients with HD. We then investigated whether overexpressing Pyk2 in
the hippocampus of R6/1 mice could restore some behavioral, histological, physiological
ot biochemical defects.

2. Contribution to the work

In this work, I personally contributed to the molecular biology works and to tissue imaging.
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Pyk2 modulates hippocampal excitatory synapses
and contributes to cognitive deficits in a
Huntington's disease model
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The structure and function of spines and excitatory synapses are under the dynamic control
of multiple signalling networks. Although tyrosine phosphorylation is involved, its regulation
and importance are not well understood. Here we study the role of Pyk2, a non-receptor
calcium-dependent protein-tyrosine kinase highly expressed in the hippocampus.
Hippocampal-related learning and CAT1 long-term potentiation are severely impaired in
Pyk2-deficient mice and are associated with alterations in NMDA receptors, PSD-95 and
dendritic spines. In cultured hippocampal neurons, Pyk2 has autophosphorylation-dependent
and -independent roles in determining PSD-95 enrichment and spines density. Pyk2 levels are
decreased in the hippocampus of individuals with Huntington and in the R6/1 mouse model of
the disease. Normalizing Pyk2 levels in the hippocampus of R6/1 mice rescues memory
deficits, spines pathology and PSD-95 localization. Our results reveal a role for Pyk2 in spine
structure and synaptic function, and suggest that its deficit contributes to Huntington’'s
disease cognitive impairments.
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ARTICLE

ynaptic function and plasticity, as well as spine morphology

are regulated by multiple signalling pathways that integrate

the diversity of signals converging on synapses. Receptors
for neurotransmitters, as well as numerous other post-synaptic
proteins are phosphorylated by a variety of serine/threonine
protein kinases, many of which have been extensively investi-
gated, especially in the context of synaptic plasticity. Tyrosine
kinases have also been reported to contribute to the regulation
of post-synaptic proteins, including regulation of NMDA
(N-methyl-p-aspartate) glutamate receptors by Src family kinases
(SFKs) and proline-rich tyrosine kinase 2 (Pyk2)1’2. However, the
functional importance of these regulations in vivo is unknown.

Pyk2 is a non-receptor tyrosine kinase that can be activated by
Ca?™* and is highly expressed in forebrain neurons, especially in
the hippocampus®*. Previous findings indicated a role for Pyk2 in
synaptic plasticity>~” and its gene, PTK2B, is a susceptibility
locus for Alzheimer’s disease®. Pyk2 is activated by Ca**, and
although the mechanism has not been fully elucidated, it probably
involves dimer assembly®, which triggers its autophosphorylation
at Tyr402 and the recruitment of SFKs!. Tyr402 phosphorylation
is increased by neuronal depolarization!! and tetanic stimulation’
in hippocampal slices, and by activation of NMDA® or group I
metabotropic!? glutamate receptors in cultured hippocampal
neurons. Pyk2 and SFKs are part of the NMDA receptor
complex”!3 and Pyk2 interacts directly with post-synaptic
density (PSD) proteins PSD95 (ref. 14), SAP102 (ref. 14) and
SAPAPS3 (ref. 15). Long-term potentiation (LTP) of CA1 synapses
requires protein tyrosine phosphorylation'®!” and is prevented
by a kinase-dead Pyk2 (ref. 7) or by competition of Pyk2:PSD95
interaction®. These results led to the suggestion of a role of Ca® T -
induced activation of Pyk2 in regulating NMDA receptor
function and synaptic plasticity, likely through recruitment of
SFKs>2. However, the functional relevance of these findings
in vivo is not known and the role of Pyk2 in hippocampal
physiology or pathology has not been investigated. Pyk2
knockout mice display a mild immunologgical phenotype but
their nervous system has not been studied"®.

Here we show that the inactivation of one or two alleles of the
Ptk2b gene in mice does not alter hippocampal development but
prevents hippocampal-dependent memory tasks and LTP. We
provide evidence for multiple roles of Pyk2 in spine morphology
and post-synaptic structure. Moreover, we show that Pyk2 is
decreased in the hippocampus of patients with Huntington’s
disease (HD), an inherited neurodegenerative disorder, which
results from the expansion of a CAG trinucleotide repeat in the
huntingtin (Htt) gene!®. Pyk2 is also decreased in R6/1 mice,
which express a mutated form of Htt, and these mice display a
hippocampal phenotype similar to that observed in Pyk2 mutant
mice. This phenotype is partly rescued by restoring Pyk2 levels in
R6/1 mice, suggesting a reversible role of Pyk2 deficit in the HD
mouse model.

Results

Pyk2 knockout impairs hippocampal-dependent memory and LTP.
To study the role of Pyk2 in the brain, we used a knockout mouse
line?® that we recently generated. As previously observed for a
similar line!8, these mice bred normally and there were no
differences between Pyk2 T/ *, Pyk2 ¥/~ and Pyk2 =/~ mice in
body weight, muscular strength, general locomotor activity or
anxiety levels evaluated in the elevated plus-maze (Supplementary
Fig. la-d). We tested Pyk2*/*, Pyk2t/~ and Pyk2 =/~
littermate mice in two simple tasks that depend on
hippocampus-mediated spatial memory?"?2, In the Y-maze
spontaneous alternation task, Pyk2 ™/ mice showed a
significant preference for the new arm 2h after exposure to the
other arm, whereas both Pyk2*/~ and Pyk2 '/~ littermates

2

explored equally both arms (Fig. 1a). In the novel object location
(NOL) test, 24 h after a first exposure, wild-type mice spent more
time exploring the ob)'ect placed at a new location (Fig. 1b). In
contrast, both Pyk2 */~ and Pyk2 =/~ mice did not display any
preference for either object (Fig. 1b). These results revealed
spatial memory deficits in both heterozygous and homozygous
mutant mice.

We next examined whether these behavioural deficits were
accompanied by altered synaptic plasticity in hippocampal slices.
We restricted our study to CA1, a hippocampal region extensively
implicated in spatial learning. High-frequency conditioning
tetanus of Schaffer collaterals (5 x 1s at 100 Hz) induced LTP
in CAl of wild-type mice (Fi}g. 1¢). In contrast, no LTP was
observed in slices from Pyk2 */~ or Pyk2 =/~ mice (Fig. 1c,d).
We also examined a form of short-term plasticity at the same
synapses. Paired-pulse facilitation was observed in wild-type mice
but was markedly decreased in both homozygous and hetero-
zygous Pyk2 mutant mice (Fig. le and Supplementary Fig. le),
suggesting the existence of a presynaptic role of Pyk2. Taken
together, these results show that deletion of Pyk2 impairs
hippocampus-dependent memory and synaptic plasticity in
CAl. Importantly, the heterozygous mutation of Pyk2 was as
severe as the full deletion, indicating that Pyk2 levels may be
limiting for hippocampal plasticity.

Alteration in NMDA receptors and PSD-95 in Pyk2 mutant mice.
To explore the molecular consequences of Pyk2 deficit, we
examined the levels of proteins previously associated with the
Pyk2 pathway at synapses by immunoblotting. In hippocampal
tissue of Pyk2 T/~ mice, Pyk2 protein was decreased by about
50% as compared to wild-type littermates, and was not detectable
in Pyk2 =/~ mice (Fig. 2a,b). No N-terminal truncated fragment
was detected in the knockout mice (Supplementary Fig. 2a),
showing that deletion of exons 15-18 in the Pyk2 gene?’
destabilized the resulting mRNA and/or protein. There was no
compensatory alteration of the related focal adhesion kinase
(FAK, Fig. 2ab). In both Pyk2 ™/~ and Pyk2 ~/~ mice, the
activated form of SFKs (pY-SFK, pTyr420 in Fyn) was markedly
reduced, whereas Fyn levels were unchanged (Fig. 2a,b),
underlining the contribution of Pyk2 in regulating SFKs
phosphorylation. In contrast, there was no change in the basal
phosphorylation  (activation) of ERK1/2 (Supplementary
Fig. 2b,c), reported to be downstream of Pyk2 in some cell
systems'?, including in hippocampal neurons in culture®, but not
in adult slices®®. We then focused on glutamate receptors.
We found no consistent change between genotypes in GluAl and
GluA2 AMPA receptors subunits, or in their phosphorylated
forms pSer831-GluAl and pTyr876-GluA2 (Supplementary
Fig. 2d,e). NMDA receptors GluN1 levels were not changed
either (Fig. 2d,e). In contrast, we observed marked alterations
of NMDA receptor N2 subunits. The phosphorylated forms
of GIuN2A and GIuN2B, pTyr1246- and pTyr1325-GluN2A,
and pTyr1472-GluN2B were decreased in Pyk2 =/~ compared
to wild-type mice. Total GluN2B was not changed indicating
deficient tyrosine phosphorylation in the absence of Pyk2
(Fig. 2d,e). In contrast, total GluN2A was decreased (Fig. 2d.e).
We also examined PSD-95, a post-synaptic scaffolding protein
that interacts with both NMDA receptors and Pyk2 (refs 5,14).
The levels of PSD-95 were markedly decreased in homozygous
mutant mice (Fig. 2d,e). Thus, in contrast with the behavioural
and physiological deficits, which appeared as pronounced in
heterozygous as in homozygous mutant mice (see Fig. 1), the
protein alterations in Pyk2 ¥/~ mice were intermediate between
wild type and Pyk2~/~, indicating some proportionality
between the decrease in Pyk2 and its consequences on other
proteins. To determine the changes in receptors that took place at

| 8:15592 | DOI: 10.1038/ncomms15592 | www.nature.com/naturecommunications



ARTICLE

synapses, we carried out subcellular fractionation and isolated
postsynaptic densities (PSDs). The amounts of GluN1, GluN2A,
GluN2B and PSD-95 were decreased in the PSD fraction of
Pyk2 =/~ mice as compared to wild type (Fig. 2e.f). These results
showed that the lack of Pyk2 signalling resulted in decreased
tyrosine phosphorylation of SFKs and GluN2B subunits as well as
decreased levels of GluN2A and PSD95 total protein. The
enrichment of all these proteins in PSDs was markedly decreased,
indicating a key role of Pyk2 in regulating the recruitment of
post-synaptic proteins to PSDs.

immunofluorescence in the neuropil was punctate and appeared
to surround MAP2-positive dendritic processes (Fig. 3a). Some
Pyk2-positive puncta co-localized with PSD-95-positive puncta,
identifying them as PSDs (Fig. 3b). We then examined
Pyk2 immunoreactivity by electron microscopy. Pyk2-positive
immunogold particles were found in both presynaptic elements
and dendritic spines (Fig. 3c and Supplementary Fig. 3a). Pyk2
was enriched in asymmetric (presumably excitatory) synapses as
compared to symmetric (presumably inhibitory) synapses
(Supplementary Fig. 3a-d). Because of Pyk2 co-localization with

PSD-95 and of the marked decrease in PSD-95 in Pyk2 =/~ mice,
we quantified PSD-95-positive puncta in CAl stratum radiatum
of wild-type and mutant mice. The number of PSD-95-positive

Spines are altered in the hippocampus of Pyk2 mutant mice.
puncta was si/gniﬁcantly reduced in Pyk2*/~ and even more

To explore how Pyk2 deficit could induce alterations of synaptic

proteins, we first determined its localization in CAl. Pyk2 so in Pyk2 =/~ as compared to Pyk2™/* mice (Fig. 3de).
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Figure 1| Spatial learning and memory and CA1 LTP deficits in Pyk2 mutant mice. (a) In the spontaneous alternation test, Pyk2+/+, Pyk2*/~ and
Pyk2 =/~ 3-month-old mice were placed for 10 min in a Y-maze with one arm closed (upper left panel). Two hours later, they were put in the same maze
with the new arm (NA) open and the percentage of time exploring the NA and the previously explored (old arm, OA) was compared (upper right panel).
Two-way ANOVA interaction F; 48y =11.6, P<0.0001, OA versus NA Holm-Sidak’s test, Pyk2+/+, t=4.6, P<0.0001, Pyk2+/_, t=1.58, PykZ_/_,
t=0.81. (b) In the NOL test, the percentage of time exploring the displaced object (new location, NL, 24 h after first exposure) and the unmoved object
(old location, OL) was compared (upper panels). Two-way ANOVA interaction F, 50y = 3.41, P=0.041, OL versus NL Holm-Sidak's test, Pyk2t/+, t=31,
P<0.01, Pyk2+/_, t=0.23, Pyk2_/_, t=0.14. In a,b, 7-12 mice were used per genotype; the red dotted line indicates the chance level. (¢,d) Schaffer
collaterals were stimulated in hippocampal slices (one-three slices per animal) from 3-4-week-old Pyk2 7+ (n=5), Pyk2*/~ (n=6) and Pyk2 7/~
(n=4) mice, and fEPSP were recorded in CA1, before and after HFS (5 x 1s at 100 Hz). (¢) Time course of fEPSP slope. Insets show typical traces before
(grey) and 40 min after (black) HFS in Pyk2t/* and Pyk2 =/~ slices. (d) Ten-min average of fEPSP slope 40 min after HFS, normalized to the mean of
10- min baseline (corresponding time points are indicated in ¢ by grey and black horizontal lines). Kruskal-Wallis =9.37, P=0.0024, post hoc analysis
with Dunn’s multiple comparisons test. (e) Paired-pulse ratio (50-ms interval, see Supplementary Fig. 1e) at the same synapses. n=3-5 mice per group,
two-four slices per mouse. Kruskal-Wallis =15.62, P=0.0004. In a-e, values are means +s.e.m., *P<0.05, **P<0.01, ***P<0.001.
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This effect appeared consistent throughout CA1 depth (Supple-
mentary Fig. 3e).

To determine the consequences of these alterations on spines,
we analysed spine density and morphology in CAl pyramidal
neurons, using the Golgi-Cox method (Fig. 3f). The apical
dendritic spines density was decreased in Pyk2*/~ (—8%) and
Pyk2 =/~ (—16%) mice as compared to wild type (Fig. 3g). The
decrease in spine number was less pronounced than the decrease
in PSD-95 puncta, possibly due to an immunofluorescence
detection threshold and/or an increased number of spines lacking
PSD-95. To determine whether the absence of Pyk2 also affected
spine morphology, we quantified the spine head diameter and
spine neck length. Spine head size did not change between
genotypes (Fig. 3h), whereas spine neck length was decreased in
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Pyk2 mutant mice (Fig. 3i). Altogether, these data show that the
lack of Pyk2 leads to a decrease in PSD-95 at synapses and a
decreased number of PSDs and spines.

Adult hippocampal Pyk2 deletion recapitulates the phenotype.
Although Pyk2 expression in the hippocampus is mostly post-
natal?, the severe alterations observed in Pyk2*/~ and Pyk2 =/~
mice could result from developmental effects. To rule out this
possibility, we used 3-month-old mice bearing floxed Pyk2 alleles
(Pyka/f mice). Mice received a bilateral stereotaxic injection
in CAl of adeno-associated virus expressing Cre recombinase
and GFP (AAV-Cre) or expressing GFP alone (AAV-GFP),
as a control (Fig. 4a). Three weeks after AAV-Cre injection,
Pyk2 expression disappeared in CA1, whereas the injection of
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Figure 2 | Hippocampal proteins phosphorylation and levels in Pyk2-deficient mice. (a) Immunoblotting analysis of Pyk2, the related tyrosine kinase
FAK, the active autophosphorylated form of Src-family kinases (pY-SFK, pTyr-420 in Fyn), Fyn and tubulin as a loading control in 3-month-old Pyk2t/+,
Pyk2t/~ and Pyk2 ~/ ~ littermates. (b) Densitometry quantification of results as in a. Data were normalized to tubulin for each sample and expressed as
percentage of wild type. (¢) NMDA receptors subunits phosphorylated residues, total levels and PSD-95 were analysed by immunoblotting. (d) Results as
in ¢ were quantified and analysed as indicated in b. In b and d, statistical analysis was done with one-way ANOVA and Holm-Sidak's multiple comparisons
test or Kruskal-Wallis and Dunn'’s test depending on the normality of distribution (see Supplementary Table 1 for tests used, values and number of mice).
(e) PSD fraction was prepared from hippocampus of Pyk2t/+ and Pyk2 =/~ mice and NMDA receptor subunits and PSD-95 were analysed in this
fraction by immunoblotting. (f) Quantification of immunoblots as in e. Data are expressed as a percentage of the mean values in wild-type PSDs. Two-tailed
Mann and Whitney test (n1=71/* and 5=/ 7): GIuN1, t,o =3.52, P=0.0056, GIuN2A, t;o=2.68, P=0.023, GIuN2B, t;o=2.69, P=0.022, PSD-95,
tio=2.66, P=0.024. In a,c,e, molecular weight markers positions are indicated in kDa. In b,d, Holm-Sidak's versus wild type, *P<0.05, **P<0.01,
***P 0,001 and ***P<10~ 4 significant differences between —/ — and —/+ are indicated with °P<0.05, °°P<0.01 and °°°°P<10 =4 |n Dunn's test
(d) and Mann and Whitney's test (f), significant differences versus wild type are indicated with # P< 0.05, ### P<0.01 and #### P<10 ~%. In all graphs,
data are means + s.e.m. Uncropped blots for a,c and e are shown in Supplementary Figs 5, 6 and 7, respectively.

4 | 8:15592 | DOI: 10.1038/ncomms15592 | www.nature.com/naturecommunications



ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms15592

Pyk2/PSD-95

MAP2 / Pyk2

d e
2,400 -
% _ 2,000 - =
ST
Q -G——J 1,600 T ** *kk
[
= 0
% 2 1,200 A
23
©E 800 A
ot
@ 400 -
+H+ +- ——
Pyk2
9 h i
20 - " i b o
,-"m
= *% oo E‘ é;;f 2 "Sguﬂ
15 - e ] 3 F 3 .
. < [
T ] S
€ [ & [
Q. o
3,- 1.0 A o 05 g 0.5
¢ 2 2
a g Pyk2 g Pyk2
05 - 5 o H+ 5 ; o 4+
o / ons /= o ¥ o =
Py 7
: [ — I e —f— KKK
0.0 0.0 v 0.0 v
Hr 4= - 00 02 04 06 08 1.0 1.2 00 04 08 12 16 20
Pyk2 Head diameter (um) Neck length (um)

Figure 3 | Pyk2 localization and dendritic spine density and morphology in Pyk2-deficient mice. (a,b) Confocal microscopy images of CA1 stratum
radiatum immunostained for (@) Pyk2 (red) and MAP2 (green; inset, higher magnification of the indicated white box) and for (b) Pyk2 (green) and PSD-95
(red; white arrows, double-labelled puncta). Scale bars, 80 um (a) and 3 um (b). (¢) Electron microscopy in the same region showing of Pyk2
immunoreactive gold particles in a presynaptic terminal (arrow) and a PSD (arrowhead). Scale bar, 0.2 um. (d) Immunofluorescence PSD-95-positive
puncta in the CA1 stratum radiatum from Pyk2+/+ and Pyk2 =/~ mice. Scale bar, 5um. (e) Quantification of puncta as in d. Data are means + s.e.m.
(7-10 mice per genotype, three quantified sections per mouse). One-way ANOVA F; 21y =10.23, P=0.0008. Holm-Sidak’s multiple comparisons test
versus +/—+, *P<0.01, **P<0.001. (f) Golgi-Cox-stained apical dendrites of CA1 stratum radiatum pyramidal neuron from Pyk2+/+, Pyk2*/~ and
Pyk2 =/~ mice. Scale bar, 3 pum. (g) Quantification of spine density in dendrites as in f, three-four animals per genotype, one-way ANOVA, F146) =14.95,
P<10~% (n=47-54 dendrites per group), post hoc analysis with Holm-Sidak’s multiple comparisons test versus +/+, **P<0.01, ***P<10 4 and
—/— versus —/+, °°P<0.01. (h,i) Cumulative probability of spine head diameter (h, n=80) and spine neck length (i, n=115) in ~60 dendrites
from three-four animals per genotype. Distributions were compared with the Kolmogorov-Smirnov test: spine head diameter no significant difference,
neck length +/+ versus +/—, D=0.108, P=0.04, +/+ versus —/—, D=0.154, P=0.0005. In e,g, data are means + s.e.m. All mice were
3-4-month old.

AAV-GFP had no effect (Fig. 4a). In the NOL test, AAV-GFP-
injected mice showed increased preference for the object placed
at the new location, whereas AAV-Cre-injected mice did not
(Fig. 4b). We analysed spine density in CA1 apical dendrites and
found it was significantly reduced in AAV-Cre-injected mice as
compared to AAV-GFP-injected mice (Fig. 4c,d). We also
quantified a reduced number of PSD-95-positive puncta in CAl
stratum radiatum of AAV-Cre-injected mice as compared to

AAV-GFP-injected mice (Fig. 4e,f). Altogether these results show
that local deletion of Pyk2 in CAl of adult mice recapitulates
behavioural and morphological deficits observed in Pyk2 ™/~
and Pyk2~/~ mice, ruling out a developmental effect in the
phenotype of Pyk2 mutant mice.

Pyk2 is needed for NMDA-induced PSD-95 recruitment in spines.
PSD-95 undergoes rapid activity-dependent relocalization?*,
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Figure 4 | Pyk2 ablation in CA1 from adult mice induces spatial learning deficits and spine alterations. (a) Mice with floxed Pyk2 alleles (Pyka/f, 4-
week-old) were bilaterally injected in dorsal hippocampus CA1 with AAV expressing GFP (AAV-GFP) or GFP-Cre (AAV-Cre). GFP fluorescence (green) and
Pyk2 immunoreactivity (red) were detected with confocal microscope (stitched pictures). With both viruses widespread, GFP expression is present in CA1
and Pyk2 is reduced in CA1 of AAV-Cre-injected mice. Scale bar, 200 um. (b) AAV-GFP and AAV-Cre mice were subjected to the NOL test as in Fig. 1b and
the percentage of time exploring the displaced object (NL) compared to that exploring the unmoved object (OL). Two-way ANOVA interaction
Fa,44y=9.94, P=0.003, OL versus NL Holm-Sidak’s test, AAV-GFP, t=4.0, P<0.001, AAV-Cre, t=0.45, ns (12 mice per group). The red dotted line
indicates the chance level. (€) Representative Golgi-Cox-stained apical dendrites from CA1 pyramidal neurons of AAV-GFP and AAV-Cre mice. Scale bar,
4 um. (d) Quantification of spine density in dendrites stained as in ¢, 81-86 dendrites from four mice per genotype. Student's t-test t;g5 =10.1, P<10~4.
(e) PSD-95 immunoreactive puncta in CA1 stratum radiatum of AAV-GFP and AAV-Cre mice. Scale bar, 4 um (c,e). (f) Quantification of PSD-95-positive

puncta density as in e, three sections per mouse, six-eight mice per genotype, Student's t-test t;; =2.36, P<0.5. In a,d,f, data are means +s.e.m.,

*P<0.05, ***P<0.001 and ****P <10~ 4.

Although neuronal stimulation decreases PSD-95 palmitoylation-
dependent synaptic targeting®® and increases its ubiquitination
and degradation?®, prolonged neuronal activity was shown
to increase PSD-95 synaptic concentration?’. PSD-95 is
phosphorylated on multiple tyrosine residues and this
phosphorylation can increase its synaptic clustering®?°. Since
PSD-95 synaptic clustering was decreased in the absence of Pyk2
(Figs 3d,e and 4e,f), we hypothesized Pyk2 may influence the
synaptic localization of PSD-95. We tested this hypothesis using
hippocampal neurons in primary culture at ~21-22 DIV. As
expected, glutamate treatment (40 uM, 15min) increased Pyk2

6

phosphorylation at Tyr402 in hippocampal neurons in culture
and this effect was prevented by an NMDA receptor antagonist,
MKB801 (10 uM, Fig. 5a,b). The size of PSD-95-positive puncta
measured 3h after glutamate treatment was increased and
this effect was also prevented by MK801 (Fig. 5¢,d). We then
compared the effects of glutamate on the size of PSD-95 puncta in
neurons from wild-type and Pyk2-KO mice (Fig. 5e.,f). In the
absence of Pyk2, the effects of glutamate on the size of PSD-95
puncta were lost (Fig. 5e,f). Taken together, these results reveal a
role for Pyk2 in NMDA receptor-induced PSD-95 recruitment at
post-synaptic sites.
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Figure 5 | Pyk2 modulates glutamate-induced PSD-95 accumulation in dendritic spines. (a) Hippocampal neurons were cultured for 3 weeks and treated
for 15 min with vehicle or glutamate (Glu, 40 M) without or with MK801 (MK, 10 uM), added 30 min before. PhosphoTyr402-Pyk2 (pY402-Pyk2),
Pyk2 and a-tubulin as a loading control were analysed by immunoblotting. Molecular weight markers position is indicated in kDa. (b) Densitometric
quantification of results as in a. One-way ANOVA (F(;13y=8.02, P=0.005, n=4-7 per group) and post hoc Holm-Sidak's test for multiple comparisons.
() Cultured hippocampal neurons were treated with vehicle or glutamate (40 uM) without or with MK801 (10 uM) for 3 h, fixed and labelled for PSD-95
immunoreactivity and rhodamine-phalloidin (an F-actin marker) to identify PSD-95-positive puncta localized in dendritic spines (arrows). (d) The size of
these PSD-95-positive puncta was measured and analysed with one-way ANOVA (F(;30y=15.37, P<0.0001, n=10-12 per group) and Holm-Sidak’s test.
(e) Hippocampal neurons from wild-type (WT) or Pyk2 KO mice were treated for 3h with vehicle (Veh) or glutamate (40 uM) and immunostained for
PSD-95. (f) The size of spine-associated PSD-95-positive puncta was measured in Pyk2t/* and Pyk2 =/~ hippocampal cultures treated as in e and
quantified (n=18-27 per group). Statistical analysis with two-way ANOVA (interaction F(; g0y =12.42, P=0.0007, glutamate effect, F g0y =1.84, P=0.18,
genotype effect, F(; g0y =35.29, P<10~%) and post hoc multiple comparisons Holm-Sidak’s test. In d.f, one-two dendrites per neuron from two to three
independent experiments were measured. In b,d,f, data are means +s.e.m., *P<0.05, **P<0.01, ***P<0.001, as compared to vehicle-treated Pyk2+/+
cultures; °P< 0.05, °°°P<0.001 and °°°°P <10 ~4, as compared to glutamate-treated Pyk2 */* cultures. Scale bars, 5 pm (c and e). Uncropped blots for a
are shown in Supplementary Fig. 8.

Pyk2 function in spines is partly phosphorylation dependent.
Since Pyk2 is a large protein that has tyrosine kinase activity,
including functionally important autoghosphorylation activity,
and interactions with multiple partners’, we examined which of
its molecular properties were required for regulation of PSD-95
and spines. We transfected wild-type and Pyk2-KO hippocampal
cultures with GFP or GFP fused to either Pyk2, or Pyk2; g4,
unable to bind to PSD-95 (ref. 5), or Pyk2y,q,r with a point
mutation of the autophosphorylation site or to kinase-dead Pyk2
(Pyk2-KD) with a K457A mutation’?. We first analysed the size
of PSD-95-positive puncta in these various conditions (Fig. 6a).
As in untransfected neurons (see Fig. 5c-f), glutamate treatment
increased the size of PSD-95-positive puncta in wild-type cultures

transfected with either GFP or GFP:Pyk2, used as controls
(Fig. 6a,b). Glutamate effects were absent in KO cultures trans-
fected with GFP, but were rescued by Pyk2:GFP transfection
(Fig. 6a,b). In contrast, glutamate treatment did not increase
PSD-95-positive puncta size in Pyk2 =/~ cultures transfected
with GFP:Pyk21,840, GFP:PYk2Y402F or GFPPYkZ-KD (Flg. 6a,b).
These results show that the autophosphorylation site, Tyr-402,
the kinase activity and the C-terminal domain of Pyk2 are all
essential for glutamate-induced PSD-95 synaptic translocation.
We then examined if the spine density could be rescued
in cultured hippocampal neurons. Dendritic spine density was
reduced in Pyk2-KO neurons as compared to wild type
(Fig. 6c,d), as observed in vivo (Fig. 3fg). Transfection of
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Figure 6 | Autophosphorylation-dependent and -independent roles of Pyk2 in dendritic spines. (a) Hippocampal neurons from wild-type (WT) and Pyk2
KO mice were cultured for 21-22 days, transfected with plasmids coding GFP or GFP fused to wild-type Pyk2, to Pyk2(1-840), Pyk2(Y402F) or Pyk2-KD
(as indicated), and treated with vehicle or glutamate (Glu, 40 uM, 3 h). Neurons were imaged for GFP fluorescence (green) and PSD-95 immunoreactivity
(red). (b) Quantification of GFP/PSD-95 double-positive puncta size (that is, yellow puncta) as in a. Two-way ANOVA: interaction, Fg 312y =19.07,
P<10 4, glutamate effect, Fiy 312y =134.3, P<10 ~ 4, Pyk2 expression effect, F¢ 312 = 20.06, P<10 ~ 4. (c) Spine density and length were studied in similar
conditions as in a, in the absence of treatment, using GFP or Pyk2:GFP fluorescence. (d) Quantification of spine density. One-way ANOVA: F(¢ 155y = 24.90,
P<10~%. (e) Quantification of spine length. One-way ANOVA: Fe157y =30.68, P<10~% and. In b,d,e, individual data points and means + s.e.m. are
shown, 15-20 dendrites per condition (one-two dendrites per neuron) from two to three independent experiments. Post hoc multiple comparisons were
done with Holm-Sidak's test (b,d,e), ***P<0.001, ****P<10~4. Scale bars, 3um (@) and Tpm (e).

GFP:Pyk2 rescued spine density in KO neurons in vitro
(Fig. 6¢,d). Transfection of GFP:Pyk2; g4 had no significant
effect, but, in contrast to what we observed for PSD-95 puncta
rescue (see Fig. 6b), both GFP:Pyk2y,g,r and GFP:Pyk2-KD fully
restored spine density (Fig. 6c,d), revealing a role for Pyk2
independent of its autophosphorylation and kinase activity.
We also quantified the effects of Pyk2 deletion on spine length
(Fig. 6e). In the absence of Pyk2, spines were shorter, as observed
in vivo (see Fig. 3i), but this effect was not rescued by re-
expression of wild type or mutated Pyk2 (Fig. 6e). This lack of
rescue of spine length deficits in vitro may indicate a contribution
of presynaptic Pyk2 in spine length regulation since with the low
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transfection rate in our culture system, concomitant transfection
of pre- and post-synaptic neurons was very rare. Taken together,
these results show that Pyk2 is important for PSD-95 synaptic
enrichment and that this function requires both the C-terminal
region involved in PSD-95 interaction and the autophosphoryla-
tion site and tyrosine kinase activity. In contrast, Tyr402 or kinase
activity is not necessary for Pyk2 effects on spine density,
revealing the existence of autophosphorylation/kinase activity-
dependent and -independent roles of Pyk2 in spines.

Hippocampal Pyk2 is altered in HD. Since our results empha-
sized the high sensitivity of hippocampal function to Pyk2 protein
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Figure 7 | Hippocampal alterations of Pyk2 and synaptic markers in Huntington's disease. (a) Hippocampal post-mortem samples from human patients
grades 3-4 (HD3-4) and controls (Cnt., top panel) and from wild-type (WT) mice and R6/1 transgenic mice (lower panel) were analysed by
immunoblotting for Pyk2 and a-tubulin as a loading control. Molecular weight marker positions are indicated in kDa. (b) Densitometric quantification
of results as in a, for human samples expressed as a percentage of the mean in controls (n=6 per group, Student's t-test, t;o =2.25, P<0.05).

(€) Quantification of results as in a for WT and R6/1 mice (percentage of WT mean, n=4-6 mice per group, Student's t-test, tg=3.23, P=0.012).
(d) Immunoblotting for phosphorylated forms and total GIuUN2A and GIuN2B, and PSD-95 in hippocampus of WT and R6/1 mice. (e) Quantification of
results as in d (percentage of WT mean), Student’s t-test, pY1246-GIuN2A, to =3.10, P=0.013, pY1325-GIuN2A, to =2.37, P=0.04, GIuN2A, to =5.21,
P=0.0006, pY1472-GIuN2B, tg=3.64, P=0.0066, GIuN2B, tg=1.22, P=0.26, PSD-95, ty =9.18, P<10 —4_(f) Confocal images of the stratum radiatum
of CAlhippocampal sections from WT and R6/1 mice immunolabelled for PSD95 (red) and Pyk2 (green). Scale bar, 10 um. (g h) Quantification of results as
in f in (three slices per mouse, five-six mice per genotype. (g) Number of PSD95-positive puncta, Student's t-test, tg=3.98, P=0.003. (h) Number of
Pyk2/PSD-95-double-positive puncta, expressed as a percentage of WT mean, Student's t-test, t;o =4.66, P=0.0009. All data are means + s.e.m.
*P<0.05, **P<0.01 and ***P<0.001. R6/1 mice were 5-month old. Uncropped blots for a and d are shown in Supplementary Figs 9 and 10, respectively.

expression levels, we hypothesized that any alteration in hippocampal samples from human patients. In patients with
Pyk2 levels in pathological conditions might have deleterious intermediate or late HD (grades 3-4 (ref. 36)) Pyk2 levels were
consequences. HD appeared as an interesting condition since reduced to 64 * 8% of controls (mean * s.e.m., Fig. 7a,b), whereas
Pyk2 and wild-type Htt interact with the same SH3 domain of in patients at prodromal or early stage (grades 1-2) there was no
PSD-95 (refs 14,31). This interaction is altered in mutant Htt with  significant change (Supplementary Fig. 4ab). Pyk2 was also
a pathological polyglutamine expansion®!, resulting in PSD-95  diminished in the hippocampus of R6/1 mice, an HD mouse
mislocalization to extrasynaptic sites®>. We noticed that the model, transgenic for the first exon of the human Htt gene
hippocampal phenotype of Pyk2 KO mice resembled that of HD ~ with amplified CAG repeats’” (64+6% of control levels,
mouse models, which display spatial learning impairments’>, mean+s.em. Fig 7ac). Since Pyk2 can traffic between
decreased PSD-95 (ref. 34), dendritic spines loss® and shorter cytoplasm and nucleus’®, and since R6/1-mutated Hitt
dendritic spine necks®. To test the possible involvement of Pyk2  accumulates in the nucleus’® we looked for the existence
in HD, we first measured Pyk2 protein levels in post-mortem of altered cytonuclear distribution of Pyk2 or its possible
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sequestration in nuclear aggregates. Although Pyk2 was
predominantly decreased in the cytoplasm (Supplementary
Fig. 4c,d) it was not sequestered in intra-nuclear aggregates
and did not co-localize with EM48-immunolabelled nuclear
aggregates (Supplementary Fig. 4e). These results indicated a
reduced Pyk2 function in the cytoplasm of HD mice. Indeed,

in R6/1 mice we observed changes similar to those in Pyk2
mutant mice, including a decrease in total GluN2A but no change
in GluN2B, a decrease in tyrosine phosphorylated GluN2A and
GluN2B, and a marked decrease in total PSD-95 (Fig. 7d,e).
Double immunostaining for Pyk2 and PSD-95 in CAl of
wild-type and R6/1 mice showed a decreased number of
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PSD-95-positive puncta in R6/1 mice as compared to wild-type
mice (Fig. 7f,g), and less co-localization of PSD-95-positive and
Pyk2-positive puncta in mutant mice (Fig. 7h). The similarity in
the modifications observed in R6/1 mice and Pyk2 mutant mice
suggested that the decreased levels of Pyk2 might contribute to
PSD-95 and NMDA receptors subunits alterations.

Pyk2 partly rescues the hippocampal phenotype of R6/1 mice.
Since the levels of Pyk2 in the hippocampus of HD patients and
R6/1 mice (Fig. 7a-c) were close to those in Pyk2*/~ mice,
which displayed a similar phenotype, we asked whether correct-
ing this defect in R6/1 mice could rescue some of their deficits.
We stereotaxically injected AAV expressing either Pyk2 and GFP
or GFP alone in the dorsal hippocampus of R6/1 mice (R6/1-Pyk2
and R6/1-GFP mice, respectively) or GFP alone in wild-type mice
(WT-GFP) as a control. Three weeks after the injection, GFP
expression demonstrated a wide spreading of viral transduction
within the dorsal hippocampus, but restricted to this brain
structure (Supplementary Fig. 4f). Immunoblotting showed that
Pyk2 levels in R6/1-GFP mice, which were 50 £ 3% of those in
WT-GFP mice, were raised to 80+4% in R6/1-Pyk2 mice
(Fig. 8a,b). The recovery of Pyk2 expression restored R6/1 mice
performance in the Y-maze spontaneous alternation task (Fig. 8c)
and corrected the deficit in the novel object recognition task
(Fig. 8d). We also examined LTP in these mice at the same age as
for behavioural experiments (4-5 months). In WT-GFP mice,
we observed a robust LTP in CAl after stimulation of Schaffer
collaterals (Fig. 8e,f). In contrast, in R6/1-GFP and R6/1-Pyk2
mice, synaptic potentiation was not stable (Fig. 8ef). One
hour after high frequency stimulation (HFS), potentiation was
observed only in WT-GFP mice (Fig. 8f), revealing that
restoration of Pyk2 levels was not sufficient to correct the LTP
impairment.

To assess the cellular effects of Pyk2 recovery possibly
underlying the behavioural improvements, we analysed spine
density in CAl apical dendrites by the Golgi-Cox method
(Fig. 8g). Spine density, which was decreased in R6/1-GFP
compared to WT-GFP mice, was partly restored by Pyk2 viral
expression in R6/1-Pyk2 mice (Fig. 8gh). We also analysed
PSD-95- and Pyk2-positive puncta in CAl stratum radiatum of
the three groups of mice (Fig. 8i). R6/1-GFP mice displayed a
reduced number of PSD-95-positive puncta (Fig. 8j) and fewer
double-positive PSD-95/Pyk2 puncta (Fig. 8k) compared to
WT-GFP mice, consistent with the results shown in Fig. 7g-i.
The numbers of PSD-95-positive puncta (Fig. 8j) and
PSD-95/Pyk2 double-positive puncta (Fig. 8k) were both
completely rescued in R6/1-Pyk2, reaching values similar to
those in WT-GFP mice. These results strongly indicate that Pyk2
deficit contributes to the hippocampal phenotype of the R6/1 HD

mouse model, including cognitive deficits, dendritic spine loss
and PSD-95 alteration. Moreover, they show that these deficits
can be improved by Pyk2-induced expression, although this
expression was not sufficient to restore synaptic plasticity in our
experimental conditions.

Discussion

Here we show the functional importance of the Ca®  -activated
non-receptor tyrosine kinase Pyk2 for hippocampal function and
spines physiology. We also provide evidence that Pyk2 deficit
contributes to the hippocampal impairments in a mouse model
of HD, a severe genetic neurodegenerative disorder. Although
Pyk2*/~ and Pyk2 =/~ mice develop and breed normally in
standard animal facility conditions, and show no gross beha-
vioural defects, they appear strongly deficient in hippocampal-
related memory tasks. These behavioural impairments were
accompanied by impaired synaptic plasticity, decreased levels
and/or tyrosine phosphorylation of NMDA receptor subunits,
and alterations in PSDs composition and in spines density and
morphology.

A previous study in hippocampal slices using overexpression or
interfering constructs, reported that Pyk2 can regulate NMDA
receptor function and LTP induction’. Here we show that in Pyk2
mutant mice LTP was not induced in standard conditions at
Schaffer collaterals synapses on CAl pyramidal neurons.
A number of biochemical alterations at the post-synaptic level
are likely to participate in this deficit. Both GluN2A and GluN2B
were altered with a decreased total and tyrosine phosphorylated
GluN2A and a decreased tyrosine phosphorylation of GluN2B.
Moreover, subcellular fractionation revealed a decrease in the
three NMDA receptor subunits (GluN1, GluN2A and GluN2B)
in the PSD fraction. The reduction of GIuN2B in PSDs may
result from its decreased tyrosine phosphorylation, which is
known to promote surface expression of GluN2B-containing
NMDA receptors and their recruitment to PSDs*®#l. This
phosphorylation deficit was in agreement with the decreased
active form of SFKs we observed in Pyk2 mutant mice,
supporting their role in mediating NMDA receptors
phosphorylation downstream from Pyk2 (ref. 7). In the case of
GluN2A, the total protein and the phosphorylated form
were decreased. Since tyrosine phosphorylation of GluN2A
increases NMDA receptor currents*>*3, reduction of both
forms of GluN2A may contribute to synaptic defects of Pyk2
knockout mice. These alterations seemed to be specific for the
NMDA receptor complex since AMPA receptors levels and
phosphorylation were not affected. These combined alterations in
NMDA receptor subunits provide a first basis for the functional
deficit in LTP induction. Many other aspects of synaptic function
and plasticity remain to be investigated in Pyk2 mutant mice, and

Figure 8 | Pyk2 protein levels restoration in the hippocampus partly rescues R6/1 mice phenotype. (a) Pyk2 and a-tubulin (loading control)
immunoblotting in 3-month WT mice injected with AAV-GFP (WT-GFP), or R6/A injected with AAV-GFP (R6/1-GFP) or AAV-Pyk2 and GFP (R6/1-Pyk2).
Uncropped blots in Supplementary Fig. 11. (b) Quantification of results as in a (six-nine mice per group). One-way ANOVA: F(;1gy=4.39, P<0.05,
Holm-Sidak's test versus R6/1-GFP. (¢) Y-maze spontaneous alternation test (10-11 mice per group). Two-way ANOVA interaction F 56y =4.39, P<0.05,
OA versus NA, Holm-Sidak's test WT-GFP t =2.64, P<0.05, R6/1-GFP, t=0.97, ns, R6/1-Pyk2, t =2.93, P<0.05. (d) NOL test (9-12 mice per group).
Two-way ANOVA interaction F 54y =119, P<0.0001, OL versus NL, Holm-Sidak's test WT-GFP t=9.08, P<0.0001, R6/1-GFP, t =1.60, ns, R6/1-Pyk2,
t=6.66, P<0.0001. (e) LTP studied as in Fig. 1c in hippocampal slices from 5-month WT-GFP, R6/1-GFP and R6/1-Pyk2 mice (n=3-4 mice per group,
2-3 slices per mouse, 10-11 slices total). (f) Ten-min average of fEPSP slope 40 min after HFS, normalized to the mean of 10-min baseline (corresponding
time points are indicated in e by an horizontal line). Kruskal-Wallis =15.63, P<0.05, post hoc analysis with Dunn’'s multiple comparisons test.

(8) Golgi-Cox-stained apical dendrites from CAT pyramidal neurons. Scale bar, 3 um. (h) Quantitative analysis of dendritic spine density as in e (59-62
dendrites from four mice per group). One-way ANOVA: F;177y=46.7, P<10 —4 Holm-Sidak's test versus R6,/1-GFP. (i) Hippocampal sections of WTand
R6/1 mice injected with AAV-GFP or AAV-Pyk2 as indicated, and double-immunostained for PSD-95 and Pyk2. High magnification in CA1 stratum radiatum
is shown. Scale bar, 5um. (j) Quantification of PSD-95-positive puncta density. One-way ANOVA F(;14y=10.81, P=0.0014, Holm-Sidak’s multiple
comparisons test. (k) Quantification of PSD-95/Pyk2 double-positive puncta density. One-way ANOVA F(;14y=9.76, P=0.0022, Holm-Sidak's multiple
comparisons test. In jk, five-seven mice per group. In all graphs values are means +s.e.m. *P<0.05, **P<0.01, ***P<0.001 and ***P<10~4,

| 8:15592 | DOI: 10.1038/ncomms15592 | www.nature.com/naturecommunications 1



ARTICLE

the modifications induced by the absence of Pyk2 clearly extend
beyond NMDA receptors.

A marked alteration observed in Pyk2 mutant mice concerned
PSD-95. PSD-95 SH3 domain is known to bind Pyk2 C-terminal
Pro-rich motif'4, thereby clustering and activating Pyk2 in
response to Ca?™ increase>'®. In contrast, effects of Pyk2 on
PSD-95 have not been described. Our study reveals that Pyk2 has
a critical influence on PSD-95, regulating its levels, its localization
at PSDs in basal conditions and its clustering in response
to stimulation of NMDA receptors. The decreased PSD-95
expression cannot explain, by itself, the absence of LTP in Pyk2
mutant mice, since PSD-95 knockout mice display an enhanced
LTP*, Therefore, the functional deficit is likely to result from its
combination with dysregulation of NMDA receptors and possibly
other proteins. PSD-95 is phosphorylated by c-Abl and SFKs on
several tyrosine residues, which can favour PSD-95 aggregation
and GIuN2A activation?®#>. Thus, there appears to be a
reciprocal interaction between Pyk2 and PSD-95, each
enhancing the function of the other, thereby directly and
indirectly regulating NMDA receptors and PSD organization.
In support of this functional association, it has been reported
that in hippocampal neurons in culture, corticosterone-induced
recruitment of Pyk2, PSD-95 and GluN1 to spines requires Pyk2
activation®d. NMDA receptor activation recruits Pyk2 to spines
through its interaction with PSD-95 (ref. 5), whereas it also
rapidly destabilizes PSD-95 and removes it from PSDs*’. Our
study shows that Pyk2 is required for the later recruitment of
PSD-95 to spines revealing its contribution in the coordinated
Ca?* -dependent dynamics of PSD proteins, a key aspect of
synaptic function and plasticity. Importantly, GluN2A, GluN2B
and PSD-95 co-assemble together with PSD-93 into 1.5MDa
‘supercomplexes™*®. PSD-93 is phosphorylated by Fyn*°, which is
altered in PyK2 mutant mice. Since both PSD-93 and PSD-95
promote Fyn-mediated tyrosine phosphorylation of GIuN2A
and/or GluN2B>%°1, it appears that Pyk2 is potentially placed at a
strategic location to regulate NMDA receptor supercomplexes.
Since these supercomplexes have been proposed to be
functionally important, with mutations in their key components
resulting in abnormal LTP and learning®3, it will be particularly
interesting to investigate whether their alteration accounts for
LTP and other synaptic deficits in Pyk2 mutant mice.

Dendritic spine density and length were also altered in Pyk2
mutant mice. Our study of the requirement of Pyk2 protein
domains and functions for its various roles reveals the complexity
of its contribution. The kinase activity of Pyk2 and its
autophosphorylation site, Tyr402, which is critical for the
recruitment of SFKs, were both necessary for the rescue of
PSD-95 clustering in spines in Pyk2 KO neurons. The C-terminal
region, which allows interaction with PSD-95 (ref. 14), was also
required for PSD-95 clustering. In contrast, rescue of spine
density required the C-terminal region but neither Tyr402 nor
the kinase activity, indicating a phosphorylation-independent
role of Pyk2 in the regulation of spine number. Such an
autophosphorylation/kinase activity-independent function of
Pyk2 is reminiscent of those reported for the closely related
FAK®>> in non-neuronal cells. This alternate signalling is
presumably SFK-independent and may be linked to scaffolding
properties of Pyk2 and/or its interaction with specific partners.

The current study also suggests a role for Pyk2 at the
presynaptic level. Our electron microscopy experiments show the
presence of Pyk2 in nerve terminals, confirming previous
biochemical observations®*. Its functional role is indicated by
the alteration in paired-pulse facilitation, a form of short-term
plasticity that is considered to be mostly presynaptic®>>6,
although post-synaptic mechanisms are also possible®’. Finally,
in the absence of Pyk2, spine length was decreased both in vivo
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and in culture. A possible explanation for this lack of rescue could
be a dual role of Pyk2 at the pre- and post-synaptic levels, which
were not simultaneously restored at the same synapses in the
culture conditions in which the transfection rate was low. At
any rate, the mechanisms by which Pyk2 controls spine length
are likely to be complex since both positive and negative effects
of Pyk2 and FAK on spine growth have been previously
reported®®%0 and their elucidation will require further
investigation. The important aspect of the present results is the
overall deficit in spine number and length in the absence of Pyk2.
Interestingly, it has been shown that chronic stress induces a
redistribution of activated Pyk2 to the perinuclear region of CA3
neurons, contributing to a deficit in the nuclear pore protein
NUP62 and its potential negative consequences on dendritic
complexity®l. The present study suggests that Pyk2 redistribution
could also directly contribute to dendritic or synaptic alterations
by reducing its local levels.

Our observations thus reveal an essential and complex role of
Pyk2 in the regulation of spines, PSDs and NMDA receptors,
whose alterations impair synaptic plasticity and hippocampal-
dependent memory in Pyk2-deficient mice. The importance of
Pyk2 expression levels is underlined by the unexpected severity of
the functional deficits in heterozygous mutant mice. Their
behavioural and physiological phenotype was as severe as in
homozygous mutant mice, whereas a clear gene dosage effect was
observed at the molecular level. This suggests that Pyk2
expression levels are a limiting factor for excitatory synapses
function in hippocampus and raises the question of the possible
implications of decreased Pyk2 protein levels in pathological
conditions. This hypothesis was supported by our results in a
mouse model of HD. Pyk2 was decreased in the R6/1 mouse, to a
level comparable to that observed in Pyk2 ™/~ heterozygous
mutant mice, which displayed a clear behavioural phenotype.
Several alterations in R6/1 mice were similar to those in Pyk2
mutant mice including the alterations in NMDA receptors,
PSD-95 distribution and spines. Of course, such alterations could
potentially result from different mechanisms in the two types of
mutant mice, but our results provide strong evidence that Pyk2
deficit contributes to some of the abnormalities observed in R6/1
mice. Although enhancing Pyk2 expression by AAV transduction
in R6/1 mice was not sufficient to restore a normal LTP in CAl,
it corrected several behavioural, molecular and cellular deficits.
Interestingly, the deleterious consequences of Pyk2 deficit are
likely to sgnergize with other factors including increased activity
of STEP®%, a tyrosine phosphatase active on Pyk2 (ref. 63),
which is expected to aggravate the functional consequences of
Pyk2 insufficiency. In patients, the role of Pyk2 deficiency
remains to be determined since it was detected in grades 3-4
when there is a loss of other synaptic proteins but not at earlier
stages (grades 1-2). Nevertheless, our results suggest that
strategies for enhancing Pyk2 expression or activity, or for
inhibiting STEP phosphatase activity®* could have a potential
therapeutic interest in HD. Further work will determine whether
Pyk2 deficiency could play a role in other neurodegenerative
conditions, such as Alzheimer disease®, besides its possible role as
modulator of Tau toxicity®.

Our study reveals that the absence of Pyk2 impairs synaptic
functions and hippocampal-dependent learning and memory. We
show that Pyk2 plays critical roles in spines and PSD organization
and in the regulation of PSD-95 and NMDA receptors. Although
we focused our investigations on hippocampus where Pyk2
expression is the highest, it is likely that it is also important
in other neurons, especially in neocortical areas where it is
highly expressed and which are known to undergo intense
synaptic plasticity. We also reveal the contribution of Pyk2 in
hippocampal dysfunction in a HD model and its potential
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reversibility. Our results should stimulate research on the role of
Pyk2 in other pathological conditions in which NMDA receptor
dysfunction is thought to be directly or indirectly involved.

Methods

Animals. For Pyk2 deletion, Pyk2f C57Bl/6 mice were generated in which the
PTK2B exons 15b-18 were flanked with LoxP sequences (Gen-O-way, Lyon,
France) leading to a deletion that disrupts the protein kinase domain when crossed
with a expressing Cre line?’. Pyk2 =/~ mice and Pyk2f/f mice were genotyped
from a tail biopsy (Charles River, Saint-Germain-Nuelles, France) using for DNA
amplification of floxed PTK2B as forward primer 5-GAGAGTGCTGGGT
ACTCCAGACTCAGATAG-3' and as reverse primer 5-TTCAGGAACACCAG
AGAACTAGGGTGG-3' and previously reported primers?® for Pyk2 =/~ mice.
Heterozygous mice were crossed to generate +/+, +/— and —/— mice. Male
R6/1 transgenic mice?’ (4-5-month-old) expressing exon-1 mutant Htt with 145
glutamines under the HD human promoter and their wild-type littermates were
obtained from Jackson Laboratory (Bar Harbor, ME, USA). Housing room was
kept at 19-22 °C and 40-60% humidity, under a 12:12 h light/dark cycle and
mice had ad libitum access to food and water. Animal experiments and handling
was in accordance with ethical guidelines of Declaration of Helsinki and NIH,
(1985-revised publication no. 85-23, European Community Guidelines), and
French Agriculture and Forestry Ministry guidelines for handling animals (decree
87849, licence A 75-05-22) and approval of the Charles Darwin ethical committee.
All mice used in this study were males and the ages are indicated in the figure
legends.

Behavioural phenotyping. Wire hanging, plus maze and open-field paradigms
were carried out as described elsewhere®. In brief, for wire hanging, mice were
placed on a standard wire cage lid, which was then turned upside down for 60 s and
the number of falls was recorded. The elevated plus maze consisted of two
opposing 30 x 8 cm open arms, and two opposing 30 X 8 cm arms enclosed by
15 cm high walls. The maze was raised 50 cm from the floor and lit with dim light.
Each mouse was placed in the central square, facing an open arm and the time
spent in the open arms was recorded for 5min. The open field apparatus was a
dimly lit white circular arena (40 cm diameter, 40 cm high wall). Mice were placed
in the arena centre and free exploration was recorded for 10 min. NOL test and
spontaneous alternation in a Y-maze task (Y-SAT) were performed as previously
described™>. Briefly, for NOL an open-top arena (45 x 45 x 45 cm) was used. Mice
were first habituated to the arena (2 days, 15min per day). On day 3 of the
acquisition phase, two identical objects (A1 and A2) were placed in the arena and
explored for 10 min. Twenty-four hour later, one object was moved from its
original location to the diagonally opposite corner and mice were allowed to
explore the arena for 5min. The object preference was measured as the time
exploring each object x 100/time exploring both objects. For Y-SAT, a Y-maze
apparatus, made of clear Perspex, was used (Y-maze dimensions: arms, 35 cm
length, 25 cm height, 15 cm width). For the training session, mice were placed in
the stem arm of the Y and allowed to explore for 10 min only one accessible arm
(familiar arm) for 10 min. They were then returned to their home cage. After an
inter-trial interval of 2 h, mice were placed in the stem arm of the T-maze and
allowed to freely explore all three arms for 5 min. Big and highly perceptible objects
were situated surrounding the maze at 20-40 cm. The arm preference was
measured as the time exploring each arm x 100/time exploring both arms. Animals
were tracked and recorded with Smart junior software (Panlab).

Viral constructs and stereotaxic injection. For specific deletion of Pyk2 in
dorsal hippocampus expression, 4-week-old Pyka/ mice were stereotaxically
injected with AAV expressing Cre recombinase and (AV-9-PV2521,
AAV9.CamKIILHI.eGFP-Cre. WPRE.SV40 (AAV-Cre)) (from Perelman School of
Medicine, University of Pennsylvania, USA). To overexpress Pyk2, we used
AAV1-CamKIIa0.4-GFP-2A-mPTK2B (AAV-Pyk2) with a T2A cleavable link
(Vector Biolabs Malvern, PA, USA). As a control, we injected AAVs expressing
GFP (AV-9-PV1917, AAV9.CamKII0.4.eGFP.WPRE.rBG (AAV-GFP) from
Perelman). Following anaesthesia with pentobarbital (30 mgkg ~!), we performed
bilateral injections of AAV-GFP, AAV-Cre or AAV-Pyk2 (2.6 x 10° GS per
injection) in the dorsal hippocampus following coordinates from the bregma
(millimetres); anteroposterior, -2.0; lateral, *1.5; and dorsoventral, + 0.8. For
R6/1 mice, we performed an additional injection at dorsoventral *1.2. AAV
injection was carried out in 2 min. The cannula was left in place for 5min for
complete virus diffusion before being slowly pulled out of the tissue. After 2h of
careful monitoring, mice were returned to their home cage for 3 weeks before
starting analyses of behaviour, biochemistry and morphology.

Electrophysiology. Littermate mice (1-2 months) received an injection of
ketamine/xylazine (75/10 mgkg ~ !, i.p.) and intracardially perfused with an
ice-cold solution ((all mM) 25 NaHCOs, 1.25 NaH,POy,, 2.5 KCIl, 0.5 CaCl,,

7 MgCl,, 110 choline chloride, 25 glucose, 11.6 ascorbic acid, and 3.1 pyruvic acid).
The brain was rapidly removed and horizontal slices (350 um thick) cut with a
vibratome (Microm, Thermo Fisher). Slices were placed in an interface chamber

containing artificial CSF (ACSF) ((all mM) 124 NaCl, 1 NaH,POy,, 26.2 NaHCO;,
2.5 KCl, 1.6 CaCl,, 1.2 MgCl,, 11 glucose) at 37 °C, saturated with 5% (vol/vol)
CO, in O,, and allowed to recover for 1h. Slices were then transferred to a
submerged recording chamber, a cut was made between the CA3 and CA1l, and
bicuculline-supplemented ACSF used for superfusion. An ACSF-filled recording
borosilicate glass pipette (2-4 MQ) was inserted in the stratum radiatum of CAl
region. Schaffer collaterals were stimulated (HFS, 5 x 1's at 100 Hz) with a tungsten
bipolar electrode (0.5 MQ). Field excitatory post-synaptic potentials (fEPSPs) were
recorded using a multiclamp 700B amplifier (Molecular Devices) low-pass filtered
at 5kHz and digitized at 20 kHz. Offline analysis of fEPSP slopes was done with
Clampfit software (Molecular Devices). Baseline potential was set to zero and
recordings were low-pass filtered at 1kHz with Bessel filter. A 1-ms time-window
was manually positioned at the onset of the fEPSP and its initial slope
automatically measured. LTP was investigated in AAV-injected R6/1 mice in
similar conditions except that mice were 5-month old at the time of the recording.
Paired pulse ratio was determined at a 50 ms interval. In all cases, the experimenter
carrying out the acquisition and analysis of electrophysiological data was blind to
the mice genotype and/or AAV type.

Electronic microscopy. Mice were transcardially perfused with a solution
containing 40 gl ~! paraformaldehyde and 1 ml1~! glutaraldehyde in 0.1 M
sodium phosphate buffer (PB), pH 7.4. Brains were then immersed in the same
fixative 12 h at 4 °C. Tissue blocks containing the hippocampus were dissected and
washed in 0.1 M PB, cryoprotected in 10 and 20% sucrose in 0.1 M PB, freeze
thawed in isopentane and liquid nitrogen. Samples were post fixed in 25 mll !
glutaraldehyde in 0.1 M PB for 20 min, washed and treated with 20 gl ~! osmium
tetroxide in PB for 20 min. They were dehydrated in a series of ethanol and

flat embedded in epoxy resin (EPON 812 Polysciences). After polymerization,
blocks from the CAl region were cut at 70 nm thickness using an ultramicrotome
(Ultracut E Leica). Sections were cut with a diamond knife, picked up on
formvar-coated 200 mesh nickel grids. For etching resin and remove osmium,
sections were treated with saturated aqueous sodium periodate (NalOy). They
were then immunostained for Pyk2 with rabbit antibodies (see below) by indirect
immunolabelling protein A-gold probes (20 nm) (CMC Utrecht; Netherlands)
following a published method®”. The sections were then double stained with
uranyl acetate and lead citrate before observation with a Philips (CM-100)
electron microscope. Digital images were obtained with a CCD camera

(Gatan Orius). To test the immunostaining specificity, the primary antibody was
omitted.

Tissue preparation and immunofluorescence. Mice were anaesthetized
(pentobarbital, 60 mgkg ~! i.p.) and intracardially perfused with a 40gl—!
paraformaldehyde solution in 0.1 M sodium phosphate, pH 7.2. Brains were
removed and post-fixed overnight in the same paraformaldehyde solution,
cryoprotected with 300 g1~ ! sucrose in PBS with 0.2 gl ~! NaNj; and frozen in
dry-ice cooled isopentane. All the following steps were done with gentle shaking.
Serial 30-um coronal cryostat-free floating sections were washed three times in
PBS, permeabilized in PBS with 3ml1~! Triton X-100 and 30 ml1~! normal goat
serum (Pierce Biotechnology, Rockford, IL, USA) for 15 min at room temperature,
and washed three times. Brain slices were then incubated overnight at 4°C in the
presence of primary antibodies in PBS with 0.2 g1~ ! NaNj: rabbit Pyk2 antibody
(1:500, #07M4755) and mouse MAP2 antibody (1:500) from Sigma, Chemical Co.
(St Louis, MO, USA), mouse antibodies for Htt (clone EM48 1:150, #2026373,
Chemicon, Temecula, CA, USA), mouse anti-PSD-95 1:500 (#QA210648, Thermo
Scientific, MA, USA). Sections were then washed three times and incubated for 2h
at room temperature with fluorescent secondary antibodies: Cy3 goat anti-rabbit
(1:200) and/or AlexaFluor 488 goat anti-mouse (1:200; both from Jackson
ImmunoResearch, West Grove, PA, USA). No signal was detected in control
sections incubated in the absence of the primary antibody.

Primary hippocampal neurons culture and immunofluorescence. Hippocampal
neurons were prepared from E17 C57Bl/6 mouse embryos (pregnant mice from
Charles River, Saint Germain Nuelles, France) or from our Pyk2 mice colony as
previously described. The neuronal cell suspension was seeded (70,000
cellscm ~2) on coverslips precoated with poly-p-lysine (0.1 mgml ~ !, Sigma) in
24-well plates or in 6-well plates without coverslips. Neurobasal medium (GIBCO,
Renfrewshire, Scotland, UK) containing 1 ml per 50 ml of B27 supplement
(Gibco-BRL) and 50 ml of GlutaMAX (100 x ) (Gibco-BRL) was used to grow the
cells in serum-free medium conditions and maintained at 37 °C in 5% CO,. At DIV
21-22, cells were treated with vehicle or 10 uM MK801 (Sigma) for 30 min. Then,
cells were treated with vehicle or 40 uM glutamate (Sigma) for 15 min and samples
were collected for immunoblot analysis or the glutamate was washed out and
cells further incubated for 3 h before being fixed for 10 min with 40g1~!
paraformaldehyde in PB 0.2 M for immunostaining. Fixed cells were permeabilized
in 1mll~! Triton X-100 for 10 min and then blocking was performed with
10g1~! BSA in PBS for 1h. Cells were incubated with mouse monoclonal
antibodies for PSD-95, (1:500, #QA210648, Millipore) or MAP2 (1:800,
#073M4774, Sigma) or rabbit Pyk2 antibodies (1:500, #074M4755, Sigma, XX)

at 4 °C overnight. After three washes with PBS, cells were incubated with the
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corresponding fluorescent secondary antibodies, Cy3 or Cy2 (1:200; Jackson
ImmunoReseach, West Grove, PA). Then, cells were rinsed twice with PBS and
incubated with phalloidin-rhodamine 1:1,000 (Sigma) for 45 min in PBS. After
washing twice with PBS, the coverslips were mounted with Vectashield (Vector
Laboratories Burlingam, UK). Hippocampal neuron staining was observed with a
confocal SP5-1I (see below).

Cell transfection and constructs. Pyk2*/* and Pyk2 =/~ hippocampal neurons
at DIV 18 were transfected using transfectin (Bio-Rad, Hercules, CA, USA)
following the manufacturer’s instructions and left for 48-72h. Cells were
transfected with previously described constructs>$: GFP (control), GFP-Pyk2,
GFP-Pyk2!#40 (Pyk2 deleted from the FAT domain and the third proline-rich
motif) and GFP-Pyk2Y492F (Pyk2 with a point mutation of the autophosphorylated
tyrosine-402). GFP was fused to the N terminus of Pyk2.

Confocal imaging and analysis. Immunostained neurons in culture or tissue
sections were imaged using a Leica Confocal SP5-II (63 x numerical aperture lens,
5 x digital zoom, 1-Airy unit pinhole. Four frames were averaged per z-step
throughout the study. Confocal z-stacks were taken at 1,024 x 1,024 pixel
resolution, every 2 pm for brain sections and every 0.2 um for cultured cells. The
labelled PSD95-positive clusters number and size were quantified with NIH Image]
freeware (Wayne Rasband, NIH) as described®® with minor changes. For tissue
sections, at least three 30-pm slices containing dorsal hippocampus were analysed
per mouse and up to three representative CAl stratum radiatum images were
obtained from each slice. For cultured hippocampal neurons, PSD95-positive
clusters co-localized with F-actin clusters (stained with phalloidin-rodhamine) or
GFP-enriched spines were quantified as described® with minor changes using
Image]. The number of neurites analysed was > 20 neurites (one-two neurites per
neuron) per condition from two-three different cultures.

Golgi staining and spine analysis. Fresh brain hemispheres were processed fol-
lowing the Golgi-Cox method as described elsewhere”’. Essentially, mouse brain
hemispheres were incubated in the dark for 14-17 days in filtered dye solution
(10 gl_l K,Cr,07, 10g1~ 1 HgCl, and 8gl~ 1 K,CrO,). The tissue was then
washed 3 x 2 min in water and 30 min in 90% EtOH (v/v). Two hundred-pum
sections were cut in 70% EtOH on a vibratome (Leica) and washed in water for
5 min. Next, they were reduced in 16% ammonia solution for 1 h before washing in
water for 2 min and fixation in 10 gl’1 Na,S,0; for 7min. After a 2- min final
wash in water, sections were mounted on superfrost coverslips, dehydrated for

3 min in 50%, then 70, 80 and 100% EtOH, incubated for 2 X 5min in a 2:1
isopropanol:EtOH mixture, followed by 1 x 5min in pure isopropanol and

2 x 5min in xylol. Bright-field images of Golgi-impregnated stratum radiatum
dendrites from hippocampal CA1 pyramidal neurons were captured with a Nikon
DXM 1200F digital camera attached to a Nikon Eclipse E600 light microscope
(% 100 oil objective). Only fully impregnated pyramidal neurons with their soma
entirely within the thickness of the section were used. Image z-stacks were taken
every 0.2 um, at 1,024 x 1,024 pixel resolution, yielding an image with pixel
dimensions of 49.25 x 49.25 um. Z-stacks were deconvolved using the Huygens
software (Scientific volume imaging, Hilversum, the Netherlands) to improve voxel
resolution and to reduce optical aberration along the z axis. Segments of proximal
apical dendrites were selected for the analysis of spine density and spine
morphology according to the following criteria: (a) segments with no overlap with
other branches that would obscure visualization of spines and (b) segments either
‘parallel’ to or ‘at acute angles’ relative to the coronal surface of the section to avoid
ambiguous identification of spines. Only spines arising from the lateral surfaces of
the dendrites were included in the study; spines located on the top or bottom of the
dendrite surface were ignored. Given that spine density increases as a function of
the distance from the soma, reaching a plateau 45 um away from the soma, we
selected dendritic segments of basal dendrites 45 pm away from the cell body. The
total number of spines was obtained using the cell counter tool in the Image]
software. At least 60 dendrites per group from at least three mice per genotype were
counted. For a more precise description of the dendritic shape changes, the spine
head diameter was analysed as a continuous distribution (between 368 and 418
spines per group were analysed) using the Image] software. Then, a distribution
analysis of head diameter was performed. Then, head diameter analysis was
performed manually using Image] for all the spines in control mice. Spine neck was
measured in all spines as the distance from the dendritic shaft to the head of the
spine using the Image].

Subcellular fractionation. Hippocampus from 20-week-old R6/1 mice was
homogenized with a Teflon-glass potter in lysis buffer (4 mM HEPES, 0.32M
sucrose, 1 mM phenylmethylsulfonyl fluoride (PMSF), 10 mgl ~! aprotinin,

1 mgl~! leupeptin, 2 mM sodium orthovanadate, 0.1 gl ~! benzamidine) and
centrifuged at 3,000 g for 10 min. The supernatant was taken as ‘cytosolic’ fraction
and the pellet as ‘nuclear’ fractions. The latter was resuspended in 10 mM Tris-HCl
(pH 7.5), 0.25M sucrose, 2mM PMSF, 10 mgl ~! aprotinin, 1 mgl~! leupeptin,
2mM Na;VO, and sonicated. For PSD preparation, the two hippocampi (30-50
mg) of each mouse were homogenized using a Dounce Homogenizer in 1 ml of
homogenization buffer (320 mM sucrose, 1 mM Hepes pH 7.4). Samples were
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centrifuged at 1,000 x g for 10 min, 4 °C. The pellet was resuspended in 1 ml of
homogenization buffer and centrifuged at 1,000 x g for 10 min, 41°C. The two
supernatants were pooled and centrifuged at 18,600 x g for 15 min, 4 °C. The pellet
was then resuspended in 1 ml of 1.5 M sucrose, 50 mM Tris-HCl pH 7.4) and
transferred in a 4 ml. Thinwall, ultra-clear Beckman Coulter tube and centrifuged
on a 0.3-0.85 sucrose gradient at 25,000 r.p.m. for 85 min, 4 °C (SW60 Ti rotor in
Optima L90K Ultracentrifuge). The synaptosomal fraction was collected at the
interface, resuspended in 2 ml 50 mM Tris-HCI, pH 7.4 and centrifuged at 32,000
r.p.m. for 18 min, 4 °C (MLA-80 rotor, Optima Max Ultracentrifuge). The pellet
was resuspended in 1 ml Tris-HCI, 25 mM pH 7.4, 30 ml -1 Triton X100 and left
on ice for 30 min. Then the sample was loaded onto 2 ml of Tris buffer with 0.85 M
sucrose in a Thinwall, ultra-clear tube and centrifuged at 32,000 r.p.m. for 40 min,
4°C (SW60 Ti rotor in Optima L90K Ultracentrifuge). The pellet corresponding to
the PSD fraction was resuspended in 50 mM Tris-HCl, pH 7.4. Until the gradient
buffers contained 30 mM NaF, 5 mM sodium-orthovanadate, and cOmpleteTM
ULTRA protease inhibitor cocktail (Roche).

Post-mortem human brain tissues. Hippocampal brain tissues were supplied by
the Banc de Teixits Neurologics (Biobanc-HC-IDIBAPS), Barcelona, Spain. They
included six controls (mean * s.e.m.; two females, four males, age 53.5 * 6.8 years,
post-mortem intervals, 4-18 h), four patients with HD grades 1-2 (four males,
age 72.2 % 1.7 years post-mortem intervals, 6-14h) and seven patients with HD
grades 3—4 (three females, four males, age 54.5 6.5 years, post-mortem intervals
of 4-17h).

Immunoblot analysis. Animals were killed by cervical dislocation. The hippo-
campus was dissected out, frozen using CO, pellets and stored at — 80 °C until use.
Briefly, the tissue was lysed by sonication in 250 ul of lysis buffer (PBS, 10 ml1~1
Nonidet P-40, 1 mM PMSF, 10 mgl ~ ! aprotinin, 1 mgl~! leupeptin and 2 mgl ~!
sodium orthovanadate). After lysis, samples were centrifuged at 12,000 r.p.m. for
20 min. Supernatant proteins (15 pug) from total brain regions extracts were loaded
in SDS-PAGE and transferred to nitrocellulose membranes (GE Healthcare, LC,
UK). Membranes were blocked in TBS-T (150 mM NaCl, 20 mM Tris-HCI, pH 7.5,
0.5ml1~ ! Tween 20) with 50 g1~ ! phospho-Blocker (Cell Biolabs, San Diego, CA)
or 50 g1~ ! non-fat dry milk and 5g1~ ! BSA. Inmunoblots were probed with the
following antibodies (all diluted 1:1,000): rabbit polyclonal antibodies: Pyk2
(#074M4755, Sigma), Pyk2 (#ab32571, Abcam, epitope within the first 100 resi-
dues), phosphoY402-Pyk2 (#5), PSD-95 (#QA210648), phosphoY876-GluA2 (#2),
and phosphoY1246-GluN2A (#1, Cell Signaling Technology, Danvers, MA, USA),
GluA1 (#JBC1830522, Upstate Biotechnology, NY, USA), phosphoY1472-GluN2B
(#04242010009761, Cayman antibodies, Ann Arbor, MI, USA), phosphoY418-Src
reacting with all phosphoSFKs (#GR144140-2), and phosphoY1325-GluN2A
(#GR14161032, Abcam, Cambridge, UK), phosphoS831-GluA1 (#2726818),
GluN2B (#2697434), GluA2 (#2280905), and GluN2A (#NRG1815904, Millipore
Bedford, MA, USA), mouse monoclonal antibodies: phosphoERK1/2 (#26,Cell
Signaling Technology, Danvers, MA, USA), FAK (#JBC1900835, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), GluN1 (#225310,Millipore, Bedford, MA,
USA). All blots were incubated with the primary antibody overnight at 4 °C by
shaking in PBS with 0.2 gl ™! sodium azide. After several washes in TBS-T,

blots were incubated with secondary anti-rabbit or anti-mouse IgG IRdye800CW-
coupled or anti-mouse IgG IRdye700DX-coupled antibodies (1:2,000, Rockland
Immunochemicals, USA). Secondary antibody binding was detected by Odyssey
infrared imaging apparatus (Li-Cor Inc., Lincoln, NE). For loading control a mouse
monoclonal antibody for o-tubulin was used (#083M4847V, 1:10,000; Sigma).

Statistical analysis. Statistical analyses were carried out using the GraphPad
Prism 6.0 software. Data sets were tested for normality distribution with
d’Agostino-Pearson and Shapiro-Wilk tests. When distribution was not different
from normal, they were analysed with parametric using Student’s ¢-test (95%
confidence), one-way ANOVA or two-way ANOVA, with Holm-Sidak post hoc
multiple comparisons test. Two by two comparisons were two-tailed. In cases

in which the distribution was significantly different from normal (P<0.05),
non-parametric tests were used including Mann and Whitney for two groups
comparisons and Kruskal-Wallis for more than two groups and Dunn’s test for
post hoc multiple comparisons. Kolmogorov—-Smirnov test was used as indicated in
the figure legends. Values of P<0.05 were considered as statistically significant.

Data availability. The authors declare that the data supporting the findings of this
study are available within the paper and its Supplementary Information files or
available on request from the corresponding author.
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4. Summary of the findings and conclusions

In this paper, we reconfirmed the importance of Pyk2 in hippocampal L'TP by showing an
impairment of CA1 LTP and hippocampal-related learning in Pyk2-deficient mice. We
observed that these deficits were associated with alterations in NMDA receptors, PSD-95
and dendritic spines. We revealed in vitro, that the role of Pyk2 in determining PSD-95
enrichment appeared to be autophosphorylation-dependent whereas its effect on spine
density was not likely to involve the autophosphorylation of Pyk2 neither its kinase activity.
We finally described a decrease of Pyk2 levels in the hippocampus of HD patients and in
the R6/1 mouse model of the disease and observed that normalizing Pyk2 levels in the
hippocampus of R6/1 mice could rescue, to some extent, the molecular and behavioral
deficits of these mice.

We thus revealed for the first time, a role for Pyk2 in Huntington's disease cognitive
impairments. We also described 7z vivo, the importance of Pyk2 in spine structure and
synaptic function.
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II. Pyk2 in the amygdala modulates chronic stress
sequelae via PSD-95-related micro-structural changes

Enrica Montalban, Omar Al-Massadi, Anna Sancho-Balsells, Verénica Brito, Benoit de
Pins, Jordi Alberch, Silvia Ginés, Jean-Antoine Girault and Albert Giralt
Translational Psychiatry
15 January 2019, 9(1):3

1. Context and objectives

At the cellular level, chronic stress is closely associated to microstructural alterations in
dendritic spines morphology and spine density. Identifying master molecules regulating
these alterations would give a better understanding of the molecular mechanisms underlying
stress-induced depression.

Given our previous study showing the importance of Pyk2 in spine morphology and
in synaptic biochemistry in general, we intended here to investigate the role of Pyk2 in the
development of depressive-like symptoms induced by a model of chronic unpredictable
mild stress (CUMS).

To do so we compared anxiety-like and anhedonia-like phenotypes induced by
CUMS in Pyk2/- mice and several region-specific knockout as compared to wild type
control mice. We then analyzed the spine morphology and biochemical features of synapses
in these different conditions.

2. Contribution to the work

In this work, I personally contributed to the management of mice lines and to the redaction
of the final manuscript.
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ARTICLE Open Access

Pyk2 in the amygdala modulates chronic
stress sequelae via PSD-95-related micro-
structural changes

Enrica Montalban'?3, Omar Al-Massadi'****, Anna Sancho-Balsells®’®, Verénica Brito®’®, Benoit de Pins'*>,
Jordi Alberch®”® Silvia Ginés®’®, Jean-Antoine Girault'>* and Albert Giralt'#>%"#

Abstract

Major depressive disorder (MDD) is a common disorder with a variety of symptoms including mood alterations,
anhedonia, sleep and appetite disorders, and cognitive disturbances. Stressful life events are among the strongest risk
factors for developing MDD. At the cellular level, chronic stress results in the modification of dendritic spine
morphology and density. Here, we study the role of Pyk2 in the development of depressive-like symptoms induced by
a model of chronic unpredictable mild stress (CUMS). Pyk2 is a non-receptor calcium-dependent protein-tyrosine
kinase highly expressed in the forebrain principal neurons and involved in spine structure and density regulation. We
show that Pyk2 knockout mice are less affected to anxiety-like and anhedonia-like phenotypes induced by the CUMS
paradigm. Using region-specific knockout, we demonstrate that this phenotype is fully recapitulated by selective Pyk2
inactivation in the amygdala. We also show that in the absence of Pyk2 the spine alterations, PSD-95 clustering, and
NMDA receptors changes induced by the CUMS paradigm are prevented. Our results reveal a possible role for Pyk2 in
the response to stress and in synaptic markers expression and spine density regulation in the amygdala. We suggest
that Pyk2 contributes to stress-induced responses through micro-structural changes and that its deficit may contribute
to the resilience to chronic stress.

Introduction patients®. The impact of stressors depends on the char-

Major depressive disorder (MDD) is a debilitating dis-
ease characterized by low mood, loss of interest in outside
stimuli, impaired cognitive function, and vegetative
symptoms, such as disturbed sleep or appetite’. MDD is a
multifactorial and clinically heterogenous mental disorder
with a percentage of heritability estimated around 35%
and yearly incidence of 6% of affected individuals among
the adult worldwide population®. Chronic life stressors are
among the main risk factors for developing a major
depressive syndrome®. Notably, a clear association
between stressors and the emergence of major depressive
episodes has been demonstrated among dysthymic

Correspondence: Albert Giralt (albertgiralt@ub.edu)
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acteristics of the stressor itself (e.g. severity, chronicity,
predictability), coping ability, and individuals’ stressor
history (including early life trauma)®>~".

A large body of evidence shows that in animal models
depression is closely associated to microstructural
alterations in dendritic spines morphology and spine
density®. Indeed, chronic stress results in decreased den-
dritic spine density in hippocampus and prefrontal cortex,
and an increased spine density in amygdala and nucleus
accumbens’™'?.  Therefore, understanding dendritic
spines dynamics and turnover and identifying master
molecules regulating this phenomenon is crucial for
uncovering the mechanisms underlying stress-induced
depression.

Pyk2 could be one of these master molecules. Pyk2 is
a non-receptor tyrosine kinase that can be activated by

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction
BY in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changes were made. The images or other third party material in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http//creativecormmons.org/licenses/by/4.0/.
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Ca®" and is highly expressed in cortex, amygdala, stria-
tum, and hippocampus'>'*, Previous findings indicated a
role for Pyk2 in the regulation of hippocampal synaptic
plasticity’>™'”. Our recent work with Pyk2 mutant mice
showed its importance in vivo for spatial learning and
memory, synaptic plasticity and spine density, and mor-
phology'®. Yet, the role of Pyk2 in the physiopathology of
MDD remains largely unexplored as only two reports
have pointed out a possible role of Pyk2 in this context.
First, it has been reported that a model chronic stress in
mice increases the colocalization of Pyk2 with NUP62, a
nucleoprotein involved in chromatin organization and
transcription'®. The increased colocalization results in an
increased phosphorylation of NUP62'® suggesting a
potential role of Pyk2 in mediating depressive-like
symptomatology after chronic stress via the indirect reg-
ulation of gene transcription. A second study demon-
strated that, in a model of chronic stress in rats, the over-
expression of Pyk2 in the lateral septal nucleus has a
positive effect on the forced swimming test’s perfor-
mance?®, a common paradigm to evaluate behavioral
despair in rodents, one of the symptoms of MDD
Finally, a recent genome wide association study (GWAS)
indicated that the PTK2B gene is significantly associated
with neuroticism® which in turn is a common risk factor
to develop MDD?, Despite these early results, the rele-
vance of the tyrosine kinase Pyk2 in the pathophysiology
of MDD is not known. Understanding in which brain
region and through which molecular mechanism Pyk2
regulates depressive symptoms would provide important
insights on the possible role of PyK2 in MDD.

We recently generated full knockout mice for the
PTKB2 gene, as well as mice with floxed PTK2B alleles,
which permit to inactivate the gene in discrete brain
regions or cell types''®. Mice were exposed to the
chronic unpredictable mild stress (CUMS) paradigm to
induce depressive-like symptoms. The CUMS protocol
overcomes the stress habituation and has been widely
used to model depression-like behaviors®**, As expected,
we observed that CUMS induced a severe depressive-like
performances in the stressed mice as compared to non-
stressed controls. Observed phenotypes included;
decreased time spent in the open arms in the plus maze,
decreased time struggling in the forced swimming test,
and decreased preference for sweet water in the sucrose
preference test as described previously®”. Surprisingly,
compared to WT mice, Pyk2-deficient mice showed
reduced behavioral sequelae induced by the CUMS
paradigm in several tests. Region-specific KO studies
showed a major role of Pyk2 in the basolateral nuclei of
the amygdala. We also examined spine density in this
brain region and found that stress-induced spine altera-
tions were absent in Pyk2-deficient mice. These results

Page 2 of 12

underline the possible role of Pyk2 in depressive states
induced by stress.

Materials and methods

Detailed descriptions and procedures for genetically
modified mice, CUMS paradigm, open field test, elevated
plus maze test, forced swimming test, sucrose preference
test, viral constructs and stereotaxic injection, tissue
preparation and immunofluorescence, confocal imaging
and analysis, Golgi staining and spines analysis, immu-
noblot analysis and statistical analysis are provided in the
Supplementary Methods section.

Results
Effects of CUMS paradigm in mice lacking PTK2B gene
(Pyk2 '~ mice)

Pyk2™" and Pyk2 ™/~ mice were exposed for 28 days to
randomized and unpredictable aversive stimuli (CUMS
protocol, see Materials and methods and supplementary
figure 1a). After the CUMS protocol all mice were eval-
uated for behavioral alterations. Naive mice from both
genotypes (Pyk2™" and Pyk2™/") were used as controls.
First, as a general health index, we also monitored the
body weight and we observed no difference in any group
as compared to Pyk2*'" controls (Fig. 1a). Next, we used
the open field to evaluate time spent in the center of the
arena and pathlengths in Pyk2™" and Pyk2™/~ mice
exposed (Pyk2"":CUMS and Pyk2~'":CUMS) or not to
CUMS (control Pyk2™ " and Pyk2 ™'~ mice). All groups of
mice habituated well and showed no difference in path-
lengths (Fig. 1b) during the 30-min session. However,
Pyk2™":CUMS but not Pyk2’:CUMS mice displayed
significantly reduced time in the center in the open field
paradigm (Fig. 1c). We then subjected the mice to the
forced swimming test (FST). We measured the time
during which mice were mobile to escape from the water:
stressed mice showed lower levels of time struggling as
compared to their respective controls without CUMS. No
difference was observed when comparing Pyk2™" and
Pyk2~'~ control mice or Pyk2"":CUMS and Pyk2 /' :
CUMS mice (Fig. 1d). We also analyzed the two first
minutes of the assay and no changes were observed when
comparing Pyk2 """ and Pyk2 '~ control mice or Pyk2 "'
CUMS and Pyk2~/~:CUMS mice (Fig. 1e). Next, we used
an elevated plus maze to evaluate the effect of the CUMS
paradigm on time spent in the open arms in the four
groups of mice (Fig. 1f, g). We found a significant pre-
ference for the open arms of the Pyk2"™'" control mice as
compared to the Pyk2™":CUMS (Fig. 1f). Interestingly
this difference was lost when comparing control Pyk2 ™/~
mice to Pyk2/":CUMS, which all spent a comparable
amount of time as the Pyk2"'" controls in exploring the
open arm. Importantly the locomotor activity (measured
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Fig. 1 Behavioral effects of CUMS in Pyk2+/+ and PykZ*/’ mice. a Body weight was monitored as a measure of general health. Two-way ANOVA,
genotype effect: F;, 51y =2.19, p = 0.09. b Pathlength traveled in an open field apparatus during 30 min. Two-way ANOVA, genotype effect: F, 55 =
0303, p = 0.82. c Time in the center in an open field apparatus during 30 min. Two-way ANOVA, interaction effect: f; s, = 6.956, p=0.011. d Forced
swimming test: % of time struggling from the 3rd to the 6th minute in a 6-min long session. Two-way ANOVA, genotype effect: F;, 52 =21.72, p <
0.0001. e Forced swimming test: % of time struggling from the 1st to the 2nd minute in a 6-min long session. Two-way ANOVA, genotype effect:
Fa, 52 = 5433, p < 0.0001. f Time spent in the open arms of an elevated plus maze. Two-way ANOVA, genotype effect: F;, 52 = 4.14, p =0.01. g Path
length traveled in the elevated plus maze. Two-way ANOVA, genotype effect: F(;, s2) = 2.24, p = 0.078. h Sucrose preference test. Preference for sweet
water over plain water (%). Three consecutive days of testing were evaluated in the sucrose preference test. Two-way ANOVA genotype effect: day 1,
Fa, 52 =11.20, p=0.0015; day 2, F;, 55y=10.73, p=0.0019; day 3, F(; 55 =742, p=0.008. Data are means + SEM. Control Pyk2+/+ (n=14); control
PykZ’/’ (n=14); PykZ”*:CUMS (n=13) and Pyk2’/’:CUMS (n=15). Tukey's post hoc test was used in all experiments. c-h: *p < 0.05, **p < 0.01,
and ***p < 0001 compared to Pyk2™* controls. CUMS Chronic unpredictable mild stress group

as a pathlength) tested in the plus maze was similar in all
groups (Fig. 1g). Finally, we evaluated the effect of the
genotype on potential CUMS-induced changes in the
sucrose preference test. Animals were tested for 3 con-
secutive days for their preference for sweet water

(2% sucrose) versus plain water (Fig. 1h). Control Pyk2 "™
mice displayed high levels of preference towards sweet
water as compared to normal water. In contrast, although
they still had some preference for sweet water, Pyk2 "/
CUMS mice displayed a significantly reduced preference
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Fig. 2 Consequences of the regional-specific ablation of Pyk2 on the behavioral effects of CUMS. a Pathlength traveled in an open field
apparatus during a 30 min session. Two-way ANOVA, genotype effect: f(s, 74y =542, p=0.0003. b Time in the center in an open field apparatus
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minute in a 6-min long session. One-way ANOVA: Fs ¢ = 20.83, p < 0.0001. d Forced swimming test: % of time struggling from the 1st to the 2nd
minute in a 6-min long session. One-way ANOVA: Fs, 76 =45.34, p <0.0001. e Elevated plus maze test, time spent in open arms, One-way ANOVA
and Tukey's post hoc test: Fs 76 =4.396, p =0.001. f Pathlength traveled in the elevated plus maze. One-way ANOVA and Tukey's post hoc test:
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as compared to Pyk2™/* unstressed controls. Intriguingly,

Pyk2 ™/~ and Pyk2 ' :CUMS groups of mice showed a
comparable preference for sweet water, with no difference

Pyk2 inactivation in the amygdala is sufficient to mimic the
Pyk2 '~ mice phenotype after CUMS
To gain insight on the brain region that could mediate

from that observed in control Pyk2™* mice. This set of
results indicates that behavioral alterations induced by the
CUMS paradigm in Pyk2 """ mice were almost completely
absent in Pyk2 ™/~ mice in the same conditions. In con-
trast, the performance in the forced swimming test was
not affected.

such behavioral changes we knocked out Pyk2 in the
neurons of selected brain regions by injecting Pyk2f/ Fmice
with AAV expressing a Cre recombinase under the con-
trol of CaMKII promoter (AAV-CaMKII-Cre-GFP).
Control AAVs expressed only GFP (AAV-CaMKII-GFP).
AAV-CaMKII-Cre-GFP and control

viruses were
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bilaterally injected either in the amygdala (CUMS-Amy
group), or the medial prefrontal cortex (CUMS-mPFC
group), or the nucleus accumbens (CUMS-NAc group),
or the hippocampus (CUMS-Hip group). Three weeks
after surgery, all the groups of mice were exposed to the
CUMS protocol. The GFP group of mice was injected in
one of the four aforementioned brain regions with AAV-
CaMKII-GFP, but not exposed to CUMS. For more clarity
see supplementary figure 1b. First, we verified the correct
coordinates of the injection sites (supplementary figure
2a), and the effects of to the local deletion of the PTK2B
gene on reduction of Pyk2 protein levels in the injection
site by immunofluorescence (supplementary figure 2b—e).
Our results showed a clear decrease or disappearance of
Pyk2 immunoreactivity in the AAV-Cre-targeted brain
regions.

Next, after 28 days of CUMS all groups of mice were
evaluated in a battery of behavioral tests namely open field
test, plus maze test, forced swimming test, and sucrose
preference test. Concerning the general locomotor activ-
ity, all groups of mice habituated well and showed equal
levels of locomotor activity in the open field except for the
CUMS-Amy group which showed increased pathlengths
but normal habituation (Fig. 2a). Regarding to the para-
meter time in the center, all the groups of mice displayed
reduced time in the center of the arena when compared
with the GFP group with the exception of the CUMS-
Amy group (Fig. 2b). We then used the forced swimming
test in all the groups (Fig. 2c). Regardless of the regional
deletion, all groups of mice exposed to CUMS struggled
much less than the unstressed GFP group confirming that
the changes in the levels of Pyk2 in any tested brain region
had no effect on the performance in the forced swimming
test. We also analyzed the two first minutes of the assay
and again all groups of mice exposed to CUMS struggled
much less than the unstressed GFP group (Fig. 2d). Then,
the elevated plus maze was performed in all groups of
mice (Fig. 2e). As compared to all the other groups, the
CUMS-GFP group spent the lowest time in the open
arms. The CUMS-NAc group displayed reduced time in
the open arms similar to those of CUMS-GFP mice. In
contrast, the CUMS-Amy group had levels of open arms
exploration close to those of unstressed GFP controls, and
significantly different from those of the CUMS-GFP
group. Finally, the CUMS-mPFC and CUMS-Hip groups
showed intermediate alterations regarding to the time
spent in open arms. These results did not appear to
depend on general locomotor activity in the plus maze as
shown in Fig. 2f. This was a discrepancy from the CUMS-
Amy group when comparing the locomotor activity
parameter in the elevated plus maze and in the open field
test. The CUMS-Amy group showed hyper locomotion
only in the latter. This discrepancy with the elevated plus
maze is likely due to the fact that the open field is more
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useful for locomotor measurements than it is to anxiety
and elevated plus maze is more useful for anxiety-like
measurements than it is to locomotor behavior’®*.
Altogether, these results indicate that the CUMS-Amy
group was the less affected by the CUMS protocol in
parameters evaluated by the elevated plus maze and open
field test. Finally, we tested in all six groups of mice their
preference for sweet (2% sucrose) or plain water, as in
Fig. 1h (Fig. 2g). As expected, control GFP mice exhibited
the highest level of preference towards palatable water in
the presence of both plain and sucrose-water. In contrast,
although the CUMS-GFP mice had some preference for
sweet water, this preference was significantly reduced as
compared to GFP CUMS-naive controls. CUMS-mPFC,
CUMS-Hip, and CUMS-NAc displayed similarly low
levels of sucrose preference as compared to CUMS-GFP
and significantly reduced preference when compared with
the GFP group during the first 2 days of testing. Inter-
estingly the CUMS-Amy group was the only group
showing indistinguishable levels of sucrose preference as
compared to GFP mice indicating that CUMS did not
affect the preference towards the sweet water in this
group of mice. In summary, the present results show that
the reduced sequelae displayed by full Pyk2 ™/~ knockout
mice after the CUMS protocol was completely mimicked
when Pyk2 expression was specifically removed in the
amygdala.

Pyk2 levels and its activation are not altered by stress in
the amygdala

To address the molecular mechanisms underlying the
phenotype showed by the mice lacking PyK2 in the
amygdala, we measured Pyk2 total protein levels and its
phosphorylation at Tyr-402, the autophosphorylation
site”®, a good indicator of its kinase activity, in the
amygdala of Pyk2"/" mice subjected to 28 days of CUMS
vs. naive control Pyk2™". When animals were sacrificed
24'h after the end of the CUMS protocol, we did not
observe any change either in the total levels of Pyk2
(Fig. 3a, b) nor in phosphoTyr-402-Pyk2 (Fig. 3a, c). We
then hypothesized that the changes in the total or
phospho-Pyk2 levels might be more acute and/or transient
or that they could take place earlier after the exposure of
the mice to stress. Thus, we designed a new experiment in
which Pyk2™" mice were acutely stressed by subjecting
them to an hour restrain. Mice were sacrificed 0 or 3h
after the restrain protocol and the amygdala was quickly
dissected out. Unstressed Pyk2"'" mice were used as
controls. Again, no change in either total Pyk2 (Fig. 3d and
e) or phosphoTyr-402-Pyk2 (Fig. 3d, f) was observed in the
stressed Pyk2™" mice as compared to control mice. In
summary, these results show that neither acute stress nor
CUMS alter Pyk2 levels or autophosphorylation in a
manner that is detectable at the tissue level.
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Fig. 3 Lack of effect of stress on the total levels and phosphorylation of Pyk2. a-c Wild type mice subjected or not to a 28-day CUMS protocol
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Excitatory synapses in principal neurons of the basolateral
amygdala (BLA) are increased during CUMS in Pyk2 /" but
not in Pyk2 ™/~ mice

Pyk2 has functions that are dependent on its kinase
activity and others that are more related to other prop-
erties, such as scaffolding'>'®'®. In our previous work we
observed that the decreased spine density in Pyk2 '~
hippocampal neurons is rescued by Pyk2 re-expression
independently of its kinase activity'®. Chronic stress and
subsequent depression-like phenotype correlate with an
increase in dendritic spines in the principal neurons of the
BLA nuclei®. We therefore investigated whether the lack
of Pyk2 in the amygdala could prevent the formation of
these new dendritic spines. We used Golgi staining in a
sub-set of Pyk2™", Pyk2 ™/~ control mice, as well as in
Pyk2™":CUMS and Pyk2/":CUMS mice that were
sacrificed 24 h after the last day of CUMS to study the
spine density in the principal projection neurons of the
BLA. First, our analysis confirmed the previous reports
showing that dendritic spine density was significantly

increased in Pyk2™™ mice, 10 days after the CUMS
protocol, as compared to Pyk2"'* controls (Fig. 4a, b). In
contrast, this stress-induced effect was completely absent
in Pyk2~/":CUMS mice compared to Pyk2”~ control mice
(Fig. 4a, b). To further explore the role of Pyk2 we per-
formed a double immunofluorescence in Pyk2*'" and
Pyk2*/":CUMS mice to study whether Pyk2 translocates
and colocalizes with PSD-95 after chronic stress as pre-
viously published in stimulated pyramidal neurons of the
hippocampus'®. CUMS induced a clear increase in Pyk2
and PSD-95 colocalization (Fig. 4c—e). We then evaluated
the PSD-95 dynamics in response to CUMS and counted
the number of PSD-95 clusters, which correspond to
post-synaptic densities, in the BLA of wild type and
Pyk2~’~ mice. In Pyk2"'" mice CUMS increased the
number of PSD-95-positive clusters per field as compared
to Pyk2™" controls (Fig. 4f, g). In Pyk2”" mice the CUMS
protocol also increased the number of PSD-95-positive
particles, but this effect was significantly less pronounced
as compared to Pyk2™":CUMS mice (Fig. 5f g
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Fig. 4 Pyk2 knockout prevents the changes in dendritic spines and PSD-95 induced by chronic stress in the amygdala. a Golgi-Cox-stained
apical dendrites of a basolateral amygdala principal neuron from Pyk2™* and Pyk2 ™~ unstressed control mice and in Pyk2*/":CUMS and Pyk2 ™~
CUMS mice. The images are negatives for better visualization. Scale bars, 15 and 3 pum, respectively. b Quantification of spine density in dendrites as in
a. Two-way ANOVA, interaction, F(;, 261 = 17.92, p < 0.0001, Bonferroni's post hoc test (55-60 dendrites from 5 mice per group). ¢ Confocal images
of the basolateral nucleus of the amygdala sections from Pyk2 ™" controls and Pyk2™* mice after CUMS immunolabelled for PSD-95 (green)
and Pyk2 (red). We analyzed 1 image per slice, three slices per mouse, seven mice per group. Scale bar, 4 um. d and e Quantification of results as in c.
d Number of Pyk2-positive puncta per field, Student’s t-test; t = 0.69, p = 0.5. @ Number of Pyk2/PSD-95-double-positive puncta per field, Student’s
t-test, t = 2.52, p = 0.026. f PSD-95-positive puncta in the basolateral nucleus in Pyk2™+ and Pyk2 ™"~ control mice and in Pyk2*/*:CUMS and Pyk2~’
~:CUMS mice. Scale bar, 3 um. g Quantification of PSD-95-positive puncta in basolateral nucleus as in f. Two-way ANOVA, interaction, F(; 33y =9.53,p
< 0.004; stress effect F(; 33y=27.71, p <0.0001, Bonferroni's post hoc test (1 image per slice, three slices per mouse, 8-9 mice per group). Data are
means + SEM. ***p < 0.001 compared to Pyk2* unstressed controls, ***p < 0,001 compared to Pyk2*/*:CUMS, and **p < 0.01 compared to Pyk2 ™'~
controls
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confirming the hypothesis that the increase in PSD-95
clusters due to chronic stress is significantly weaker in
Pyk2 ™/~ mice.

N-methyl-p-aspartate receptors (NMDARs) alterations in
the amygdala after CUMS are Pyk2-dependent

The increase of Pyk2/PSD-95 colocalization in the BLA
after CUMS was coincident with both the clustering of
PSD-95 at excitatory synapses and the increase in spine
density in the BLA. We therefore hypothesized that the
increase in the post-synaptic density scaffold could cor-
respond to changes in the NMDARs in the principal
neurons of the BLA. To test this hypothesis, we evaluated
by immunoblotting the total and phosphorylated levels of
several NMDAR subunits in the amygdala of Pyk2*'":
CUMS and Pyk2”:CUMS mice and we compared the
results with those obtained in Pyk2"'™ and Pyk2 /'~
controls. First, total NMDA receptors GluN1 and
GIuN2A levels were not changed in mice subjected to

CUMS as compared to control mice (Fig. 5a, b). In con-
trast, we observed an increase in GluN2B total protein
levels in Pyk2™":CUMS as compared to Pyk2™" mice.
The increase in GIuN2B was negligible when comparing
Pyk2~/":CUMS with Pyk2~’~ mice. The phosphorylated
forms, pS896-GluN1 and pY1472-GluN2B were also
increased in Pyk2™*:CUMS compared to Pyk2™'" con-
trol mice (Fig. 5¢, d). When we calculated the ratio
pY1472-GluN2B/GIuN2B the increase disappeared (data
not shown) indicating that increased pY1472-GluN2B
levels were due to a general up-regulation of the GluN2B
protein subunit. In Pyk2”/:CUMS mice however, these
changes were completely abolished when compared to
Pyk2 ™/~ mice. These results indicate that, in wild type
mice, CUMS induced a long-lasting change in the prop-
erties of excitatory synapses in the BLA, which was
apparent as an increase in the Ser896 phosphorylation of
GluN1 and in the GIuN2B protein levels. In contrast these
changes were prevented in the absence of Pyk2, revealing
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the key role of this protein in synaptic adaptations in
response to chronic stress.

Discussion

Here, we show the role of Pyk2 in the response to a
model of chronic stress. We showed that although in basal
conditions (i.e. in the absence of stress) the absence of
Pyk2 does not modify the responses in anxiety-like and
depression-like behavioral tests, PyK2 ablation in the
adult confers a marked resistance to the sequelae induced
by CUMS, as shown by the normal performances in the
plus maze and sucrose preference tests. We also identified
the amygdala as a core structure in the modulation of the
observed phenotype in Pyk2-deficient mice. Importantly,
we provide evidence for a key role of Pyk2 in the reg-
ulation of dendritic spine density in the projection neu-
rons of the BLA, with a concomitant PSD-95 stabilization
at synapses. Accordingly, the modifications of NMDARs
were prevented in the amygdala of Pyk2-deficient mice
exposed to the CUMS paradigm. The ensemble of those
results strongly indicates a role of Pyk2 in regulating the
structural plasticity upon chronic stress.

Interestingly, we observed a dissociation in the Pyk2-
dependence of different components of the behavioral
alterations induced by CUMS. We observed that in full
Pyk2 knockout mice the CUMS protocol failed to induce
a reduction of sucrose preference, as well as a decrease on
the exploratory behavior in the open arms of the elevated
plus maze. In order to identify the regions mainly impli-
cated in the reduced alterations induced by CUMS we
focused on the brain areas showing the highest levels of
Pyk2 expression, and that are associated to chronic stress
and major depression: medial prefrontal cortex, nucleus
accumbens, hippocampus, and amygdala®'**>%*=3!, We
identified the amygdala as the brain region mostly
implicated in the absence of alterations (detected by the
plus maze and sucrose preference tests) after CUMS in
Pyk2-deficient mice. In other words, Pyk2 deletion in
amygdala neurons was sufficient to prevent the sequelae
induced by the CUMS paradigm.

It is well known that a history of repeated or prolonged
stress often leads to hyperactivity of the amygdala®>*,
Furthermore, human studies show that depression and
anxiety are also associated with amygdala hyperactivity>>~,
In animal models, the BLA has emerged as a target for the
effects of repeated stress in a range of anxiety and
depressive behaviors. Furthermore, these behavioral
abnormalities are associated with hyperactivity of BLA
neurons resulting from an increased excitatory input to
those neurons®~*’, The increase in the excitatory
synaptic inputs to BLA after repeated stress correlates
with an increase in dendritic spines and dendritic
length**~*¢, Pyk2, is a tyrosine kinase involved in both the
induction and maintenance of synaptic plasticity, in the
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regulation of dendritic spines density and morphology,
and in the formation of memory traces'”'®, Our results
show that Pyk2 plays an important role in the structural
plasticity induced by the CUMS paradigm in the neurons
of the BLA, including the increase in dendritic spines.
Importantly, the amygdala can sense a stressful event and
generate an appropriate response to it; however, the
dysfunction of this mechanism might lead to the devel-
opment of a major depression®'. Thus, our hypothesis is
that the inactivation of Pyk2, principally in the amygdala,
would lead to the alteration of the processing of the
stressful stimuli turning the animal “resistant” to
anhedonia-like and anxiety-like phenotypes.

Regarding to the unchanged levels of phosphorylation
of Pyk2 in the amygdala after CUMS or acute stressful
stimuli, we hypothesize that there could be different
interpretations. First, Pyk2 could be transiently activated
in few dozens of minutes following stress and return to a
basal activity after 1 h. If so, our methods were unsuitable
for the detection of such activity. A second interpretation
is that the role of Pyk2 that we observed in the stress-
activated pathway could rely on the phosphorylation/
dephosphorylation of another residue than the Tyr-402.
Our group has already shown in hippocampal slices that
depolarization induces a calcineurin-dependent nuclear
translocation of Pyk2 involving the dephosphorylation of
Ser-778*. Finally, one can also hypothesize that the
function of Pyk2 in response to stress does not need an
increased activation of itself compared to basal level. If so,
we can imagine the involvement of interactors of Pyk2
which regulate its substrate specificity or limit its acces-
sibility towards a subset of its substrates by anchoring
Pyk2 in a specific subcellular localization. As an example,
cyclin-dependent kinases (CDKs) perfectly illustrate this
type of regulation. Interaction of CDKs with cyclins can
help to target their activity toward precise substrates, or to
limit their accessibility by shuttling them to a cellular
compartment, such as the Golgi apparatus or nucleus®,
In this line, we hypothesize that there is a necessary role of
Pyk2 at synapses without a need for an increased activa-
tion. It can also be related to kinase-independent func-
tions of Pyk2, which we previously showed to be sufficient
for regulating spine number in hippocampal neurons in
culture in response to glutamate stimulation'®'’, In the
hippocampus Pyk2 interacts with PSD-95'>*, We did
show that Pyk2 stabilizes PSD-95 in the excitatory
synapses and regulates synaptic plasticity'®. PSD-95
anchors essential proteins, including NMDARs, which
are implicated in the regulation of excitatory synapses
plasticity®®, and in the control of the number and mor-
phology of dendritic spines®. We showed an increased
Pyk2/PSD-95 colocalization in the amygdala of the
chronically stressed mice concomitant with an increase in
the number of puncta positive for PSD-95. We also
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observed an increase in GluN2B and pSer896-GluN1
induced by CUMS and prevented in the absence of Pyk2.
Since Pyk2 is a tyrosine kinase, which cannot be directly
responsible for Ser896-GluN1 phosphorylation, these
changes rather indicate the role of Pyk2 in the main-
tenance or function of excitatory synapses during the
processes described here. The role of Pyk2 is likely to be,
in part, related to its interaction with PSD-95.
Supporting our results, several studies showed that
PSD-95 is essential for the maintenance of long-lasting
fear memories via remodeling excitatory synapses®> and
that both NMDARs subunits and PSD-95 are increased in
the amygdala of postmortem samples from patients with
MDD®?, The increase in GluN1 Ser896 phosphorylation
and in the number of GluN2B subunits phosphorylated
on Tyrl472 we observed after CUMS suggests an
enhanced NMDAR function with increased channel
opening probability, calcium influx, and receptor
recruitment to the membrane®*, NMDAR was shown to
play an essential role in the aforementioned hyperactiva-
tion of the amygdala upon chronic stress and in the
subsequent formation of new excitatory synapses®>”°.
Since the synaptic changes in the amygdala were pre-
vented in the absence of Pyk2, this kinase appears to be a
core molecule mediating the effects of chronic stress.
Intriguingly, we show that the Pyk2-deficient mice
behaved as the non-stressed controls in the sucrose pre-
ference test but not in the forced swimming test. It is
known that a missing response to a reward stimulus is the
behavioral correlate of the anhedonia, a core clinical
symptom of the depression. When looking at our results
we should consider that, although the amygdala is widely
accepted as important for the recognition of negative
emotions such as fear>”*®, several works in animal mod-
els, as well as in humans point out the involvement of this
region in processing of positive emotions®”®°, There is
evidence that the amygdala has a role in the processing
stimulus—reward learning by interacting with the cortico-
limbic and meso-limbic systems. This is particularly true
for the lateral amygdala that seems to be especially
important for the association of a value to the reward. For
example, in animals lesioned in basolateral but not central
amygdala® we can prevent the normal loss of the
response to a stimulus predicting a food reward when
paired to a malaise-induced injections of lithium chlor-
ide®®. We could hypothesize that one possible explanation
of our results could be a preferential effect of the deletion
of PTK2B in the amygdala in tests tracking the effect of
chronic stress of more reward-related symptoms rather
than measuring the behavioral despair, that in the other
hand could be more related to other regions of the brain.
Partially supporting this idea one study showed that in
rodents, the level of 5-HT release following a forced swim
test is reduced in hippocampus, nucleus accumbens, and
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cortex but not in the amygdala®. However, the most
obvious explanation for this lack of changes in the forced
swimming test is that Pyk2 might not be important for its
principal and underlying molecular/physiological pro-
cesses. Another divergence in our work comes from the
CUMS-Amy group when comparing the locomotor
activity parameter in the elevated plus maze and in the
open field test. The CUMS-Amy group showed hyper
locomotion only in the latter. This discrepancy with the
elevated plus maze is likely due to the fact that the open
field is more useful for locomotor measurements than it is
to anxiety-like behaviors and elevated plus maze is more
useful for anxiety-like measurements than it is to loco-
motor behavior’®*’, Thereby, intrinsic differences of the
apparatus make the open field test more sensitive to
changes in locomotor activity than elevated plus maze.
Accordingly, other discrepancies between the open field
and the elevated plus maze have been previously repor-
ted®*~%’. Finally, we found that mice with deletion in the
medial prefrontal cortex and hippocampus showed
decreased preference for sweet water in the first trials of
the sucrose preference test, but they finally became
unaffected in the trial number 3. One possible reason is
that the two regions seem to contribute together to the
short-term memory®®, Indeed, we already showed in a
previous paper that Pyk2 is involved in the regulation of
memories mediated by the hippocampus'®. Therefore, we
hypothesize that deletion of Pyk2 in the hippocampus or
the medial prefrontal cortex could induce mnemonic
alterations that would lead to a faster habituation/accep-
tation of the sweet solution.

In conclusion, recent large-scale human genetic studies
have identified PTK2B as a gene associated with neuro-
ticism** which in turn is a risk factor to develop MDD,
Here we propose for the first time a potential mechanism
that could explain the human association of PTK2B to the
risk to develop depression after chronic stress. Our results
reveal a new role of Pyk2 in neuronal dysfunction. We
show that it is necessary for several components of the
depressive-like phenotype, which appears to require Pyk2-
dependent spine alterations in the amygdala. Thus, Pyk2
could be included in the list of molecules known as
negative modulators of resilience-like phenotypes against
chronic stress and depression, such as BDNF and
AFOSB™. Our findings indicate that targeting Pyk2 in
patients suffering from multiple and chronic stressful
psychological insults could help to prevent the associated
depressive symptoms. Since the activation state of Pyk2 in
the amygdala is not clearly altered in response to stress, it
could be particularly attractive to modulate the structural
role of Pyk2 without affecting its activity. Such structural
mechanism was already evoked in our previous paper'®
and is reminiscent of that reported for the closely related
focal adhesion kinase (FAK) in non-neuronal cells®®7”°.
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This alternative signaling may be linked to scaffolding
properties of Pyk2 and/or its interaction with specific
partners. For instance, in our last paper, we showed that
although dendritic spines density was altered in Pyk2-
deficient neurons, it could be rescued by transfecting
either a mutant form of Pyk2 with a point mutation of the
autophosphorylation site or a kinase-dead Pyk2 with a
K457A mutation. However, transfection of a mutant form
of Pyk2 unable to bind to PSD-95 (Pyk2; g40) could not
rescue the phenotype showing the importance of this
interaction in this particular pathway, which does not
involve the autophosphorylation of Pyk2. To sum up,
Pyk2 may function as a scaffold which gather some pro-
teins, independently of its kinase activity.
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4. Summary of the findings and conclusions

In this paper, we showed that Pyk2 deficient mice were less affected to anxiety-like
and anhedonia-like phenotypes induced by the CUMS paradigm. This phenotype was fully
recapitulated by selective deletion of Pyk2 in the amygdala, a brain structure associated with
the processing of emotional responses including fear, anxiety, and aggression.

Deletion of Pyk2 in the amygdala prevented the synaptic markers and spine structure
alterations induced by the CUMS paradigm.

These results thus suggest a possible involvement of Pyk2 in the molecular
responses, through PSD-95 clustering and NMDA receptors changes, to chronic stress in
the amygdala.
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III. PTK2B/Pyk2 overexpression improves a mouse
model of Alzheimer's disease

Albert Giralt, Benoit de Pins, Carmen Cifuentes-Diaz, Laura Lopez-Molina, Amel
Thamila Farah, Marion Tible, Vincent Deramecourt, Stefan T' Arold, Silvia Ginés, Jacques
Hugon and Jean-Antoine Girault
Experimental Neurology
September 2018, 307:62-73

1. Context and objectives

Starting from the previous study showing the importance of Pyk2 in hippocampal function,
and from the observation that PTK2B is a locus strongly associated with AD, we intended
here to explore the potential role of Pyk2 in AD.

AD is a progressive neurodegenerative disorder characterized by the deposit of
plaques composed of AB peptide and by the intracellular accumulation of tau proteins
forming neurofibrillary tangles. This process is associated with neuronal loss and cerebral
atrophy notably.

In this paper, we investigated the role of Pyk2 in the 5xFAD mouse model. This
model is an amyloid model of AD as it is characterized by a strong A@ production, due to
expression of mutated forms of human APP and presenilin-1. We therefore crossed these
AD model mice with Pyk2 knockout mice or injected their hippocampus with a Pyk2-
expressing AAV to obsetve the effect of Pyk2 deletion/overexpression in the development
of molecular and behavioral alterations.

2. Contribution to the work

In this work, I personally contributed to the management of mice lines, to the biochemistry
experiments and to tissue imaging.
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1. Introduction

Late onset Alzheimer's disease (AD) is the most common form of
dementia in the aging population accounting for 60-80% of all cases
(Alzheimer's Association Report, 2012). AD is a progressive neurode-
generative disorder characterized by plaques composed of (-amyloid
protein (AB) surrounded by dystrophic neurites and neurofibrillary
tangles (Alzheimer's Association Report, 2012). These histopathological
hallmarks are accompanied by synaptic and neuronal loss, cerebral
atrophy, cerebral amyloid angiopathy (Vinters, 2015), and in-
flammatory processes (Heneka et al., 2015). The progression of neu-
rodegeneration in AD patients results in memory impairment and de-
cline in other cognitive abilities often combined with non-cognitive
symptoms including mood and personality changes (Alzheimer's
Association Report, 2012).

A meta-analysis of genome-wide association studies identified 11
new loci associated with AD, among which PTK2B was one of the most
significant (Lambert et al., 2013). This finding was replicated in other
studies (Jiao et al., 2015), which suggested that PTK2B was associated
with hippocampal sclerosis (Beecham et al., 2014), disease progression
(Wang et al., 2015), and cognitive decline (Nettiksimmons et al., 2016).
PTK2B encodes Pyk2, a Ca®*-activated non-receptor tyrosine kinase
closely related to focal adhesion kinase (FAK) (Lev et al., 1995; Sasaki
et al., 1995; Avraham et al., 1995). The sensitivity of Pyk2 to increases
in intracellular free Ca®>* distinguishes it from other tyrosine kinases. In
response to Ca®>* Pyk2 is autophosphorylated on Tyr-402, which re-
cruits and activates Src-family kinases (SFKs), (Dikic et al., 1996;
Walkiewicz et al., 2015). In turn, SFKs phosphorylate other residues in
Pyk2 and associated proteins, and initiate multiple signaling pathways.
The striatal-enriched protein tyrosine phosphatase (STEP), which is
enriched in forebrain regions, dephosphorylates Pyk2 (Xu et al., 2012).
Pyk2 plays a role in several cancers and specific inhibitors are under
development (Lipinski & Loftus, 2010). Although many cell types ex-
press Pyk2, it is highly enriched in forebrain neurons (Menegon et al.,
1999) where it is activated by neuronal activity and excitatory neuro-
transmission (Corvol et al., 2005; Huang et al., 2001; Siciliano et al.,
1996). Pyk2 regulates NMDA receptor function and is involved in sy-
naptic plasticity (Huang et al., 2001; Bartos et al., 2010; Hsin et al.,
2010). Our recent work with Pyk2 knockout mice shows that Pyk2 in
the hippocampus is essential for spatial memory and long-term po-
tentiation (Giralt et al., 2017). It also modulates the density and mor-
phology of spines and the organization of post-synaptic regions (Giralt
et al.,, 2017). Interestingly, heterozygous Pyk2 knockout mice have
memory and hippocampal long term potentiation (LTP) deficits similar
to homozygous mice and decreased Pyk2 levels contribute to the hip-
pocampal phenotype of a Huntington's disease mouse model (Giralt
et al., 2017). Thus, partial loss of Pyk2 function in the hippocampus has
clear functional consequences.

The production of AP, a particular proteolytic fragment of amyloid
precursor protein (APP), is a hallmark of AD (Benilova et al., 2012). It
can form plaques and neurotoxic oligomers of various conformation
and complexity (Mucke & Selkoe, 2012). AP oligomers can bind to
cellular prion protein (PrPc) (Lauren et al., 2009) and signaling by PrPc
and metabotropic glutamate receptor 5 (mGluR5), which includes Pyk2
activation, is disrupted by A( oligomers (Haas & Strittmatter, 2016).
Another key molecular abnormality in AD is aberrant phosphorylation
of Tau (Mandelkow & Mandelkow, 2012). In Drosophila the single or-
thologue of Pyk2 and FAK interacts with Tau and appears to suppress its
toxicity (Dourlen et al., 2016). Moreover, in human AD brain hyper-
phosphorylated Tau and Pyk2 are colocalized (Dourlen et al., 2016).
Finally, inhibitors of STEP enhance Pyk2 phosphorylation in vivo and
improve some cognitive deficits in 3xTg-AD mouse model of AD (Xu
et al., 2014). Thus, the PTK2B locus is reliably associated with AD risk
and experimental evidence suggests that Pyk2 has the potential to play
a role in the course of the disease, which remains to be characterized.

Here we investigated the role of Pyk2 in the 5XFAD mouse model in
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which AP production is strongly increased, due to expression of mu-
tated forms of human APP and presenilin-1 (Oakley et al., 2006). These
mice display age-dependent plaque development with features of AD
including hippocampal-related cognitive deficits, neuroinflammation,
neuronal loss, and synaptic degeneration (Oakley et al., 2006). We
tested the potential role of Pyk2 in this model by genetic deletion and
adeno-associated virus (AAV) mediated overexpression. Although Pyk2
levels were not changed in samples from AD or 5XFAD mice, Pyk2
autophosphorylation was reduced in 5XFAD mice indicating a de-
creased function. Deletion of the Pyk2 gene did not markedly alter the
phenotype of 5XFAD mice, whereas overexpression of Pyk2 in the
hippocampus rescued some behavioral alterations with correction of
deficit in synaptic proteins and Src.

2. Materials and methods
2.1. Mouse lines

5XFAD mice expressing human amyloid precursor protein 695
(APP695) with Swedish, London, and Florida mutations, and M146L/
L286V presenilin-1, under the control of the murine Thy-1 promoter
(Oakley et al., 2006), were crossed with Pyk2_/ ~ mice (Giralt et al.,
2016). Genotyping (Oakley et al., 2006; Giralt et al., 2016) was carried
out from tail biopsy (Charles River services, France). Mice were housed
at 19-22 °C and 40-60% humidity with ad libitum access to food and
water, under a 12:12h light/dark cycle and used at 8 months, in ac-
cordance with ethical guidelines (Declaration of Helsinki and National
Institute of Health, publication no. 85-23, revised 1985, European
Community Guidelines, and French Agriculture and Forestry Ministry
guidelines for handling animals, decree 87,849, license A 75-05-22),
approved by the Charles Darwin ethical committee. Male and female
mice were used.

2.2. Human samples

Prefrontal tissue was from patients with AD Braak grades V-VI (3
females, 2 males, age, 87.6 *= 2.8years; post-mortem intervals,
8.0 = 2.4h, means = SEM) and control cases (4 females, 1 male, age,
87.2 + 3.3years; post-mortem intervals, 7.2 * 0.9 h) were obtained
from the Center of Cognitive Neurology, Lariboisiére Hospital (Paris
France) with approval by the Ethical Committee of Paris Diderot
University Hospitals (CEERB Bichat University Hospital, Paris, France).
Hippocampal samples were obtained from two different sources: i) The
Lille Neurobank (fulfilling criteria of the French law on biological re-
sources and declared to competent authority under the number DC-
2008-642) with donor consent, data protection and ethical committee
review, samples managed by the CRB/CIC1403 Biobank, BB-0033-
00030, patients with AD Braak stage VI (3 females, 2 males, age,
75.4 * 3.8years, post-mortem interval 17.4 *= 3.8h, means + SEM)
and controls (2 females, 3 males, age, 50.8 + 9.7 years, post-mortem
interval 16.6 = 4.0h); ii) the Banc de Teixits Neurologics (Biobanc-
HC-IDIBAPS) with the approval of the ethical committee of the
University of Barcelona with the reference: IRB00003099, patients with
AD Braak grades V-VI (11 females, 4 males, age, 84.7 = 1.8years;
post-mortem intervals, 9 + 3.4 h, means + SEM) and control cases (6
females, 4 males, age, 84.2 *= 3.4years; post-mortem intervals,
12 + 1h). The 2 sets of samples were analyzed separately, results
expressed as a % of the control mean in the series and data being similar
they were pooled for final comparison (1 aberrant point was discarded).
All the patients had an history of progressive dementia and satisfied
National Institute of Neurological and Communicative Disorders and
Stroke—Alzheimer's Disease and Related Disorders (NINCDS-ADRDA)
criteria for probable AD (McKhann et al., 1984) and satisfied neuro-
pathological criteria for AD (Paquet et al., 2012). This research project
was.
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2.3. Tissue preparation and immunoblotting

Brains were quickly removed from mice deeply anesthetized in a
CO,, chamber, hippocampus dissected out, frozen in dry ice, and stored
at —80°C until use. Briefly, tissue was sonicated in 250 uL of lysis
buffer (phosphate buffered saline [PBS, NaCl, 137 mM, KCI, 2.7 mM,
Na,HPO4, 10 mM, KH2PO,, 1.8 mM, pH7.5] with 1% Nonidet P40
[vol/vol], 1g/L sodium dodecylsulfate (SDS), 5g/L sodium deox-
ycholate, protease inhibitors 1:1, 000 [Sigma], and 2 g/L sodium or-
thovanadate), centrifuged at 15, 000 x g for 20 min and 15 mg protein
from the supernatant were analyzed by SDS-polyacrylamide gel elec-
trophoresis (7.5g/L acrylamide) and transferred to nitrocellulose
membranes (Millipore, Bedford, MA). Human tissue was analyzed si-
milarly. Membranes were blocked in TBS-T (150 mM NaCl, 20 mM Tris-
HCl, pH7.5, 0.5mL/L Tween 20) with 50 g/L non-fat dry milk and
50 g/L BSA, and incubated overnight at 4 °C with shaking, in the pre-
sence of primary antibodies in PBS with 0.2 g/L NaN; (Supplementary
Table 1). After several washes in TBS-T, blots were incubated with anti-
rabbit IgG IRdye800CW-coupled or antimouse IgG IRdye700DXcoupled
antibodies (1/2, 000, Rockland Immunochemicals, USA) and signal
detected by the Odyssey Li-Cor and analyzed using ImageJ.

2.4. Immunofluorescence

For immunofluorescence (IF), deeply anesthetized mice (pento-
barbital 60 mg/kg) were intracardially perfused with a paraformalde-
hyde solution (40 g/L paraformaldehyde in 0.12M sodium phosphate,
pH7.2). Brains were removed and post-fixed overnight in the same
solution, cryoprotected with 300 g/L sucrose in PBS with 0.2 g/L NaN3
and frozen in dry ice-cooled isopentane. Serial coronal 30-um cryostat
sections were free-floating incubated as described (Giralt et al., 2017).
They were washed three times in PBS, permeabilized 15 min at RT in
PBS containing 3 mL/L Triton X-100 and 30 mL/L goat serum (Pierce
Biotechnology, Rockford, IL). After these washes, brain sections were
incubated overnight at 4 °C with primary antibodies (antibodies sources
and dilutions in Supplementary Table 1) in PBS with 0.2 g/L NaNj.
After three washes sections were incubated 2h at RT with fluorescent
secondary 488 anti-rabbit or 555 anti-mouse antibodies (1:250, Mole-
cular Probes, Sunnyvale, CA). No signal was detected in control sections
incubated in the absence of primary antibody. Confocal images were
acquired with a Leica Confocal SP5-II (63 X numerical aperture lens,
5x digital zoom, 1-Airy unit pinhole, 4-frame averaging per z-step, z-
stacks every 2um, 1, 024 X 1, 024 pixel resolution). PSD-95- and sy-
naptophysin-1-positive clusters (Prange et al., 2004) were analyzed
with NIH ImageJ, in at least 3 slices per mouse and up to 3 CA1 stratum
radiatum images per slice. Stained [(-amyloid plaques were photo-
graphed from the entire hippocampus (three slices per mouse) with a
DM6000-2 microscope (Leica), analyzed with ImageJ and counted
manually in CAl, CA3, and DG.

2.5. Proximity ligation assay

Proximity ligation assay (PLA) was carried out using Duolink® de-
tection kit (Sigma) according to manufacturer's protocol. Floating-sec-
tions were incubated with primary Pyk2 and (-amyloid antibodies
overnight at 4 °C. PLA probes anti-mouse PLUS and anti-rabbit MINUS
were added overnight at 4 °C. Sections were washed in TBS + 0.1%
Tween 20 and incubated in Duolink® ligation solutions and ligase for
1 h at 37 °C. Next, the signal was amplified by the addition of Duolink®
amplification and polymerase for 2.5 h at 37 °C. The detection of the red
fluorophore (excitation 594 nm, emission 624 nm) was used. Nuclei
were stained with DAPI using mounting media provided in the kit. As a
negative control, one of the two primary antibodies was omitted.
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2.6. Behavioral tests

Mouse anxiety was analyzed in a plastic elevated plus-maze made
with two opposing 30 X 8 cm open arms, and two opposing 30 X 8 cm
arms enclosed by 15 cm-high walls placed 50 cm above the floor and
dimly lit (60 1x). Each mouse was placed in the central square, facing an
open arm and the time spent in the open arms, which normally corre-
lates with low levels of anxiety, measured for 5 min.

Spontaneous locomotor activity was measured in dim lit (60 1x)
open field white square arena (40 X 40 X 40 cm in length, width, and
height respectively). Animals were placed at the center and allowed to
explore freely for 30 min. Spontaneous locomotor activity was mea-
sured.

Novel object recognition was tested in a dimly lit (60 1x) 40 x 40 x
40 cm white square arena. Mice were first habituated to the arena in the
absence of objects (3 days, 15 min/day). On the fourth day, two similar
objects were presented to each mouse during 10 min (A'A” condition)
after which they were returned to their home cage for 15min. After
that, the animals were placed in the arena where they were tested
during 5 min with a familiar and a new object (A’ B condition; short-
term memory, STM), and then returned to their home cage. Twenty-
four hours later, the same animals were re-tested for 5 min in the arena
with a familiar and a new object (BC condition; long-term memory,
LTM). The object preference was measured as the time spent exploring
each object X 100/time exploring both objects.

The passive avoidance (light-dark) paradigm was conducted in a 2-
compartment box, where 1 compartment was dimly lit (20 1x) and the
other brightly lit (2001x). Both chambers were connected by a door
(5cm X 5cm). During training, mice were placed into the aversive
brightly lit compartment, and upon the entry into the preferred dimly
lit compartment (with all 4 paws inside the dark chamber), they re-
ceived a mild foot shock (2-s foot shock, 1 mA intensity). The latency of
mice to enter into the dark chamber was recorded. Twenty seconds after
receiving the foot shock, mice were returned to the home cage until
testing 24 h later (long-term memory). For this retention test, mice were
returned to the brightly lit compartment and the latency to enter the
shock-paired compartment (dark chamber) was measured (10-min time
cutoff).

For all tests at the end of each trial, any defecation was removed and
the apparatus was wiped with 30% ethanol. Animals were tracked and
recorded with SMART junior software (Panlab, Spain).

2.7. Viral constructs and stereotactic injection

For Pyk2 overexpression we used adeno-associated viruses (AAV)
expressing Pyk2 (Giralt et al., 2017) (AAV1-CamKIla (0.4)-GFP-2A-
mPTK2B; Vector Biolabs Malvern, PA, USA) or, as control, AAVs ex-
pressing GFP (AV-9-PV1917, AAV9-CamKIla (0.4).eGFP-WPRE.rBG
(AAV-GFP) from Perelman School of Medicine, University of Pennsyl-
vania). Mice were anesthetized with pentobarbital (30 mg/kg) and bi-
laterally injected with AAV-GFP or AAV-Pyk2 (2.06 x 10° GS) in the
dorsal hippocampus at the following coordinates from the bregma
(millimeters); anteroposterior, —2.0; lateral, + 1.5; and dorsoventral,
—1.4 and — 2.0. AAVs were injected over 2 min, leaving the cannula in
place for 5 additional minutes to ensure complete diffusion of the
viruses, and then slowly retracted from the brain. The animals were
monitored for 2 h after administration and then returned to the housing
facility for 21 days before behavioral assessment and brain analysis.

2.8. Statistical analysis

Analysis was done using GraphPad Prism version 6.00 for Windows,
GraphPad Software, La Jolla California USA. Data are expressed as
mean + SEM. Normal distribution was tested with d'Agostino and
Pearson omnibus, Shapiro-Wilk, and Kolmogorov-Smirnov normality
tests. If at least one of them was passed, statistical analysis was
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performed using two-tailed Student's t-test or ANOVA and Holm-Sidak's
post hoc test. Otherwise non-parametric Mann and Whitney or Kruskal-
Wallis' and Dunn's tests were used. p < 0.05 was considered as sta-
tistically significant.

3. Results
3.1. Pyk2 expression and phosphorylation in patients and 5XFAD mice

We first examined Pyk2 protein levels in post-mortem prefrontal
and hippocampal human tissue. In the two regions Pyk2 levels did not
differ between AD patients and controls (Fig. 1A-B). The detection of
the autophosphorylated form of Pyk2 in the human brain samples, ei-
ther in patients or in controls, was variable from one batch to the other,
presumably due to post-mortem endogenous dephosphorylation (not
shown) making this measurement unreliable. We then analyzed the
hippocampus of 8-month-old 5XFAD mice, at an age at which they have
a clear phenotype (Oakley et al., 2006; Schneider et al., 2014) to be
comparable to the human samples. Total Pyk2 levels were similar in
wild type (WT) and 5XFAD mice, whereas pTyr402-Pyk2 levels were
lower in 5XFAD than in WT mice (Fig. 1C-D). Since autopho-
sphorylation at Tyr402 is a key step in the activation of Pyk2 (Dikic
et al., 1996; Girault et al., 1999; Park et al., 2004) this result indicated a
functional alteration of this kinase. In contrast, in 3-month-old 5XFAD
mice, both total Pyk2 and pTyr402-Pyk2 levels were similar to WT
(Fig. 1C, E). Our results show that Pyk2 levels were normal in AD pa-
tients and 5XFAD mice but that its autophosphorylation was decreased
in 8-month 5XFAD mice.

3.2. Pyk2 is co-localized with AB in 5XFAD mice

We compared Pyk2 localization in the hippocampus of 5XFAD mice
with A immunoreactivity and plaques. AP-positive plaques were ne-
gative for Pyk2 (Fig. 2A-C). In contrast, Pyk2 and Af-like immuno-
fluorescence displayed a significant degree of colocalization in neuropil
zones devoid of amyloid plaques (Fig. 2D), as supported by the calcu-
lation of the Manders' colocalization coefficient (Manders et al., 1992)
in the 3 hippocampal regions studied (Fig. 2E). To corroborate this
apparent colocalization, we used an in situ proximity ligation assay
(PLA). Hippocampal sections of SXFAD mice were probed with Pyk2
and B-amyloid antibodies followed by hybridization with secondary
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antibodies coupled to oligonucleotides that hybridize together if the
distance between the two target proteins is < 40 nm. The interaction
between Pyk2 and (-amyloid was detected as red dots in all hippo-
campal regions (Fig. 2F, right panels). As a negative control, only one
primary antibody was added and amplification of the signal was not
detected (Fig. 2F, left panels). These results provide evidence for some
degree of colocalization of Pyk2 and AP immunoreactivity in the neu-
ropil of 5XFAD mice.

3.3. Pyk2 genetic deletion does not change the behavioral phenotype of
5XFAD mice

We reasoned that if Pyk2 played a role in the pathogenesis of the
5XFAD model, its deletion should delay or modify their phenotype. We
crossed 5XFAD mice with Pyk2 ™/~ mice and studied their phenotype at
8-month, an age at which these mice have a clear but not severe be-
havioral phenotype (Grinan-Ferre et al., 2016). We focused on a single
time point, since the relatively mild phenotype was appropriate to de-
tect either improvement or worsening of the disease. We compared WT
and 5XFAD mice, expressing or not Pyk2 (Fig. 3A). All mice displayed
similar spontaneous locomotor activity (Fig. 3B). To study memory
capabilities, since Pyk2 deletion by itself impairs hippocampus-depen-
dent spatial memory (Giralt et al., 2017), we used the novel object
recognition test, which was not impaired in Pyk2’/ ~ mice (Fig. 3C-D).
Twenty min after training, mice of all genotypes preferentially explored
the novel object (short-term memory, Fig. 3C). One day after object
displacement, WT and Pyk2 ™/~ mice still explored more the new object
than the familiar one (Fig. 3D). In contrast this preference was com-
pletely absent in both 5XFAD and 5XFAD x Pyk2 ™/~ mice, revealing a
specific long-term memory deficit in 5XFAD, which was not modified in
the absence of Pyk2 (Fig. 3D). We next examined associative memory in
the passive avoidance task (Fig. 3E). Latency to step-through during the
training session was similar in the 4 genotypes. In the testing session,
24 h later, although all mice showed a pronounced increase in the la-
tency to enter the dark compartment, this latency was lower in 5XFAD,
Pyk2™/~, and 5XFAD x Pyk2 ™/~ mice than in WT littermates (Fig. 3E).
These results showed that Pyk2 deletion induced by itself a deficit in the
passive avoidance performance, and that this deficit was not additive
with the alterations observed in 5XFAD mice. Finally, we used the
elevated plus-maze to evaluate anxiety, which is decreased in 5XFAD
mice (Schneider et al., 2014; Grinan-Ferre et al., 2016). As expected,

Fig. 1. Pyk2 in Alzheimer disease patients and
5XFAD mice. (A) Immunoblotting for Pyk2 and tu-
bulin as a loading control, in human post-mortem
prefrontal cortex (top panel) and hippocampus
(bottom panel) samples from controls (Cnt) and AD
patients. (B) Densitometric quantification of results
as in (A) for prefrontal cortex, unpaired t-test
tg = 0.22, ns (n = 5 per group), and hippocampus
unpaired t-test tz, = 0.76, ns (n = 15 and 19 per
group). © Immunoblotting for Pyk2,
phosphoTyr402-Pyk2 (pY402-Pyk2) and tubulin as a
loading control in 8-month (top panel) and 3-month
(bottom panel) WT and 5XFAD mice. In A and C
molecular weight markers position is indicated in
kDa. (D-E) Densitometric quantification of results as
in (C) for Pyk2 and pY402-Pyk2 in 8-month (D) and
3-month (E) old mice. In B, D, E, data were nor-
malized to tubulin for each sample and expressed
percentage of the mean of WT/controls and means
and SEM are indicated. Unpaired t-test: (D) Pyk2,
ti3 = 0.73, ns; pY402-Pyk2, t;¢ = 2.78, p =.013
o (n=6 WT, 12 5XFAD), (E) Pyk2, t;3 = 0.17, ns;
PY402-Pyk2, t;, = 0.24, ns (n = 6-8 WT, 8 5XFAD).
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Fig. 2. Pyk2 is colocalized with AP in hippocampal
neuropil of 5XFAD mice. (A) Stitched confocal
images of Pyk2 and AP immunoreactivity in the
hippocampus of 5XFAD mice. Scale bar 450 pm. (B)
Higher magnification of Pyk2 and AP im-
munostaining in the rectangle in (A). Scale bar,
50 um. (C) Optical density quantification of Pyk2
and AP staining in an Af-plaque indicated by a da-
shed line in (B). The intensity of the two im-

munoreactivities varies in an opposite manner. (D)

High magnification of the area indicated (yellow

ey 0.8+ I T box) in (B). From left to right, panels correspond to
_5 Pyk2, AP, double immunostaining, and colocaliza-
5._:'—:’ 0.6 tion index (Coloc, indicated in white). Scale bar,
§ 5um. (E) Quantification of Pyk2 and AP colocaliza-
@ 0.4 tion using the Manders coefficient in 3 hippocampal
2 regions, as in (I). Data are means + SEM, n=3
‘E:“ 0.2 photos per mouse, 3 mice. (F) Pyk2/B-amyloid in-
teraction revealed by in situ PLA in the hippocampus

0.0 of 5XFAD mice. Control is provided by incubation

DG CATCAZ  ith o single antibody, which did not generate spe-

cific signal, whereas with the two antibodies an
amplification appears as red dots indicating a close

5XFAD mice spent more time in the open arms than their WT litter-
mates (Fig. 3F). Pyk2 ~/~ mice did not differ from WT mice, nor 5XFAD
x Pyk27/~ from 5XFAD (Fig. 3F). Taken together these results confirm
the existence of behavioral alterations in 5XFAD mutant mice, which
were not modified in the absence of Pyk2.

3.4. Pyk2 knockout induces only minor changes in 5XFAD mice
neuropathology

The number of synapses decreases in 5XFAD mice in correlation
with cognitive decline (Grinan-Ferre et al., 2016; Hongpaisan et al.,
2011; Shao et al., 2011). To examine whether this alteration was
modified in the absence of Pyk2, we measured immunoreactive puncta
for PSD-95 and synaptophysin, which are post- and pre- synaptic
markers, respectively, and which have been previously used in AD
mouse models as an indication of the number of synapses (Grinan-Ferre
et al., 2016; Hongpaisan et al., 2011; Shao et al., 2011). We analyzed
these two markers in CA1 stratum radiatum of 8-month mice (Fig. 4A-D).
PSD-95-positive puncta were decreased in CAlof Pyk2™/~ mice, as
previously described (Giralt et al., 2017), and in 5XFAD mice (Grinan-
Ferre et al., 2016; Hongpaisan et al., 2011; Shao et al., 2011), as well as

proximity of the two proteins. Nuclei are stained in
blue with DAPIL. Left panels, low magnification con-
focal images. Scale bar 50 um. Right panels, higher
magnification of Pyk2/B-amyloid interaction in
boxed areas in the left panels. Scale bar 20 pm.

in the double mutants (Fig. 4A-B). The lack of additivity of the defect
on the double mutants suggested that the post-synaptic alteration of
PSD-95 might depend on common molecular dysfunction in the two
mutant mice. In contrast, synaptophysin-positive puncta were de-
creased in 5XFAD but not Pyk2~/~ hippocampus (Fig. 4C-D), con-
sistent with the predominantly post-synaptic phenotype in Pyk2 KO
mice (Giralt et al., 2017).

To test whether the lack of Pyk2 can exacerbate or ameliorate f3-
amyloidosis in 8-month 5XFAD mice we then counted the number of
ApB-immunoreactive plaques in three regions of dorsal hippocampus
(CA1, CA3, and dentate gyrus, DG) in 5XFAD and 5XFAD x Pyk2™/~
mice (Fig. 4E-F). Although hippocampal plaque load was similar in the
two genotypes in CA1l and DG, the number of plaques was decreased in
CA3 of 5XFAD x Pyk2~/~ mice as compared to 5XFAD littermates.
Hippocampal levels of glial fibrillary acidic protein (GFAP), an index of
astrogliosis, were similar in WT and Pyk2 ™/~ mice and were increased
in both 5XFAD and 5XFAD x Pyk2 ™/~ mice (Fig. 4G-H). In summary,
the absence of Pyk2 did not further modify the synaptic markers, the
amyloid plaques or astrogliosis in 5XFAD mice, except for a decrease in
the number of plaques in CA3.
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Fig. 3. Behavioral phenotype of 5XFAD x Pyk2 ™/~
mice. (A) Inmunoblotting for Pyk2 and tubulin as a
loading control in 8-month WT, Pyk2~/~, 5XFAD,
and 5XFAD x Pyk2~/~ (double mutant, DM) mice.
(B) Spontaneous locomotor activity in the open field
of these mice monitored during 30 min (wt, n = 12,
Pyk2—/—, n = 6, 5XFAD, n = 14, DM, n = 14). (C-
D) Novel object recognition test. (C) Short-term
memory was evaluated as the percentage of total
time exploring the new object (object B) and old
object (object A) 20 min after the training session.
(D) Long-term memory was evaluated as the
percentage of total time exploring the new object
(object C) and old object (object B) 24h
after training. Statistical analysis, 1-way ANOVA,
(Q), Fe7, 86y = 20.85, p < 10™%, (D) F(7, g4y = 3.69,

~
T

50-1---

p = 0.0016. Post-hoc Holm-Sidak's test within each
genotype, **p < 0.01, ****p < 10~ *. In (C-D), wt,
T g n=11, Pyk2~/~, n=11, 5XFAD, n=13, DM,

254

o b
1

Time exploring new object (%)
(3.
o

o

A B A B A B A B
350
300+
250+
200+
1504
100+
504

E

p
c

through (Sec)

PO

Time to ste
Time in open arms (Sec) Time exploring new object (%)

Training Testing

3.5. Pyk2 overexpression in dorsal hippocampus partially improves the
behavioral phenotype of 5XFAD mice

Since the absence of Pyk2 did not markedly modify the phenotype
of 5XFAD mice, it was unlikely that it played a necessary role in the
pathogenesis in this model. We therefore hypothesized that, on the
contrary, the functional Pyk2 deficit observed in 5XFAD mice might be
involved in their phenotype. To test this hypothesis, since there is no
means to stimulate Pyk2 directly, we decided to increase its expression
levels. Eight-month-old WT and 5XFAD mice received in the dorsal
hippocampus a bilateral stereotactic injection of AAV expressing Pyk2
(5XFAD/Pyk2 mice) or GFP (WT/GFP and 5XFAD/GFP), as a control
(Fig. 5A). Three weeks later, Pyk2 protein levels increased in 5XFAD/
Pyk2 mice as compared to WT/GFP and 5XFAD/GFP mice (Fig. 5B-C).
The overall increase in total hippocampal Pyk2 levels was 73% and the
increase in pTyr402-Pyk2 levels was 51%, sufficient to restore its levels
slightly above those in WT/GFP controls (Fig. 3B-D). We thus, expected
to rescue autophosphorylation-dependent functions of Pyk2. We then
carried out the same set of behavioral tests in these mice as in Pyk2 KO
mice (see Fig. 3). In the elevated plus-maze (Fig. 5E) the increased time
spent in the open arms by 5XFAD/GFP mice, compared with WT/GFP
mice, was corrected in 5XFAD/Pyk2 mice. Locomotor activity in the
open field was similar in all groups of AAV-injected mice (Fig. 5F). In
the passive avoidance test no difference was observed between 5XFAD/
GFP and 5XFAD/Pyk2 mice (Fig. 5G), showing that, as expected,
overexpression of Pyk2 in the hippocampus was not sufficient to restore
the associative memory evaluated in this paradigm that also involves
other brain regions. As observed above (Fig. 3C), the three groups of
mice did not display any deficit in short-term memory in the novel
object recognition test (Fig. 5H). However, the deficit in long-term
memory observed in 5XFAD/GFP mice, as compared to WT/GFP, was
restored in 5XFAD/Pyk2 mice (Fig. 5I). Thus, behavioral evaluation

CWwWT

I 5XFAD

B Pyk2™

mm 5XFAD x Pyk2*
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n=12. (E) Passive avoidance test. The latency
to step-through was measured before (Training)
and 24 h after (Testing) receiving an electric shock.
Two-way ANOVA: interaction, Fg, 47 = 6.83,
p = 0.0007, time, F, 47y = 92.15, p < 10~ *, gen-
otype, F(3, 47y = 7.302, p = 0.0004, Holm-Sidak's test
vs WT, **** p < 1074 Wt, n=11, Pyk2™/",
n = 13, 5XFAD, n = 11, DM, n = 16. (E) Elevated
plus-maze. The time spent in the open arms was
monitored for 5min. One-way ANOVA, F,
43) = 5.49, p = 0.003, Holm-Sidak's test vs WT, *
p < 0.05. Wt, n=11, Pyk2™/~, n =8, 5XFAD,
n =13, DM, n = 15.

showed that overexpression of Pyk2 in the dorsal hippocampus of
5XFAD mice rescued some deficits including impairment in long-term
memory in the novel object recognition test and aberrant performance
in the elevated plus-maze.

3.6. Pyk2 overexpression in dorsal hippocampus increases the number of
plaques but rescues the loss of synaptic markers in CA1 of 5XFAD mice

To test whether Pyk2 overexpression in the hippocampus modified
B-amyloidosis we counted the number of AB-immunofluorescent pla-
ques in the hippocampus in 8-month 5XFAD/GFP and 5XFAD/Pyk2
mice (Fig. 6A, B). The plaque number in all three regions studied was
higher in 5XFAD/Pyk2 than in 5XFAD/GFP mice by 50-60%. In con-
trast, GFAP levels were increased to similar levels in 5XFAD/GFP and
5XFAD/Pyk2 mice as compared to WT/GFP (Fig. 6C-D), indicating that
astrogliosis was similar in the three groups of mice.

Since the moderate increase in Af-plaque load in Pyk2 over-
expressing mice contrasted with the partial behavioral improvement,
we studied possible improvements of other parameters, focusing on
synaptic markers. We examined the PSD-95-immunoreactive and sy-
naptophysin-immunoreactive puncta (post- and pre- synaptic markers,
respectively), which are an indication of the number of synapses and
are decreased in 5XFAD mice in correlation with cognitive decline
(Grinan-Ferre et al., 2016; Hongpaisan et al., 2011; Shao et al., 2011).
We analyzed these two markers in CAl stratum radiatum of 8-month
mice. As expected and as observed above for mice from the same
genotypes (see Fig. 4A-D), the number of PSD-95-positive and sy-
naptophysin-positive puncta was decreased in 5XFAD/GFP as compared
to WT/GFP mice (Fig. 6E-H). The PSD-95 decrease was rescued in
5XFAD/Pyk2 mice and the synaptophysin alteration was partly cor-
rected (Fig. 6F, H). These results suggest that the behavioral improve-
ment observed in 5XFAD mice following hippocampal overexpression
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of Pyk2 was accompanied by an improvement in the number of sy-
napses revealed by both pre- and post-synaptic markers.

3.7. Role of Pyk2 in Src cleavage in 5XFAD mice

Since Pyk2 phosphorylation on Tyr-402 was decreased in 5XFAD
mice, we examined Src-family kinases (SFKs), which are recruited and
activated when Pyk2 is autophosphorylated at this residue (Dikic et al.,
1996). We have previously shown that SFKs autophosphorylation is
decreased in Pyk2_/ ~ mice (Giralt et al., 2017). Here we measured the
total amount of Src in the hippocampus of Pyk2~/~ mice by im-
munoblotting. Src full-length form (66 kDa) was decreased, whereas a
52-kDa fragment, detected by an antibody that recognizes a C-terminal
epitope, was increased in Pyk2 "/~ and Pyk2 ™/~ mice (Fig. 7A-B). Both

5XFAD x Pyk2",
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Fig. 4. Histological phenotype of SXFAD x Pyk2™/~
mice. (A) Confocal image of PSD-95 immuno-
fluorescence in CAl stratum radiatum of 8-month WT,
Pyk2~/~, 5XFAD and 5XFAD x Pyk2 ™/~ double mu-
tant mice, as indicated. Scale bar 10um. (B)
Quantification of the number of PSD-95-positive
puncta per field as in (A), n = 7-9 mice per group.
One-way ANOVA, Fg, 29 = 23.09, p < 10™%, post-
hoc Holm-Sidak's test, p < 0.001. (O
Synaptophysin immunofluorescence, as in (A). Scale
bar 5pm. (D) Quantification of the number of sy-
naptophysin-positive puncta per field as in (C),),
n="7-9 mice per group. One-way ANOVA, F
29y =10.92, p < 10~* post-hoc Holm-Sidak's test,
**% p < 0.001. (E) AR immunofluorescence in the
hippocampus of 8-month 5XFAD and 5XFAD x Pyk2 ™/
~ mice. Scale bar 500 um. (F) Quantification of AB-
positive plaques in CAl, CA3 and DG of 5XFAD and
5XFAD x Pyk2™/~ mice. Genotype comparison for
each region with Mann-Whitney test. ** p < 0.01
(n = 3-6 mice per genotype). (G) Immunoblotting for
GFAP and tubulin as a loading control in the hippo-
campus of the 4 genotypes. (H) Densitometric quanti-
fication of results as in (I). Data are means = SEM.
One-way ANOVA, F(3 15 = 14.19, p < 10~ *, Holm-
Sidak's test vs WT, ** p < 0.01, *** p < 0.001,
n = 5-6 mice per group.
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changes were gene-dosage-dependent (Fig. 7B). These results on Src
contrasted with our previous observations on Fyn, which did not appear
to be altered in Pyk2 mutant mice (Giralt et al., 2017) and indicated the
existence of a proteolytic cleavage of Src in the absence of Pyk2. In-
terestingly, a similar 52-kDa cleaved Src with potential neurotoxic
properties has been reported following excitotoxic stimuli and ischemia
(Hossain et al., 2013), suggesting a possible pathogenic role. We
therefore studied Src in 5XFAD mice as compared to WT and found that
the 52-kDa form of Src was also increased (Fig. 7C-D). We then mea-
sured the two forms of Src in WT, Pyk2~/~, 5XFAD, and double mutant
mice (Fig. 7E-F). In this experiment the decrease in 66-kDa Src was not
observed in Pyk2 ™/~ mice, indicating variability of this parameter. In
contrast, the 52-kDa form was reproducibly increased in Pyk2~/~,
5XFAD, and double mutant mice (Fig. 7E-F). We repeated this
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Fig. 5. Pyk2 overexpression in the hippocampus of
5XFAD mice improves some behavioral alterations.
(A) GFP fluorescence in the dorsal hippocampus of 8-
month WT and 5XFAD mice bilaterally injected in
the dorsal hippocampus, 3 weeks before, with AAV
expressing GFP (WT/GFP and 5XFAD/GFP) or Pyk2
and GFP (5XFAD/Pyk2) under the control of
CaMKIla promoter (stitched pictures). Scale bar
500 pm. (B) Immunoblotting  for  Pyk2,
phosphoTyr402-Pyk2 (pY402-Pyk2) and tubulin as a
loading control in the 3 groups of mice. (C-D)
Densitometric quantification of Pyk2 (C) and pY402-
Pyk2 (D) as in (B). One-way ANOVA, Pyk2, F(,
22) = 5.49, p = 0.012, pY402-Pyk2, Fe, 19y = 7.91,
p = 0.003, n = 6-9 mice per group. (E) Elevated
plus-maze. The time spent in the open arms was
monitored for 5min in WT/GFP (n = 13), 5XFAD-
GFP (n = 9) and 5XFAD-Pyk2 (n = 12) mice. One-
way ANOVA, Fp 31 =6.94, p=0.003. (F)
Spontaneous locomotor activity in the open field
monitored in all groups during 30 min (10-13 mice
per group). (G) Passive avoidance test. The latency to
step-through was measured before (Training) and
24h after (Testing) receiving an electric shock
(10-12 mice per group). Two-way ANOVA, interac-
tion, Fo, 20) = 4.28, p = 0.02, time, F(;, 29y = 42.9,
p < .0001, groups, F(y, 20y = 2.58, p = 0.09. (H-I)
Novel object recognition test. (H) Short-term
memory was evaluated as the percentage of time
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Long-term memory

Testing exploring the new object (object B) and the old ob-
ject (object A) 20 min after the training session. (I)
Long-term memory was evaluated as the percentage
of time exploring the new object (object C) and the
old object (object B) 24 h after training (9-11 mice
per group). Statistical analysis, 1-way ANOVA, (H),
Fs, en =315 p <1074 (0, Fs s = 23.2,

dekekk

p < 10™* In C-E and G-I post-hoc test was Holms-
Sidak, * p < 0.05, ** p < 0.01, **** p < 1074

B R & C D
& © &
o L L L £ 150
\ AR s
& & & koa c 2125
S
2 % 75
100
Tubuli & s0 S 2
ubulin
A A W . a2,
600+ —o- WT/GFP
—a- 5xFAD/ GFP § 150
E 400_ —— 5xFAD / Pyk2 ry 125
g \ 3 100
=
§ 2 75
® 200 2
(=) ; 50
25
£
o-r—r—rrrrrrrrrrrrrree =0 -
0 5 10 15 20 25 30 Training
Time (min)
H T 100- Short-term memory | & 100
% 80 bl i b 'g 80 Fkekk
) 7 S ]
oy 5 T
g, 60 g, 60 4
£ - £
S 404 S 40
[ X
x x
g 20 z 20
£ E
(=] = 0
A B B A B B (o3

experiment in AAV-injected mice and observed again an increase in 52-
kDA Src, which was corrected by AAV-mediated Pyk2 expression
(Fig. 7D, E). Taken together these results indicate that a decrease in
Pyk2 levels and/or autophosphorylation can trigger the appearance of a
shorter form of Src, presumably corresponding to a cleaved form
missing the N-terminal fragment, with potentially cytotoxic properties.
This fragment may contribute to the consequences of Pyk2 decreased
function (autophosphorylation) in the 5XFAD model.

4. Discussion

Although PTK2B is genetically associated with late onset AD
(Lambert et al., 2013; Jiao et al., 2015; Beecham et al., 2014), we do
not know whether and how Pyk2, the tyrosine kinase coded by this
gene, is involved in the disease. By crossing 5XFAD mice, a transgenic
mouse model that mimics human amyloidogenic pathway alterations
(Oakley et al., 2006), with Pyk2 knockout mice we observed that the
absence of Pyk2 did not dramatically alter the neurological phenotype
of 5XFAD mice. This showed that Pyk2 is not essential for the dele-
terious consequences of increased AP production. The only difference
we detected in comparison to simple 5XFAD mice was a decrease in the
number of plaques in CA3, indicating a possible contribution of Pyk2 in
their appearance. We did not find any major change in Pyk2 protein
levels in cortical or hippocampal samples from human AD patients or in
5XFAD mouse hippocampus. However, in 8-month 5XFAD mice Pyk2
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[

autophosphorylation site, Tyr402, was less phosphorylated than in WT
littermates, indicating an alteration of Pyk2 activation. In younger
animals (3-month) basal levels of pTyr402-Pyk2 were normal, in-
dicating that Pyk2 autophosphorylation deficit is not a very early al-
teration. Although the cause of Pyk2 functional deficit in 5XFAD mice is
not known, it has been shown that Pyk2 is activated downstream of a
complex associating PrPc and mGluR5 glutamate receptors, and that
this activation is disrupted by Af} oligomers (Haas & Strittmatter, 2016).
Such disruption might contribute to Pyk2 functional deficit.

To test whether decreased Pyk2 activity in these mice could con-
tribute to their memory deficit we overexpressed Pyk2 in the dorsal
hippocampus and thus corrected the levels of autophosphorylated
Pyk2. This strategy improved some aspects of the behavioral pheno-
type, including performance in the elevated plus-maze and novel object
recognition long-term memory. Pyk2 overexpression also improved
synaptic alterations which are known to be a major source of AD
symptomatology (Pozueta et al., 2013; Sheng et al., 2012; Tu et al.,
2014). Recent evidence shows that Pyk2 plays an important role at
hippocampal synapses (Giralt et al., 2017). Pyk2 is involved in PSD-95
post-synaptic recruitment and clustering (Giralt et al., 2017), regulates
NMDA receptors subunits (Huang et al., 2001; Giralt et al., 2017) and
even the 50% Pyk2 decrease observed in heterozygous Pyk2 + /— mice
is sufficient to markedly alter synaptic properties (Giralt et al., 2017).
The behavioral improvement induced by Pyk2 overexpression in
5XFAD mice was associated with a pronounced reduction of previously
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reported synaptic alterations (Grinan-Ferre et al., 2016; Hongpaisan
et al., 2011), evidenced by the recovery of PSD-95 and synaptophysin
clustering. We therefore suggest that Pyk2 functional deficit in 5XFAD
mice contributes to the synaptic alterations and that its rescue is an
important contribution to Pyk2-induced behavioral improvement.

One of the mechanisms possibly linking Pyk2 deficiency with synaptic
dysfunction is a deficit in SFK activation. We previously reported a de-
creased SFK basal autophosphorylation in the hippocampus of Pyk2
knockout mice with no change in total levels of Fyn (Giralt et al., 2017).
We show here that Pyk2 mutant mice display increased levels of a smaller
52-kDa form of Src. This observation is reminiscent of the reported clea-
vage of Src by calpain, a Ca®*-activated protease, which generates a
~52 kDa protein lacking the N-terminal myristoylation site (Hossain et al.,
2013). This truncated Src is generated in vivo following ischemia and has
neurotoxic properties (Hossain et al., 2013). In 5XFAD mice although
modifications of full-length Src were not detected, the 52-kDa fragment
was increased, and Pyk2 overexpression corrected this alteration, possibly
alleviating a toxic effect. It can be therefore hypothesized that this Src
fragment could contribute to the impairments in 5XFAD mice. The me-
chanisms leading to the putative cleavage of Src in Pyk2 mutant and
5XFAD mice are not known and will require further exploration.

5XFAD/Pyk2
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Fig. 6. Neuropathology in 5XFAD mice over-
expressing Pyk2 in the hippocampus. (A) AP im-
munofluorescence microscopy imaging in the dorsal
hippocampus of 8-month WT and 5XFAD mice in-
jected with AAV expressing GFP without or with
Pyk2, as indicted, as in Fig. 3 (stitched pictures).
Scale bar 500 um. (B) Quantification of AB-positive
plaques in CAl, CA3 and DG of 5XFAD/GFP and
5XFAD/Pyk2 mice (n = 8-11 mice per group). Un-
paired t-test, CAl t;;, =2.6, p=0.02, CA3
ti7 = 2.73, p = 0.014, DG t;; = 2.6, p = 0.02. (C)
Immunoblotting for GFAP and tubulin as a loading
control in the hippocampus of WT/GFP, 5XFAD/GFP
and 5XFAD/Pyk2 mice. (D) Densitometric quantifi-
cation of results as in (C). One-way ANOVA F(,,
18 = 28.8,p < 10~ *. Holm-Sidak's test vs WT/GFP,
#¥%% p < 107 % Data are means + SEM (6-9 mice
per group). (E) Confocal image of PSD-95 immuno-

*kkk kkkk
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o 150 fluorescence in CA1 stratum radiatum of 8-month WT

or 5XFAD mice injected in the hippocampus with
AAV expressing GFP without or with Pyk2, as in-
dicted, as in Fig. 3. Scale bar 10 um. (F) Quantifica-
tion of the number of PSD-95-positive puncta per

0 field as in (E), n = 4-8 mice per group. Kruskal-
Wallis test, p = 0.025, post-hoc Dunn's test, *
p < 0.05. (G) Synaptophysin immunofluorescence,
as in (E). Scale bar 5um. (H) Quantification of the
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Our work reveals the multiple roles that SFKs appear to have in AD
models. On the one hand, several studies showed that Fyn inhibition
either genetically (Lambert et al., 1998; Pena et al., 2010) (but see
(Minami et al., 2012)) or using pharmacological inhibition of Fyn
(Kaufman et al., 2015; Smith et al., 2018) improves their phenotype,
possibly in relation with a contribution of Fyn to Tau pathology at the
somatodendritic level (Kaufman et al., 2015; Li & Gotz, 2017; Ittner
et al., 2010). On the other hand, our results indicate that a deficit in SFK
activation, possibly at the synaptic level, may also contribute to func-
tional deficits in Pyk2 mutant mice and in 5XFAD mice. A toxic Src
breakdown product may have an additional negative role. Thus Pyk2
through its capacity to recruit and activate SFKs in response to neuronal
activity is strategically located to modulate the balance between their
various implications. Importantly, this role of Pyk2 deficit in 5XFAD
mice phenotype fully agrees with the observation that inhibition of
STEP, a phosphatase active on Pyk2 (Xu et al., 2012), increases Pyk2
phosphorylation and improves the behavior of 3xTg-AD mice (Xu et al.,
2014).

The complexity of the role of Pyk2 and SFKs in the context of AD is
also illustrated by their possible contribution to amyloidogenesis. SFKs
have been reported to contribute to AP increase production (Dunning
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Fig. 7. Src alterations in hippocampus of Pyk2—/—
and 5XFAD mice. (A) Immunoblotting for Src (anti-
body reacting with the C-terminus) and tubulin as a
loading control in the hippocampus of Pyk2*/*,
Pyk2*/~ and Pyk2~/~ mice. The position of full-
length (66 kDa) and cleaved (52kDa) Src is indicated.
(B) Densitometric quantification of results as in (A),
n = 6-11 mice per group. One-way ANOVA 66-kDa
Src F (5 25 =356, p < 107% 52kDa Src F
25) = 12.2, p = 0.0002, post-hoc Holm-Sidak's test vs
Pyk2*/*, * p < 0.05, p<107* (O
Immunoblotting for Src and tubulin in WT and 5XFAD
mice. (D) Densitometric quantification of Src in WT
(n=12) and 5XFAD (n=21) mice. 66-kDa-Src,
ts; = 1.86, 52-kDa-Src, t3; = 2.21, * p < 0.05. (E)
Immunoblotting for Src and tubulin in Pyk2™/~,
5XFAD and 5XFAD x Pyk2 ™/~ double mutant mice, as
indicated. (F) Densitometric quantification of results as
in (E), n = 6-11 mice per group. One-way ANOVA 66-
kDa Src, Fg 31 =1.89, ns, 52-kDa Src, F,
31) = 4.685, p = 0.008, post-hoc Holm-Sidak's test vs
WT, *p < 0.05, **p < 0.01. (G) Immunoblotting for
Src and tubulin as a loading control in the hippo-
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et al., 2016; Gianni et al., 2003). In our study manipulating Pyk2 levels
in vivo had only moderate effects on the number plaques, which were
opposite to the functional and synaptic improvements. In the absence of
Pyk2, we found a decrease in amyloid plaques in CA3, whereas Pyk2
overexpression in 5XFAD mice slightly increased plaque number
throughout the hippocampus. These results suggest that Pyk2 might
contribute to plaque formation, possibly through a modulation of Af
production. In this respect it is interesting to note that Pyk2- and Af-
like immunoreactivities colocalized in the neuropil but not in plaques,
indicating a proximity of Pyk2 with sites of AB production. In our ex-
perimental conditions, however, the changes in plaque numbers were in
opposite direction to the observed behavioral improvement, suggesting
they did not play a major role in the overall effect of Pyk2 in the 5XFAD
model. It should be noted that although a decrease in plaque number is
usually correlated with behavioral improvement in 5XFAD mice
(Antonios et al., 2015; Bhattacharya et al., 2014; MacPherson et al.,
2017; Aytan et al., 2013), the role of plaques by themselves in the
disease is disputed (Castellani et al., 2009; Cohen et al., 2009). It is also
possible that the strong effect of mutations responsible for Af} produc-
tion in 5XFAD mice partly occluded the contribution of Pyk2 to amyloid
production and revealed the prominent impact of Pyk2 deficit in sy-
naptic dysfunction.

In summary, we have explored the potential role of Pyk2 in a
transgenic amyloid mouse model of AD. Our results do not support a
strong positive or negative role of Pyk2 in this model of the disease. In
contrast, they indicate a functional deficit of Pyk2 that is likely to
contribute to synaptic alterations and to generation of a potentially
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campus of WT/GFP, 5XFAD/GFP and 5XFAD/Pyk2
mice, as in Fig. 5. (H) Densitometric quantification of
results as in (D), n = 6-15 mice per group. One-way
ANOVA 66-kDa Src, F (5 22y = 0.89, p = 0.42, 52-kDa
Sre, F (3, 20) = 7.6, p = 0.0035. Holm-Sidak's test vs
WT/GFP, *p < 0.05. (B, C, E) data are means + SEM.
(A, D) Molecular weight markers positions are in-

dicated in kDa.
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toxic Src fragment. In 5XFAD mice, enhancing Pyk2 function by over-
expression corrects these various alterations and has an overall bene-
ficial effect on behavior, suggesting that restoring Pyk2 might be a
useful target in AD.

Ethics approval

The use of human samples was approved by the Ethical Committee
of Paris Diderot University Hospitals (CEERB Bichat University
Hospital, Paris, France). Mouse experiments were approved by the
Charles Darwin ethical committee.

Competing interests

The authors have no competing financial interest to declare.

Funding

This work was supported in part by Inserm, Sorbonne-Université
(formerly Université Pierre et Marie Curie, UPMC, Paris-6), and grants
from ANR MALZ-2013 to JH and JAG, the King Abdullah University of
Science and Technology (KAUST) Office of Sponsored Research award
(#0SR-2015-CRG4-2602) to SA and JAG, and Ministerio de Ciencia e
Innovacién (SAF2015-67474-R); MINECO/FEDER to SG. Equipment at
the IFM was also supported by DIM NeRF from Région Ile-de-France and
by the FRC/Rotary “Espoir en téte”. AG is a Ramoén y Cajal fellow (RYC-
2016-19466).



A. Giralt et al.

Authors' contributions

AG designed and carried out experiments, analyzed results and
wrote the manuscript, BdP, CCD, LLM, ATF, and MT carried out ex-
periments, VD provided material, SG, SA and JH provided expertise and
reagents, and participated in the design of the study and the writing of
the manuscript, JAG designed and supervised the study, analyzed re-
sults and wrote the manuscript.

Acknowledgements

The Girault's lab is affiliated with the Paris School of Neuroscience
(ENP) and the “Biology for Psychiatry” laboratory of excellence “Bio-
Psy labex”. Imaging was carried out at the Institut du Fer a Moulin “Cell
and Tissue Imaging facility”. We are grateful to the Banc de Teixits
Neurologics (Biobanc-HC-IDIBAPS) for providing brain samples from
control subjects and AD patients.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.expneurol.2018.05.020.

References

Alzheimer's Association Report, 2012. Alzheimer's disease facts and figures. Alzheimers
Dement. 2012 (8), 131-168.

Antonios, G., Borgers, H., Richard, B.C., Brauss, A., Meissner, J., Weggen, S., Pena, V.,
Pillot, T., Davies, S.L., Bakrania, P., et al., 2015. Alzheimer therapy with an antibody
against N-terminal Abeta 4-X and pyroglutamate Abeta 3-X. Sci. Rep. 5, 17338.

Avraham, S., London, R., Fu, Y., Ota, S., Hiregowdara, D., Li, J., Jiang, S., Pasztor, L.M.,
White, R.A., Groopman, J.E., et al., 1995. Identification and characterization of a
novel related adhesion focal tyrosine kinase (RAFTK) from megakaryocytes and
brain. J. Biol. Chem. 270, 27742-27751.

Aytan, N., Choi, J.K., Carreras, 1., Kowall, N.W., Jenkins, B.G., Dedeoglu, A., 2013.
Combination therapy in a transgenic model of Alzheimer's disease. Exp. Neurol. 250,
228-238.

Bartos, J.A., Ulrich, J.D., Li, H., Beazely, M.A., Chen, Y., Macdonald, J.F., Hell, J.W.,
2010. Postsynaptic clustering and activation of Pyk2 by PSD-95. J. Neurosci. 30,
449-463.

Beecham, G.W., Hamilton, K., Naj, A.C., Martin, E.R., Huentelman, M., Myers, A.J.,
Corneveaux, J.J., Hardy, J., Vonsattel, J.P., Younkin, S.G., et al., 2014. Genome-wide
association meta-analysis of neuropathologic features of Alzheimer's disease and re-
lated dementias. PLoS Genet. 10, e1004606.

Benilova, ., Karran, E., De Strooper, B., 2012. The toxic Abeta oligomer and Alzheimer's
disease: an emperor in need of clothes. Nat. Neurosci. 15, 349-357.

Bhattacharya, S., Haertel, C., Maelicke, A., Montag, D., 2014. Galantamine slows down
plaque formation and behavioral decline in the 5XFAD mouse model of Alzheimer's
disease. PLoS One 9, e89454.

Castellani, R.J., Lee, H.G., Siedlak, S.L., Nunomura, A., Hayashi, T., Nakamura, M., Zhu,
X., Perry, G., Smith, M.A., 2009. Reexamining Alzheimer's disease: evidence for a
protective role for amyloid-beta protein precursor and amyloid-beta. J. Alzheimers
Dis. 18, 447-452.

Cohen, E., Paulsson, J.F., Blinder, P., Burstyn-Cohen, T., Du, D., Estepa, G., Adame, A.,
Pham, H.M., Holzenberger, M., Kelly, J.W., et al., 2009. Reduced IGF-1 signaling
delays age-associated proteotoxicity in mice. Cell 139, 1157-1169.

Corvol, J.C., Valjent, E., Toutant, M., Enslen, H., Irinopoulou, T., Lev, S., Herve, D.,
Girault, J.A., 2005. Depolarization activates ERK and proline-rich tyrosine kinase 2
(PYK2) independently in different cellular compartments in hippocampal slices. J.
Biol. Chem. 280, 660-668.

Dikic, L., Tokiwa, G., Lev, S., Courtneidge, S.A., Schlessinger, J., 1996. A role for Pyk2 and
Src in linking G-protein-coupled receptors with MAP kinase activation. Nature 383,
547-550.

Dourlen, P., Fernandez-Gomez, F.J., Dupont, C., Grenier-Boley, B., Bellenguez, C., Obriot,
H., Caillierez, R., Sottejeau, Y., Chapuis, J., Bretteville, A., et al., 2016. Functional
screening of Alzheimer risk loci identifies PTK2B as an in vivo modulator and early
marker of Tau pathology. Mol. Psychiatry 22, 874-883.

Dunning, C.J., Black, H.L., Andrews, K.L., Davenport, E.C., Conboy, M., Chawla, S.,
Dowle, A.A., Ashford, D., Thomas, J.R., Evans, G.J., 2016. Multisite tyrosine phos-
phorylation of the N-terminus of Mintl/X11alpha by Src kinase regulates the traf-
ficking of amyloid precursor protein. J. Neurochem. 137, 518-527.

Gianni, D., Zambrano, N., Bimonte, M., Minopoli, G., Mercken, L., Talamo, F., Scaloni, A.,
Russo, T., 2003. Platelet-derived growth factor induces the beta-gamma-secretase-
mediated cleavage of Alzheimer's amyloid precursor protein through a Src-Rac-de-
pendent pathway. J. Biol. Chem. 278, 9290-9297.

Giralt, A., Coura, R., Girault, J.A., 2016. Pyk2 is essential for astrocytes mobility fol-
lowing brain lesion. Glia 64, 620-634.

Giralt, A., Brito, V., Chevy, Q., Simonnet, C., Otsu, Y., Cifuentes-Diaz, C., de Pins, B.,

72

Experimental Neurology 307 (2018) 62-73

Coura, R., Alberch, J., Ginés, S., et al., 2017. Pyk2 modulates hippocampal excitatory
synapses and contributes to cognitive deficits in a Huntington's disease model. Nat.
Commun. 8, 15592.

Girault, J.A., Costa, A., Derkinderen, P., Studler, J.M., Toutant, M., 1999. FAK and PYK2/
CAKbeta in the nervous system: a link between neuronal activity, plasticity and
survival? Trends Neurosci. 22, 257-263.

Grinan-Ferre, C., Sarroca, S., Ivanova, A., Puigoriol-Illamola, D., Aguado, F., Camins, A.,
Sanfeliu, C., Pallas, M., 2016. Epigenetic mechanisms underlying cognitive impair-
ment and Alzheimer disease hallmarks in 5XFAD mice. Aging (Albany NY) 8,
664-684.

Haas, L.T., Strittmatter, S.M., 2016. Oligomers of amyloid beta prevent physiological
activation of the cellular prion protein-metabotropic glutamate receptor 5 complex
by glutamate in Alzheimer disease. J. Biol. Chem. 291, 17112-17121.

Heneka, M.T., Carson, M.J., El Khoury, J., Landreth, G.E., Brosseron, F., Feinstein, D.L.,
Jacobs, A.H., Wyss-Coray, T., Vitorica, J., Ransohoff, R.M., et al., 2015.
Neuroinflammation in Alzheimer's disease. Lancet Neurol. 14, 388-405.

Hongpaisan, J., Sun, M.K., Alkon, D.L., 2011. PKC epsilon activation prevents synaptic
loss, Abeta elevation, and cognitive deficits in Alzheimer's disease transgenic mice. J.
Neurosci. 31, 630-643.

Hossain, M., Roulston, C.L., Kamaruddin, M.A., Chu, P.W., Ng, D.C., Dusting, G.J.,
Bjorge, J.D., Williamson, N.A., Fujita, D.J., Cheung, S.N., et al., 2013. A truncated
fragment of Src protein kinase generated by calpain-mediated cleavage is a mediator
of neuronal death in excitotoxicity. J. Biol. Chem. 288, 9696-9709.

Hsin, H., Kim, M.J., Wang, C.F., Sheng, M., 2010. Proline-rich tyrosine kinase 2 regulates
hippocampal long-term depression. J. Neurosci. 30, 11983-11993.

Huang, Y., Lu, W., Ali, D.W., Pelkey, K.A., Pitcher, G.M., Lu, Y.M., Aoto, H., Roder, J.C.,
Sasaki, T., Salter, M.W., MacDonald, J.F., 2001. CAKbeta/Pyk2 kinase is a signaling
link for induction of long-term potentiation in CA1 hippocampus. Neuron 29,
485-496.

Ittner, L.M., Ke, Y.D., Delerue, F., Bi, M., Gladbach, A., van Eersel, J., Wolfing, H., Chieng,
B.C., Christie, M.J., Napier, L.A,, et al., 2010. Dendritic function of tau mediates
amyloid-beta toxicity in Alzheimer's disease mouse models. Cell 142, 387-397.

Jiao, B., Liu, X., Zhou, L., Wang, M.H., Zhou, Y., Xiao, T., Zhang, W., Sun, R., Waye, M.M.,
Tang, B., Shen, L., 2015. Polygenic analysis of late-onset Alzheimer's disease from
mainland China. PLoS One 10, e0144898.

Kaufman, A.C., Salazar, S.V., Haas, L.T., Yang, J., Kostylev, M.A., Jeng, A.T., Robinson,
S.A., Gunther, E.C., van Dyck, C.H., Nygaard, H.B., Strittmatter, S.M., 2015. Fyn
inhibition rescues established memory and synapse loss in Alzheimer mice. Ann.
Neurol. 77, 953-971.

Lambert, M.P., Barlow, A.K., Chromy, B.A., Edwards, C., Freed, R., Liosatos, M., Morgan,
T.E., Rozovsky, 1., Trommer, B., Viola, K.L., et al., 1998. Diffusible, nonfibrillar 1i-
gands derived from Abetal-42 are potent central nervous system neurotoxins. Proc.
Natl. Acad. Sci. U. S. A. 95, 6448-6453.

Lambert, J.C., Ibrahim-Verbaas, C.A., Harold, D., Naj, A.C., Sims, R., Bellenguez, C.,
DeStafano, A.L., Bis, J.C., Beecham, G.W., Grenier-Boley, B., et al., 2013. Meta-ana-
lysis of 74, 046 individuals identifies 11 new susceptibility loci for Alzheimer's dis-
ease. Nat. Genet. 45, 1452-1458.

Lauren, J., Gimbel, D.A., Nygaard, H.B., Gilbert, J.W., Strittmatter, S.M., 2009. Cellular
prion protein mediates impairment of synaptic plasticity by amyloid-beta oligomers.
Nature 457, 1128-1132.

Lev, S., Moreno, H., Martinez, R., Canoll, P., Peles, E., Musacchio, J.M., Plowman, G.D.,
Rudy, B., Schlessinger, J., 1995. Protein tyrosine kinase PYK2 involved in ca(2+)-
induced regulation of ion channel and MAP kinase functions. Nature 376, 737-745.

Li, C., Gotz, J., 2017. Somatodendritic accumulation of Tau in Alzheimer's disease is
promoted by Fyn-mediated local protein translation. EMBO J. 36, 3120-3138.

Lipinski, C.A., Loftus, J.C., 2010. Targeting Pyk2 for therapeutic intervention. Expert
Opin. Ther. Targets 14, 95-108.

MacPherson, K.P., Sompol, P., Kannarkat, G.T., Chang, J., Sniffen, L., Wildner, M.E.,
Norris, C.M., Tansey, M.G., 2017. Peripheral administration of the soluble TNF in-
hibitor XPro1595 modifies brain immune cell profiles, decreases beta-amyloid plaque
load, and rescues impaired long-term potentiation in 5XFAD mice. Neurobiol. Dis.
102, 81-95.

Mandelkow, E.M., Mandelkow, E., 2012. Biochemistry and cell biology of tau protein in
neurofibrillary degeneration. Cold Spring Harb. Perspect. Med. 2, a006247.

Manders, E.M.M., Verbeek, F.J., Aten, J.A., 1992. Measurement of colocalization of ob-
jects in dual-color confocal images. J. Microsc. 169, 375-382.

McKhann, G., Drachman, D., Folstein, M., Katzman, R., Price, D., Stadlan, E.M., 1984.
Clinical diagnosis of Alzheimer's disease: report of the NINCDS-ADRDA Work Group
under the auspices of Department of Health and Human Services Task Force on
Alzheimer's Disease. Neurology 34, 939-944.

Menegon, A., Burgaya, F., Baudot, P., Dunlap, D.D., Girault, J.A., Valtorta, F., 1999. FAK
+ and PYK2/CAKbeta, two related tyrosine kinases highly expressed in the central
nervous system: similarities and differences in the expression pattern. Eur. J.
Neurosci. 11, 3777-3788.

Minami, S.S., Clifford, T.G., Hoe, H.S., Matsuoka, Y., Rebeck, G.W., 2012. Fyn knock-
down increases Abeta, decreases phospho-tau, and worsens spatial learning in 3xTg-
AD mice. Neurobiol. Aging 33, 825 e815-824.

Mucke, L., Selkoe, D.J., 2012. Neurotoxicity of amyloid beta-protein: synaptic and net-
work dysfunction. Cold Spring Harb. Perspect. Med. 2, a006338.

Nettiksimmons, J., Tranah, G., Evans, D.S., Yokoyama, J.S., Yaffe, K., 2016. Gene-based
aggregate SNP associations between candidate AD genes and cognitive decline. Age
(Dordr.) 38, 41.

Oakley, H., Cole, S.L., Logan, S., Maus, E., Shao, P., Craft, J., Guillozet-Bongaarts, A.,
Ohno, M., Disterhoft, J., Van Eldik, L., et al., 2006. Intraneuronal beta-amyloid ag-
gregates, neurodegeneration, and neuron loss in transgenic mice with five familial
Alzheimer's disease mutations: potential factors in amyloid plaque formation. J.



A. Giralt et al.

Neurosci. 26, 10129-10140.

Paquet, C., Mouton-Liger, F., Meurs, E.F., Mazot, P., Bouras, C., Pradier, L., Gray, F.,
Hugon, J., 2012. The PKR activator PACT is induced by Abeta: involvement in
Alzheimer's disease. Brain Pathol. 22, 219-229.

Park, S.Y., Avraham, H.K., Avraham, S., 2004. RAFTK/Pyk2 activation is mediated by
trans-acting autophosphorylation in a Src-independent manner. J. Biol. Chem. 279,
33315-33322.

Pena, F., Ordaz, B., Balleza-Tapia, H., Bernal-Pedraza, R., Marquez-Ramos, A., Carmona-
Aparicio, L., Giordano, M., 2010. Beta-amyloid protein (25-35) disrupts hippocampal
network activity: role of Fyn-kinase. Hippocampus 20, 78-96.

Pozueta, J., Lefort, R., Shelanski, M.L., 2013. Synaptic changes in Alzheimer's disease and
its models. Neuroscience 251, 51-65.

Prange, O., Wong, T.P., Gerrow, K., Wang, Y.T., El-Husseini, A., 2004. A balance between
excitatory and inhibitory synapses is controlled by PSD-95 and neuroligin. Proc. Natl.
Acad. Sci. U. S. A. 101, 13915-13920.

Sasaki, H., Nagura, K., Ishino, M., Tobioka, H., Kotani, K., Sasaki, T., 1995. Cloning and
characterization of cell adhesion kinase beta, a novel protein-tyrosine kinase of the
focal adhesion kinase subfamily. J. Biol. Chem. 270, 21206-21219.

Schneider, F., Baldauf, K., Wetzel, W., Reymann, K.G., 2014. Behavioral and EEG changes
in male 5xFAD mice. Physiol. Behav. 135, 25-33.

Shao, C.Y., Mirra, S.S., Sait, H.B., Sacktor, T.C., Sigurdsson, E.M., 2011. Postsynaptic
degeneration as revealed by PSD-95 reduction occurs after advanced Abeta and tau
pathology in transgenic mouse models of Alzheimer's disease. Acta Neuropathol. 122,
285-292.

Sheng, M., Sabatini, B.L., Sudhof, T.C., 2012. Synapses and Alzheimer's disease. Cold

73

Experimental Neurology 307 (2018) 62-73

Spring Harb. Perspect. Biol. 4.

Siciliano, J.C., Toutant, M., Derkinderen, P., Sasaki, T., Girault, J.A., 1996. Differential
regulation of proline-rich tyrosine kinase 2/cell adhesion kinase beta (PYK2/
CAKbeta) and pp125(FAK) by glutamate and depolarization in rat hippocampus. J.
Biol. Chem. 271, 28942-28946.

Smith, L.M., Zhu, R., Strittmatter, S.M., 2018. Disease-modifying benefit of Fyn blockade
persists after washout in mouse Alzheimer's model. Neuropharmacology 130, 54-61.

Tu, S., Okamoto, S., Lipton, S.A., Xu, H., 2014. Oligomeric Abeta-induced synaptic dys-
function in Alzheimer's disease. Mol. Neurodegener. 9, 48.

Vinters, H.V., 2015. Emerging concepts in Alzheimer's disease. Annu. Rev. Pathol. 10,
291-319.

Walkiewicz, K.W., Girault, J.A., Arold, S.T., 2015. How to awaken your nanomachines:
site-specific activation of focal adhesion kinases through ligand interactions. Prog.
Biophys. Mol. Biol. 119, 60-71.

Wang, X., Lopez, O.L., Sweet, R.A., Becker, J.T., DeKosky, S.T., Barmada, M.M., Demirci,
F.Y., Kamboh, M.I., 2015. Genetic determinants of disease progression in Alzheimer's
disease. J. Alzheimers Dis. 43, 649-655.

Xu, J., Kurup, P., Bartos, J.A., Patriarchi, T., Hell, J.W., Lombroso, P.J., 2012. Striatal-
enriched protein-tyrosine phosphatase (STEP) regulates Pyk2 kinase activity. J. Biol.
Chem. 287, 20942-20956.

Xu, J., Chatterjee, M., Baguley, T.D., Brouillette, J., Kurup, P., Ghosh, D., Kanyo, J.,
Zhang, Y., Seyb, K., Ononenyi, C., et al., 2014. Inhibitor of the tyrosine phosphatase
STEP reverses cognitive deficits in a mouse model of Alzheimer's disease. PLoS Biol.
12, e1001923.



4. Summary of the findings and conclusions

We demonstrated here that, although Pyk2 total levels were normal, Tyr-402
phosphorylation levels reflecting its activity were reduced in the hippocampus of 5xFAD
mice at 8lmonths of age. Accordingly, the overexpression of Pyk2 in the hippocampus of
these mice which rescued autophosphorylated Pyk2 levels, improved both synaptic markers
and performance in several behavioral tasks.

Pyk2 functional deficiency was associated with an increase of potentially neurotoxic
Src cleavage product, which was rescued by Pyk2 overexpression. This may constitute a
clue for future investigations on the molecular causes of neurodegeneration associated with
AD.

Paradoxically, Pyk2 appeared to contribute to plaque formation in a still unknown
mechanism. This opens again the question about the still disputed role of plaques by
themselves in the pathogenicity of the disease (Castellani et al., 2009; Cohen et al., 2009).

The results of this paper however suggest that Pyk2 impairment possibly play a role
in the symptoms of AD.
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IV. Conditional BDNF Delivery from Astrocytes Rescues
Memory Deficits, Spine Density, and Synaptic
Properties in the 5xFAD Mouse Model of Alzheimer
Disease.

Benoit de Pins, Carmen Cifuentes-Diaz, Amel Thamila Farah, Laura Lopez-Molina,
Enrica Montalban, Anna Sancho-Balsells, Ana Lépez, Silvia Ginés, José Marfa Delgado-
Garcia, Jordi Alberch, Agnes Gruart, Jean-Antoine Girault and Albert Giralt
Journal of Neuroscience
27 March 2019, 39(13):2441-2458

1. Context and objectives

Although not being directly related to Pyk2, I present here the result of a study that was led
in parallel with the previous one. We used the same mouse model of AD to explore the
potential benefit of astrocyte-targeted delivery of BDNF in this disease.

BDNF is critical for neuron survival and synaptic plasticity (Lynch et al., 2008) and
has been shown to be reduced early in the course of the disease in transgenic mouse models
of AD (Kaminari et al, 2017). Strategies have been proposed to deliver BDNF to
counteract neurodegeneration but BDNF administration has important challenges, such as
the lack of control of its release, which does not allow specific targeting to the sick tissue
nor releasing the proper amount of levels, mainly considering high doses can be neurotoxic.

Here we used genetically modified mice that overexpress BDNF under the control
of the GFAP promoter (pGFAP-BDNF) (Giralt et al., 2010). In these mice, BDNF
production and delivery are increased in neuropathological conditions accompanied by
astrogliosis, an increase in the number of astrocytes due to the destruction of nearby
neurons. We crossed these mice with the 5xFAD transgenic mouse model of AD and
compared, with 5xFAD mice, the development of molecular and behavioral alterations.

2. Contribution to the work

In this work, I greatly contributed to cell and tissue imaging and analysis.
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Conditional BDNF Delivery from Astrocytes Rescues
Memory Deficits, Spine Density, and Synaptic Properties in
the 5xFAD Mouse Model of Alzheimer Disease
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It has been well documented that neurotrophins, including brain-derived neurotrophic factor (BDNF), are severely affected in Alzhei-
mer’s disease (AD), but their administration faces a myriad of technical challenges. Here we took advantage of the early astrogliosis
observed in an amyloid mouse model of AD (5xFAD) and used it as an internal sensor to administer BDNF conditionally and locally. We
first demonstrate the relevance of BDNF release from astrocytes by evaluating the effects of coculturing WT neurons and BDNF-deficient
astrocytes. Next, we crossed 5XxFAD mice with pGFAP:BDNF mice (only males were used) to create 5xFAD mice that overexpress BDNF
when and where astrogliosis is initiated (5xF:pGB mice). We evaluated the behavioral phenotype of these mice. We first found that BDNF
from astrocytes is crucial for dendrite outgrowth and spine number in cultured WT neurons. Double-mutant 5xF:pGB mice displayed
improvements in cognitive tasks compared with 5xFAD littermates. In these mice, there was a rescue of BDNF/TrkB downstream
signaling activity associated with an improvement of dendritic spine density and morphology. Clusters of synaptic markers, PSD-95 and
synaptophysin, were also recovered in 5xF:pGB compared with 5XFAD mice as well as the number of presynaptic vesicles at excitatory
synapses. Additionally, experimentally evoked LTP in vivo was increased in 5xF:pGB mice. The beneficial effects of conditional BDNF
production and local delivery at the location of active neuropathology highlight the potential to use endogenous biomarkers with early
onset, such as astrogliosis, as regulators of neurotrophic therapy in AD.

Key words: Alzheimer’s disease; astrocytes; BDNF; long-term potentiation; memory; mice

(s )

Recent evidence places astrocytes as pivotal players during synaptic plasticity and memory processes. In the present work, we first
provide evidence that astrocytes are essential for neuronal morphology via BDNF release. We then crossed transgenic mice
(5xFAD mice) with the transgenic pGFAP-BDNF mice, which express BDNF under the GFAP promoter. The resultant double-
mutant mice 5xF:pGB mice displayed a full rescue of hippocampal BDNF loss and related signaling compared with 5xFAD mice
and a significant and specific improvement in all the evaluated cognitive tasks. These improvements did not correlate with
amelioration of 3 amyloid load or hippocampal adult neurogenesis rate but were accompanied by a dramatic recovery of struc-
tural and functional synaptic plasticity. /
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Introduction disease is a progressive neurodegenerative disorder characterized

Alzheimer disease (AD) is the most common form of dementia in by the. presence of extracellular amyloid. plaqu.es composed of
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brillary tangles (NFTs) (Alzheimer’s Association, 2012). Further
pathological hallmarks of the disease include inflammatory pro-
cesses, synaptic and neuronal loss, cerebral atrophy, and cerebral
amyloid angiopathy (Wirths and Bayer, 2012). The complex pro-
gression of neurodegeneration in AD patients results in memory
impairment and decline in other cognitive abilities often com-
bined with noncognitive symptoms, such as mood and personal-
ity changes (Alzheimer’s Association, 2012).

One of the most promising therapies in AD is the use of neu-
rotrophic factors, such as NGF or BDNF (Allen and Dawbarn,
2006). Indeed, BDNF plays important roles in neural survival and
synaptic plasticity (Lynch et al., 2008). In line with this, BDNF is
reduced early in the course of the disease in transgenic mouse
models of AD (Kaminari et al., 2017), and TrkB deletion acceler-
ates and worsens the phenotype of these mice (Devi and Ohno,
2015), whereas TrkB agonists improve it (Devi and Ohno, 2012;
Zhang et al,, 2014). Alterations in the BDNF-TrkB system could
account for memory deficits, neuronal cell death, and synaptic
plasticity alterations observed in AD (von Bohlen Und Halbach
and von Bohlen Und Halbach, 2018). BDNF-TrkB-associated
downstream molecular pathways include PLCy, ERK, and Akt
signaling. Interestingly, dysregulation of these pathways is able to
modulate the levels of essential synaptic proteins, such as post-
synaptic density-95 (PSD-95) and synaptophysin (Tartaglia et al.,
2001; Robinet and Pellerin, 2011; Parsons et al., 2014; Yoshii and
Constantine-Paton, 2014; Zhang et al., 2017), which in turn are
altered in AD models (Yuki et al., 2014; Dorostkar et al., 2015).
Finally, altered BDNF-TrkB pathway could also result in deficient
adult neurogenesis in the hippocampus (Waterhouse et al,
2012), which could in turn contribute to the memory loss in AD
(Toda and Gage, 2018).

Several strategies have been proposed to produce/deliver
BDNF to counteract neurodegeneration. However, all of them
are associated with deleterious secondary effects or are not satis-
factory enough (Lindvall et al., 2004). Important drawbacks are
the risk of tumorigenesis, insufficient cell survival in cell therapy,
or invasiveness of some delivery systems, as well as the lack of
control on the production and delivery of the neurotrophin be-
cause too high levels can be neurotoxic (Martinez-Serrano and
Bjorklund, 1996; Rubio et al., 1999; Pineda et al., 2007; Kells et al.,
2008). Furthermore, these strategies do not target specifically the
diseased tissue or deliver appropriate levels of the neurotrophin
depending on the severity of the symptoms.

Astrocytes in AD are reactive at early stages, have impaired
Ca’** signaling, regulate 8-amyloid burden, and influence syn-
aptic plasticity alterations also contributing to excitotoxicity
(Acosta et al., 2017). Interestingly, astrocytes normally express
the BDNF protein, although at lesser levels than neurons (Saha et
al., 2006; Giralt et al., 2010; Fulmer et al., 2014; Hong et al., 2016).
Therefore, engineered astrocytes could be good candidates to
release neurotrophic factors. Indeed, genetically modified astro-
cytes have been used with positive results in some models of
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neurodegeneration (Yoshimoto et al., 1995; Carpenter et al.,
1997). This strategy could be relevant for AD as the numbers of
reactive astrocytes increases gradually as the disease progress
(Song et al., 2015). Moreover, astrogliosis has been shown to be
one of the specific hallmarks of disease progression in mouse
models of AD (Oakley et al., 2006). Because of this increase in
astrocytes, and the fact that astrogliosis leads to increased GFAP
promoter activation, one would predict that the use of this pro-
moter as a self-regulator would provide neurotrophic support at
the time when it is critically needed. Therefore, here we sought to
investigate the role of BDNF from astrocytes in normal neuronal
dendritic growth and whether this could be exploited to design
advanced and conditional therapies in AD models.

Materials and Methods

Astrocyte/neuron cocultures. Primary astrocyte cultures were obtained
from P1 to P3 BDNF */* and BDNF ~/~ mouse pups (Ernfors et al,,
1994) (IMSR catalog #EM:00247, RRID:IMSR_EM:00247) by hip-
pocampal dissections. Extracted tissue was dissociated and placed in 25
cm? flasks in a MEM 1X conditioned media NM-15 (20% FBS; Invitro-
gen; D-glucose 90 mm) with L-glutamine and Earle’s salts (Invitrogen)
and placed in an incubator at 37°C with 5% CO,. A tail biopsy was
obtained from each pup for genotyping. After two passages, cultures were
purified by agitating in a shaker during 10 min at 400 rpm. Medium with
undesired floating cells was replaced, and flasks were placed in an incu-
bator for 2 h at 37°C. Next, flasks were agitated again for 16—18 h at 250
rpm. Finally, medium with floating cells was replaced with new medium.
Once astrocytes reached confluence, they were seeded in 24-well plaques
and allowed to reach confluence. Then, 1 d before the addition of hip-
pocampal neurons, astrocyte cultures were preincubated with neuro-
basal medium (Invitrogen) containing 1 ml per 50 ml of B27 supplement
(Invitrogen) and 50 ml of GlutaMAX (100X; Invitrogen). Hippocampal
neurons were prepared from E17 C57BL/6] mouse embryos (pregnant
mice from Charles River). The neuronal cell suspension was low density
seeded in the 24-well plaques already containing astrocytes (10,000 cells
cm?). Cocultures were fixed at 6 DIV or 20 DIV after neuron seeding to
evaluate the number of dendrites and dendritic spines, respectively. Cul-
tures collected at 20 DIV were transfected 48 h before cell fixation with
Transfectine (Bio-Rad) following the manufacturer’s instructions. Cells
were transfected with a previously described construct expressing GFP
(Giralt et al,, 2017) to allow dendritic spine density counting in isolated
hippocampal neurons.

qPCR assay. Total RNA from astrocyte cultures (see above) and
HEK293 cells was extracted using the RNeasy Lipid Tissue Mini Kit
(QIAGEN). Total RNA (500 ng) was used to synthesize cDNA using
random primers with the High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems). The cDNA synthesis was performed at 37°C
for 120 min in a final volume of 20 ul according to the manufacturer’s
instructions. The cDNA was then analyzed by gPCR using the following
gene expression assays: 18S (NR_003286; Integrated DNA Technologies)
and BDNF (NM_001048139; Integrated DNA Technologies). RT-PCR
was performed in 12 ul of final volume on 96-well plates using the Pre-
mix Ex Taq (Probe qPCR; Takara Biotechnology). Reactions included
the following: Segment 1, 1 cycle of 30 s at 95°C; Segment 2, 40 cycles of
5 s at 95°C and 20 s at 60°C. All RT-PCR assays were performed in
duplicate and repeated for at least three independent experiments. To
provide negative controls and exclude contamination by genomic DNA,
the RT was omitted in the cDNA synthesis step, and the samples were
subjected to the PCR in the same manner with each TagMan Gene Ex-
pression Assay. The RT-PCR data were analyzed using the MxProTM
qPCR analysis software version 3.0 (Stratagene). Quantification was per-
formed with the Comparative Quantitation Analysis program of this
software and using the 18S gene expression as internal loading control.

Immunocytochemistry and neuronal morphology assessment. Fixed cells
were permeabilized in Triton X-100 0.5% (v/v) for 10 min, and then
blocking was performed with 10 g/L BSA in PBS for 1 h. Cells were
incubated with a mouse monoclonal antibody for MAP2 (1:800, Sigma-
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Aldrich catalog #M1406, RRID:AB_477171) at 4°C overnight. After three
washes with PBS, cells were incubated with the corresponding Cy3-
coupled fluorescent secondary antibody (1:200; Jackson ImmunoRe-
search Laboratories catalog #715-165-150, RRID:AB_2340813). After
washing twice with PBS, the coverslips were mounted with Vectashield
(Vector Laboratories). Hippocampal neuron staining was observed with
a confocal SP5-I1 (see below).

Mouse lines. For this study, we used the transgenic mouse line 5xFAD
(MMRRC catalog #034840-JAX, RRID:MMRRC_034840-JAX). 5xFAD
mice overexpress the 695-amino acid isoform of the human amyloid
precursor protein (APP695) carrying the Swedish, London, and Florida
mutations under the control of the murine Thy-1 promoter. In addition,
they express human presenilin-1 (PSEN-1) carrying the M146L/L286V
mutation, also under the control of the murine Thy-1 promoter (Oakley
et al., 2006). We crossed 5xFAD mice with the previously generated
pGFAP-BDNF mice (Giralt et al., 2010) to obtain 5XFAD mice that over-
express BDNF under the GFAP promoter (5xF:pGB mice). For astrocyte
cultures, we used P1-P3 BDNF */* and BDNF ~/~ mice (Ernfors et al.,
1994) (IMSR catalog #EM:00247, RRID:IMSR_EM:00247). Mouse
genotyping for pGFAP-BDNF, 5xFAD, and BDNF ~/~ mice was per-
formed from a tail biopsy, as previously described (Oakley et al., 2006;
Giralt et al,, 2009, 2010) by Charles River services. The animals were
housed with access to food and water ad libitum in a colony room kept at
19°C-22°C and 40%—60% humidity, under a 12:12 h light/dark cycle.
Experimental animals were all males and used at 8 months of age and in
accordance with the ethical guidelines (Declaration of Helsinki and NIH
Publication no. 85-23, revised 1985, European Community Guidelines,
and French Agriculture and Forestry Ministry guidelines for handling
animals, decree 87849, license A 75-05-22) and approved by the local
ethical committee.

Western blot. Mice were deeply anesthetized in a CO, chamber, the
brains quickly removed, hippocampus dissected out, frozen in dry ice,
and stored at —80°C until use. Briefly, tissue was sonicated in 250 ml of
lysis buffer (PBS, 1% Nonidet P40 [v/v], 1 g/L SDS, 5 g/L sodium deoxy-
cholate, protease inhibitors mixture 1:1000 [Sigma-Aldrich], and 2 g/L
sodium orthovanadate) and centrifuged at 12,000 rpm for 20 min, and
the pellet was discarded. Proteins (15 mg) from hippocampal or cortical
tissue were analyzed by SDS-PAGE (7.5% acrylamide, w/v) and trans-
ferred to nitrocellulose membranes (Millipore). Membranes were
blocked in TBS-T (150 mm NaCl, 20 mm Tris-HCI, pH 7.5, 0.05% [v/v]
Tween 20) with 50 g/L nonfat dry milk and 50 g/L BSA. Immunoblots
were probed with anti-GFAP (1:1000, Agilent Technologies catalog
#70334, RRID:AB_10013382), anti-BDNF (1:1000, Santa Cruz Biotech-
nology catalog #sc-546, RRID:AB_630940), anti-Akt (1:1000, Cell Sig-
naling Technology catalog #9272, RRID:AB_329827), anti-ERK (1:1000,
Cell Signaling Technology catalog #4695, RRID:AB_390779), anti-PLCy
(1:1000, Cell Signaling Technology catalog #2822, RRID:AB_2163702),
anti-phosphor-Akt (1:1000, Cell Signaling Technology catalog #4056,
RRID:AB_331163), anti-phosphor-ERK (1:1000, Cell Signaling Tech-
nology catalog #9101, RRID:AB_331646), anti-phosphor-PLCy (1:1000,
Cell Signaling Technology catalog #2821, RRID:AB_330855), or anti-a-
tubulin (1:10,000, Sigma-Aldrich catalog #19026, RRID:AB_477593).
All blots were incubated overnight at 4°C with shaking, in the pres-
ence of the primary antibody in PBS with 0.2 g/L sodium azide. After
several washes in TBS-T, blots were incubated with anti-rabbit IgG
IRdye800CW-coupled or anti-mouse IgG IRdye700DX-coupled an-
tibodies (1/2000, Rockland Immunochemicals) and signal detected
by the Odyssey system (Li-Cor) and analyzed using Image].

Golgi staining, spine counting, and morphological analysis. Fresh brain
hemispheres were processed following the Golgi-Cox method as de-
scribed previously (Giralt et al., 2017). Essentially, mouse brain hemi-
spheres were incubated in the dark for 21 d in filtered dye solution (10 g
L~ 'K,Cr,0,,10gL "' HgCl,,and 8 gL ~' K,CrO,). The tissue was then
washed 3 X 2 min in water and 30 min in 90% ethanol (EtOH) (v/v); 200
um sections were cut in 70% EtOH on a vibratome (Leica Microsystems)
and washed in water for 5 min. Next, they were reduced in 16% (v/v)
ammonia solution for 1 h before washing in water for 2 min and fixation
in 10 g1~ Na,S,0, for 7 min. After a 2 min final wash in water, sections
were mounted on superfrost coverslips, dehydrated for 3 min in 50%,
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then 70%, 80%, and 100% EtOH, incubated for 2 X 5 min in a 2:1
isopropanol:EtOH mixture, followed by 1 X 5 min in pure isopropanol
and 2 X 5 min in xylol. Bright-field images of Golgi-impregnated stra-
tum radiatum dendrites from hippocampal CAl pyramidal neurons
were captured with a Nikon DXM 1200F digital camera attached to a
Nikon Eclipse E600 light microscope (100X oil objective). Only fully
impregnated pyramidal neurons with their soma found entirely within
the thickness of the section were used. Image z stacks were taken every 0.2
mm and at 1024 X 1024 pixel resolution, yielding an image with pixel
dimensions of 49.25 X 49.25 mm. Z stacks were deconvolved using the
Huygens software (Scientific Volume Imaging) to improve voxel resolu-
tion and to reduce optical aberration along the zaxis. The total number of
spines counting and their morphology categorization were performed by
using the NeuronStudio freeware (NeuronStudio, RRID:SCR_013798).
At least 60 dendrites per group from at least 5 mice per genotype were
counted. For spine morphology analysis, we analyzed between 2000 and
3000 spines (500 spines per mouse from 5 mice per group). Each spine
was categorized as having or not having a neck. Spines were defined as
stubby if they did not contain a visible neck. Spines with necks were
separated into thin and mushroom spines based on head width. Filopo-
dia, defined as protrusions 1.5 um in length without a head, were ex-
cluded from the analysis of spine subtypes. Spines with heads less than
the average width were categorized as thin, and those with heads greater
than the average width were categorized as mushroom as previously
described (Giraltetal., 2017). From these measures, the percentage of the
various spine types was obtained. Picture acquisition and subsequent
analysis were performed independently by two investigators blind to
genotypes and results were then pooled. Overall differences between the
results were minor.

Tissue fixation and immunofluorescence. Animals were deeply anesthe-
tized with pentobarbital (60 mg/kg) and intracardially perfused with a
4% (w/v) PFA solution in 0.12 M sodium phosphate, pH 7.2. Brains were
removed and postfixed overnight in the same solution, cryoprotected
with 300 g/L sucrose in 20 mym sodium phosphate, pH 7.5, 150 mm NaCl
(PBS) with 0.2 g/L sodium azide, and frozen in dry ice-cooled isopentane.
Serial coronal sections (30 wm) obtained with a cryostat were processed
for immunohistochemistry as free-floating sections. They were
washed three times in PBS, permeabilized 15 min by shaking at room
temperature with PBS containing (v/v) 0.3% Triton X-100 and 3% nor-
mal goat serum (Pierce Biotechnology). After three washes, brain sec-
tions were incubated overnight by shaking at 4°C with antibodies for
anti-PSD-95 (1:500, Millipore catalog #MAB1596, RRID:AB_2092365),
anti-synaptophysin (1:500, Synaptic Systems catalog #101 011, RRID:
AB_887824), or anti-phosphor-TrkBY®'¢ (1:350, Abcam catalog
#ab75173, RRID:AB_1281172) in PBS with 0.2 g/L sodium azide. After
incubation with primary antibody, sections were washed three times and
then placed 2 h on a shaking incubator at room temperature with the
subtype-specific fluorescent secondary AlexaFluor-488 anti-rabbit (1:
250, Thermo Fisher Scientific catalog #A32731, RRID:AB_2633280) or
anti-mouse 555 (1:250, Thermo Fisher Scientific catalog #A32727, RRID:
AB_2633276). No signal was detected in control sections incubated in the
absence of the primary antibody.

Confocal imaging and analysis. Dorsal hippocampus in fixed tissue and
fixed primary cultures were imaged using a Leica Microsystems Confocal
SP5-1I at the Institut du Fer a Moulin Cell and Tissue Imaging facility,
with a 40X or 63X numerical aperture lens with 5X digital zoom and
standard (1 Airy disc) pinhole (1 AU) and frame averaging (3 frames per
z step) were held constant throughout the study. Confocal z stacks were
taken every 0.2 um for in vitro experiments and every 2 um for in vivo
experiments, and at 1024 X 1024 pixel resolution. The in vitro Sholl
analysis, the dendritic spine counting, the in vivo analysis of PSD95- and
synaptophysin-positive clusters, and the colocalization of double-labeled
PSD-95/phospho-TrkB Y8'¢-positive clusters were analyzed with the
freeware ImageJ (ImageJ, RRID:SCR_003070). Briefly, for in vivo imag-
ing analysis, for each mouse, at least 3 slices of 30 wm containing dorsal
hippocampal tissue were analyzed. Up to 3 representative images, from
CAl-stratum radiatum layer, were obtained from each slice. For the in
vitro analysis, in the Sholl experiment, we evaluated 45— 60 neurons, all of
them MAP2-positive from 3 different cultures. To estimate the density of
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dendritic spines, 31-41 dendrites from MAP2-positive neurons (1 or 2
dendrites/neuron) from 3 different cultures were counted.

Electronic microscopy. Mice were transcardially perfused with a solu-
tion containing 4% PFA and 0.1% glutaraldehyde made up of 0.1 M PB,
pH 7.4. Brains were then immersed in the same fixative for 12 h at 4°C.
Tissue blocks containing the hippocampus were dissected and washed in
0.1 M PB, cryoprotected in 100 and 200 g/L sucrose in 0.1 M PB, and
freeze-thawed in isopentane and liquid nitrogen. Samples were postfixed
in 2.5% glutaraldehyde made up of 0.1 M phosphate buffer for 20 min,
washed and treated with 2% osmium tetroxide in PB for 20 min. They
were dehydrated in a series of ethanol and flat embedded in epoxy resin
(EPON 812 Polysciences). After polymerization, blocks from the CA1
region were cut at 70 nm thickness using an ultramicrotome (Ultracut E
Leica Microsystems). Sections were cut with a diamond knife, picked up
on formvar-coated 200 mesh nickel grids. For etching resin and remove
osmium, sections were treated with saturated aqueous sodium periodate
(NalO,). They were then observed with a CM-100 electron microscope
(Philips) at the Institut du Fer 8 Moulin Cell and Tissue Imaging facility.
Digital images were obtained with a CCD camera (Gatan Orius). To test
method specificity of the immunostaining procedure, the primary anti-
body was omitted. In ultrathin sections, the density of synaptic vesicles
was calculated by counting the number of vesicles within a defined pre-
synaptic area. The area of postsynaptic densities was also evaluated. All
these calculations were performed by using the Image].

Behavioral tests. To analyze mouse anxiety, we used the elevated plus
maze paradigm. Briefly, the plus maze was made of plastic and consisted
of two opposing 30 X 8 cm open arms, and two opposing 30 X 8 cm arms
enclosed by 15-cm-high walls. The maze was raised 50 cm from the floor
and lit by dim light. Each mouse was placed in the central square of the
raised plus maze, facing an open arm, and its behavior was scored for 5
min. At the end of each trial, any defecation was removed, and the appa-
ratus was wiped with 30% ethanol. We recorded the time spent in the
open arms, which normally correlates with low levels of anxiety. Animals
were tracked and recorded with SMART junior software (Panlab).

To check spontaneous locomotor activity, we used the open field.
Briefly, the apparatus consisted of a white square arena measuring 40 X
40 X 40 cm in length, width, and height, respectively. Dim light intensity
was 60 lux throughout the arena. Animals were placed in the arena center
and allowed to explore freely for 30 min. Spontaneous locomotor activity
was measured. At the end of each trial, any defecation was removed, and
the apparatus was wiped with 30% ethanol. Animals were tracked and
recorded with SMART junior software (Panlab).

The novelty-suppressed feeding (NSF) measured the mice aversion to
eat in a novel environment. This test assesses stress-induced anxiety by
measuring the latency of an animal to approach and eat a familiar food in
an aversive environment. For this task, mice were food-restricted for a
period of 24 h. After food restriction, the animals were placed in a large,
brightly lit, open field. A piece of white filter paper was placed in the
center of the arena with a small piece of rodent chow. The time to ap-
proach and eat a pellet of food located in the center of the arena was
measured and used to evaluate anxiety-like behavior.

The forced swimming test was used to evaluate behavioral despair.
Animals were subjected to a 6 min trial during which they were forced to
swim in an acrylic glass cylinder (35 cm of height X 20 cm of diameter)
filled with water, and from which they could not escape. The time that the
test animal spent in the cylinder without making any movements beyond
those required to keep its head above water was measured.

The spontaneous alternation performance was tested using a sym-
metrical Y-maze. Each mouse was placed in the center of the Y-maze
and could explore freely through the maze during an 8 min session.
The sequence and total number of arms entered were recorded. Arm
entry was complete when the hindpaws of the mouse had been com-
pletely placed in the arm. Percentage alternation is the number of
triads containing entries into all three arms divided by the maximum
possible alternations (the total number of arms entered — 2) X 100.
As the reentry into the same arm was not counted for analysis, the
chance performance level in this task was 50% in the choice between
the arm mice visited more recently (nonalternation) and the other
arm visited less recently (alternation).
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The novel object location memory task evaluates spatial memory and
is based on the ability of mice to recognize when a familiar object has
been relocated. Exploration took place in an open-top arena with quad-
rangular form (45 X 45 cm). The light intensity was 40 lux throughout
the arena. Mice were first habituated to the arena in the absence of objects
(1 d, 30 min). Some distal cues were placed throughout the procedure.
On the third day during the acquisition phase, mice could explore two
duplicate objects (A1l and A2), which were placed close to the far corners
of the arena for 10 min. After a delay of 24 h, one object was placed in the
diagonally opposite corner. Thus, both objects in the phase were equally
familiar, but one was in a new location. The position of the new object
was counterbalanced between mice. Animals were tracked and recorded
with SMART Junior software (Panlab).

For the passive avoidance (light-dark) paradigm, we conducted the
experiments in a 2-compartment box, where 1 compartment was dimly
lit (20 lux) and preferable to a rodent and the other compartment was
brightly lit (200 lux); both chambers were connected by a door (5 cm X
5 cm). During training, mice were placed into the aversive brightly lit
compartment; and upon the entry into the preferred dimly lit compart-
ment (with all 4 paws inside the dark chamber), mice were exposed to a
mild foot shock (2 s foot shock, 1 mA intensity). The latency of mice to
enter into the dark chamber was recorded. Twenty seconds after receiv-
ing the foot shock, mice were returned to the home cage until testing.
After 24 h (long-term memory), animals were tested for retention. In the
retention test, mice were returned to the brightly lit compartment again,
and the latency to enter the shock paired compartment (dark chamber)
was measured (retention or recall latency). Ten minutes was used as a
time cutoff in the retention test. The animals that learned the task would
avoid the location previously paired with the aversive stimulus and
showed a greater latency to enter it.

In vivo electrophysiological recordings. Animals were anesthetized with
0.8%—1.5% isoflurane (Astra Zeneca) delivered via a special mask (Cib-
ertec). Once anesthetized, animals were implanted with bipolar stimu-
lating electrodes aimed at the right Schaffer collateral-commissural
pathway of the dorsal hippocampus (2 mm lateral and 1.5 mm posterior
to bregma; depth from brain surface, 1.0-1.5 mm) (Paxinos and Frank-
lin, 2013) and with a recording electrode aimed at the ipsilateral stratum
radiatum underneath the CA1 area (1.2 mm lateral and 2.2 mm posterior
to bregma; depth from brain surface, 1.0-1.5 mm) (Paxinos and Frank-
lin, 2013). Stimulating and recording electrodes were made of 50 um,
Teflon-coated tungsten wire (Advent Research Materials). The final lo-
cation of the recording electrode in the CA1 area was determined follow-
ing the field potential depth profile evoked by paired (40 ms interval)
pulses presented to the ipsilateral Schaffer collateral pathway (Gruart et
al., 2006). Two bare silver wires were affixed to the skull as ground.
Electrodes were connected to a 6-pin socket (RS-Amidata) that was lat-
terly fixed with dental cement to the cranial bone. After surgery, each
animal was kept in an independent cage with free access to food and
water for the rest of the experiment.

Recording sessions were started 1 week after surgery. Electrophysio-
logical recordings were performed using Grass P511 differential amplifi-
ers with a bandwidth of 0.1-10 kHz (Grass-Telefactor). Electrical
stimulation was provided by a CS-220 stimulator across CS-220 isolation
units (Cibertec). For input/output curves, monosynaptic fEPSPs were
evoked in the CA1 area by single (100 us, square, and negative-positive)
pulses applied to Schaffer collaterals. These pulses were presented at
increasing intensities ranging from 20 to 400 A, in steps of 20 wA. To
avoid interactions with the preceding stimuli, an interval of 30 s was
allowed between each pair of pulses (Madronal et al., 2007).

For the characterization of the paired-pulse facilitation at the CA3-
CA1 synapse, we used the same type of pulses indicated above, but pre-
sented in pairs at increasing interpulse intervals (10, 20, 40, 100, 200, and
500 ms). For each animal, the stimulus intensity was set at 30%-40% of
the intensity necessary for evoking a maximum fEPSP response (Gurevi-
ciene et al., 2004; Gruart et al., 2006). Intervals between pairs of pulses
were set at ~30 s, to avoid unwanted interactions evoked by presynaptic
or postsynaptic mechanisms.

LTP experiments were also performed in alert behaving animals.
fEPSPs were evoked at the CA3-CALl synapse for 15 min before LTP
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induction. For this, single pulses were presented at a rate of 3 per min.
The stimulus intensity was set at 30%—40% of the intensity necessary
for evoking a maximum fEPSP response, namely, well below the
threshold for evoking a population spike (Gruart et al., 2006; Madro-
nal et al., 2007). For LTP induction, each animal was subjected to a
high-frequency stimulation (HFS) protocol consisting of five 200 Hz,
100 ms trains of pulses at a rate of 1 per second. This protocol was
presented six times, at intervals of 1 min. The HFS protocol used here
(combining low intensity values and a total of 600 electric shocks)
allowed us to evoke LTP lasting >2-3 d, without the appearance of
abnormal spikes in EEG recordings and/or overt epileptic seizures
(Madronal et al., 2009). Following the HFS session, animals were
stimulated again with single pulses applied for 60 min at the same rate
of 3 per min. Additional 30 min recordings of fEPSPs were repeated
for 3 d following the HFS session.

Experimental design and statistical analysis. All data are expressed as
mean * SEM. Statistical analysis was performed using the unpaired two-
sided Student’s t test (95% confidence), one-way ANOVA with the
Tukey’s as post hoc tests, or two-way ANOVA with the Bonferroni’s post
hoc test as appropriate and indicated in the figure legends. Values of p <
0.05 were considered statistically significant.

All experiments in this study were blinded and randomized. All mice
bred for the experiments were used for preplanned experiments and
randomized to experimental groups. Visibly sick animals were excluded
before data collection and analysis. Data were collected, processed, and
analyzed randomly. The experimental design and handling of mice were
identical across experiments. Littermates were used as controls with mul-
tiple litters (3-5) examined per experiments. All mice were bred in the
Institut du Fer 8 Moulin Animal Facility.

Results

Astrocytes BDNF production regulates cultured hippocampal
neurons morphology and dendritic spine density

Although BDNF is mainly produced in neurons, it is also local-
ized in astrocytes (Saha et al., 2006; Giralt et al., 2010). We veri-
fied that this was the case in our experimental conditions using
RT-PCR to detect BDNF transcripts (3745 £ 1125% increase,
p = 0.0468) (Fig. 1A). However, the precise role of BDNF from
astrocytes in neuronal function is still unclear. We evaluated
whether BDNF derived from astrocytes was physiologically rele-
vant for neuronal dendrite morphology. We cultured primary
astrocytes from mouse pups lacking the BDNF gene (BDNF ~/~
pups) or WT littermates as a control (BDNF ™" pups). After
astrocyte 100% confluence, we seeded primary WT neurons at
E17 on the top of the astrocyte monolayer (Fig. 1B). Then, some
astrocyte-neuron cocultures were fixed at 6 DIV to evaluate the
morphological characteristics of the imaged neurons stained for
MAP?2 by using the Sholl analysis (Fig. 1C). The results indicated
that the number of intersections in WT neurons grown on
BDNE /™ astrocytes were reduced compared with WT neurons
on BDNF*'* astrocytes (Fig. 1D). We fixed other astrocyte-
neuron cocultures at 20 DIV, transfected 48 h before fixation with
a GFP-expressing construct (see Material and Methods). We thus
were able to evaluate spine density in isolated MAP2-positive
neurons. We observed that the number of spines in WT neurons
cocultured with BDNF /™ astrocytes was decreased compared
with neurons cocultured with BDNF "/ astrocytes (—0.2555 *
0.046 decrease, p < 0.0001) (Fig. 1E). These results reveal a cru-
cial role of BDNF released from astrocytes in the modulation of
neurons, particularly in dendrite and spine development, in co-
culture conditions. They provide a rationale for the use of astro-
cytes to overexpress BDNF in brain locations with high levels of
pathology in AD.
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Generation and characterization of the 5xFAD mice
overexpressing BDNF under the GFAP promoter

To test the potential role of astrocyte-derived BDNF in an AD
mouse model, we then took advantage of mice that overexpress
BDNF under the control of the GFAP promoter (pGFAP-BDNF
mice) (Giralt et al., 2010). In these mice, BDNF production and
delivery are increased in neuropathological conditions accompa-
nied by astrogliosis (Giralt et al.,, 2010, 2011). We crossed
pGFAP-BDNF mice with the 5xFAD transgenic mouse model of
AD to create 5xF:pGB mice. The 5xFAD mice develop severe
amyloid pathology and associated astrogliosis at 1.5-2 months of
age, before the onset of the cognitive deficits (observed at 4
months of age) (Oakley et al., 2006). A significant decrease in
BDNF levels is also observed in 5xFAD mice (Hongpaisan et al.,
2011). We predicted that this decrease would be prevented in the
5xF:pGB double-transgenic mice. To test this hypothesis, we an-
alyzed BDNF hippocampal levels in WT, pGFAP-BDNF, 5xFAD,
and 5xF:pGB mice at 8 months of age, when their phenotype is
clear. At this age, astrogliosis was obvious throughout the hip-
pocampus, as evidenced by immunofluorescence (Fig. 2A) and
Western blot (146 * 18 increase, p < 0.001) (Fig. 2B,C). As
expected, BDNF levels were reduced (—58 = 17 decrease, p <
0.05) in the hippocampus of 5xFAD mice compared with WT
mice (Fig. 2 B, D). Interestingly, BDNF levels in the hippocampus
of 5xF:pGB mice were undistinguishable from those in WT mice,
indicating a full recovery of BDNF protein levels in this group of
mice. We next studied whether such recovery correlated with an
improvement in the BNDF-TrkB downstream signaling. We
performed Western blot analyses to measure total and phos-
phorylated levels of ERK, Akt and, PLCy, which are key pro-
teins in the three major signaling pathways downstream of
BDNEF-TrkB (Gupta et al., 2013). Total levels of ERK, Akt, and
PLCy were similar in all the four groups of mice (Fig. 2E).
Phosphorylation levels of ERK threonine/tyirosine 202/204
and PLCry tyrosine 783 were decreased in the hippocampus of
5xFAD mice (ERK™29Y2%%: —69 + 8.5 decrease, p < 0.001;
PLCyY’®: —40 + 17 decrease, p < 0.05), whereas Akt serine
308 phosphorylation was not significantly affected (Fig.
2E,F). In 5xF:pGB mice, phosphorylation of ERK and PLCvy
was like that in WT mice. Interestingly, in 5xF:pGB mice, the
phosphorylated levels of ERK and PLCy were similar to those
in WT mice. No changes in these phosphoproteins were ob-
served in the WT mice expressing the pPGFAP-BDNF transgene
(Fig. 2E,F), supporting the specificity of the astrocyte-
dependent BDNF expression. These results indicate that the
5xF:pGB mice develop a significant astrogliosis, which, in
turn, induces an overproduction of BDNF from astrocytes
preventing the loss of BDNF/TrkB function due to the effects
of APP695 and PSEN-1 transgenes. Furthermore, normaliza-
tion of BDNF levels in the 5xF:pGB mice was accompanied by
a complete restoration of BDNF-TrkB downstream signaling.

Rescue of memory alterations in 5xF:pGB mice

The 5xFAD transgenic mice display a strong phenotype with a
relatively fast time course compared with other AD mouse models.
At 8 months of age, they display decreased locomotor activity, al-
tered performance in the elevated plus maze, and memory deficits in
hippocampal-related tasks, such as the Y-maze and the novel object
location (Oakley et al., 2006; Devi and Ohno, 2015; Schneider et al.,
2015; Grinan-Ferre et al., 2016). The passive avoidance, which is also
affected in other mouse models of AD (Webster et al., 2014), has not
been reported in 5xFAD, to our knowledge. Furthermore, AD pa-
tients exhibit high comorbidity with depressive symptoms (Webster
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Figure 1.  BDNF regulates dendrites and spine number in vitro. A, Left, BDNF mRNA levels were determined in WT astrocytes. HEK293 cells were used as negative control (Student’s t test, t =
2.496, df = 6; p < 0.05; n = 3-5). Right, Representative agarose gel. Arrow indicates the molecular weight of the BDNF transcript detected at 114 bp. B, The experimental design is depicted
illustrating the two in vitro conditions: BDNF */™ astrocyte monolayer cocultured with WT neurons (i.e., BDNF ™) and BDNF ~/~ astrocyte monolayer cocultured with WT neurons (i.e.,
BDNF ~/~). C, Representative images showing the bright-field allowing visualization of the astrocyte monolayer plus some cocultured neurons on the top, hippocampal neurons stained for MAP2
(red), and transfected MAP2-positive neurons transfected with a plasmid coding GFP (green). D, Representative MAP2 images obtained by confocal microscopy from cocultured astrocytes and
neurons (top). Scale bar, 40 wm. Bottom, Sholl analysis from MAP2-positive neurons (two-way ANOVA analysis; group effect, F; 30, = 81.7, p << 0.001). E, Spine density was studied using GFP
fluorescence in transfected MAP2-positive neurons (left). Quantification of spine density (right) is shown (Student's ¢ test, t = 5.462, df = 70; p << 0.001). Data are mean == SEM. D, n = 45 and
60 MAP2-positive neurons/group from 3 different experiments. E, n = 31 and 41 *dendrites/group from 3 different experiments. ***p << 0.001 as compared to BDNF /" mice.
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Figure2. Validation of the 5xF:pGB model. Crossing 5xFAD mice with pGFAP-BDNF mice resulted in four genotypes, namely, WT, pGFAP-BDNF, 5xFAD, and the double-mutant 5xF:pGB mice. We
evaluated these mice at 8 months of age. 4, GFAP immunofluorescence microscopy imaging in the dorsal hippocampus of 8-month-old WT, pGFAP-BDNF, 5xFAD, and 5xF:pGB mice. Scale bar, 500
um. B, Immunoblotting for BDNF, GFAP, and tubulin as a loading control in the hippocampus of 8-month-old WT, pGFAP-BDNF, 5xFAD, and 5xF:pGB mice. €, Densitometry quantification of BDNF
levels as in B. D, Densitometry quantification of GFAP levels as in B. One-way ANOVA, BDNF genotype effect: 5 ,,) = 4.403, p = 0.0103; GFAP genotype effect: 3 ,5) = 41.18, p < 0.001. Data
were normalized to tubulin for each sample and expressed as a percentage of WT. £, Inmunoblotting for pAkt %, pERK 4/Y4%4, np| (Y783 ERK, Akt, and PLCy and tubulin as a loading control
in the hippocampus of 8-month-old WT, pGFAP-BDNF, 5xFAD, and 5xF:pGB mice. F, Densitometry quantification of pAkt %8, pERK ™°%¥404 and pPLCyY7® levels as in E. One-way ANOVA,
PERK T02Y4%* genotype effect: £ 5 5 = 29.14, p < 0.001; pAkt**™**® genotype effect: F; 5 = 0.5666,p << 0.646; pPLCy 7™ genotype effect: F 5 55 = 5.251, p < 0.0053. Data were normalized
to the corresponding total levels of ERK, Akt, and PLC-y for each sample and expressed as a percentage of WT. Data are mean == SEM. C~F, Tukey's test as a post hoc analysis was used. *p < 0.05;
**xp < 0,001; compared with WT mice. **p << 0.01; *%° p < 0.001; compared with 5xFAD mice. B, E, Molecular weight markers positions are indicated in kDa. C—F, n = 6 —11/group.
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Figure 3.  Characterization of 5xF:pGB mice. A, WT, pGFAP-BDNF, 5xFAD, and mice at 8 months of age were subjected to a comprehensive behavioral characterization. In the open field, (A)
locomotor activity and (B) time spent in the center of the arena were monitored for 30 min in WT, pGFAP-BDNF, 5xFAD, and 5xF:pGB mice. Locomotor activity, two-way ANOVA, genotype effect:
Fis 116 = 1.2654,p = 0.2899; time in center, one-way ANOVA: £ 3 ¢ = 1.009, p = 0.3934.(, In the plus maze, the time spent n the open arms was monitored for 5 min in the four groups of mice.
One-way ANOVA: F 3 ;) = 6.907,p = 0.005. D, In the NSF test, the time to reach and eat the pelletin the center of the arena was evaluated in the four genotypes. One-way ANOVA: f 5 ;5 = 1.467,
p = 0.2303. E, In the forced swimming test, the immobility time was evaluated during the last 4 min of the 6 min trial in all groups. One-way ANOVA: f 5 g5, = 0.9903, p = 0.417. F, In the novel
object location test, spatial long-term memory was evaluated 24 h after a training trial as the percentage of time exploring the object placed in a new location (NL) (Figure legend continues.)
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et al., 2014) and depressive behaviors have been reported at least in
one mouse model of AD (Filali et al., 2009).

To evaluate the potential beneficial effects of reactive
astrocytes-targeted BDNF expression in 5XFAD mice, we char-
acterized all these behavioral parameters. We first evaluated the
basal locomotor activity and anxiety in the open field in WT,
pGFAP-BDNEF, 5xFAD, and 5xF:pGB mice. All groups of mice
displayed a similar initial habituation and comparable levels of
locomotor activity (Fig. 3A) and time spent in the center (Fig.
3B). Next, we investigated anxiety by performing the elevated
plus maze and the NSF tests. In the elevated plus maze, both
5xFAD mice (18.45 * 6.6 increase, p < 0.05) and 5xF:pGB mice
(23.50 = 6.92 increase, p < 0.01) spent more time in the open
arms than WT and pGFAP-BDNF mice (Fig. 3C), but there were
no differences between 5xFAD and 5xF:pGB mice. In the NSF,
the mice from all four groups showed similar latencies to feed in
the aggressive environment (Fig. 3D). We also tested the behav-
ioral resignation in the four groups of mice by performing the
forced swimming test. The amount of time during which the
mice were swimming trying to escape from the water was similar
in all mice, independently of their genotype (Fig. 3E). These re-
sults indicate that 5XFAD mice displayed only minor anxiety or
mood-related alterations, with only an apparent decrease in anx-
iety in the elevated plus maze, which was not modified by BDNF
overexpression.

We next studied memory in these mice. First, we evaluated
spatial memory in the novel object location test, which is based
on the ability of rodents to recognize when a familiar object has
been relocated. After habituation to the open field arena, mice
were trained in the presence of 2 identical objects (Al and A2),
and spatial memory was assessed 24 h later by displacing one of
the two objects. 5XFAD mice exhibited a significantly lower pref-
erence for the displaced object compared (1.877 = 5.64, not sig-
nificant between old location and new location) with either WT
or pGFAP-BDNF mice (Fig. 3F). The spatial memory deficit was
prevented in the 5xF:pGB mice (Fig. 3F). Next, mice were tested
in the spontaneous alternation Y-maze paradigm that assesses
spatial working memory (Lalonde, 2002). The spontaneous alter-
nation behavior relies on the tendency of mice to enter a less
recently visited arm compared with the other one. WT and
pGFAP-BDNF mice displayed a spontaneous alternation,
whereas the arm choice was decreased to 50% (chance levels) in
the 5xFAD mice (—12.70 * 3.27 decrease, p < 0.01) (Fig. 3G).
The spontaneous alternation was restored to WT control levels in
5xF:pGB mice. Finally, we examined associative memory in the
passive avoidance task, based on the association formed between
an electrical foot shock and a spontaneously preferred specific
environmental context (darkness vs light). Latency to step-
through during the training session was similar between geno-
types (Fig. 3H). However, in the testing session, although all
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(Figure legend continued.)  versus the time exploring the object placed in an old location (OL).
Two-way ANOVA, objectin anew location effect: F 5 ;55 = 40.80, p << 0.001. Interaction effect:
Fis150 = 7.14, p = 0.002. G, In the Y-maze, the spontaneous alternation was measured (as
triads) in an 8 min trial in all four genotypes. One-way ANOVA: F; 4, = 7.717,p = 0.003.H,In
the passive avoidance paradigm, the latency (seconds) to step-through was evaluated in the
training trial and in the testing trial 24 h after receiving an electric shock (2 /1 mA). One-way
ANQVA: Fi3 156 = 5.384, p = 0.0016. Data are mean = SEM. A, B, H, n = 1825 mice/
genotype. G,n = 12—14mice/genotype. Tukey's post hoc test was used for all behavioral tasks.
€, G, H,*p < 0.05; **p < 0.01; ***p < 0.001; compared with WT. ¥p < 0.05; **p < 0.01;
compared with 5xFAD. F, *p << 0.05; ***p < 0.001; compared with percentage of time explor-
ing the object in an old location (OL).
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genotypes showed a significant increase in the latency to enter the
dark compartment 24 h after receiving an electrical shock (wt:
255 * 39 increase, p < 0.001; pGFAP-BDNF: 192 * 32 increase,
p <0.001; 5xFAD 78.8 £ 28 increase, p < 0.05; 5xF:pGB: 145 *
35 increase p < 0.001), this latency was shorter in mutant 5xFAD
mice compared with WT (—178 = 34 decrease, p < 0.001) or
PGFAP-BDNF mice (—117.70 = 30 decrease, p < 0.01) (Fig.
3H). This alteration was absent in double-mutant 5xF:pGB mice
(Fig. 3H). The results of the novel object location, spontaneous
alternation, and passive avoidance tests demonstrate that tar-
geted increased expression of BDNF prevented several memory
deficits in 5xFAD mice.

Normalization of BDNF levels in double-mutant 5xF:pGB
mice does not prevent plaque formation and neurogenesis
deficits

To test whether the restoration of BDNF levels modulated
B-amyloidosis in 8-month-old 5xFAD mice, toluidine blue stain-
ing was performed to determine the number of plaques in the
hippocampus and PFC of 5xFAD and 5xF:pGB mice (Fig. 4A).
The cortical plaque load in 5xF:pGB mice was indistinguishable
from that in age-matched 5xFAD control mice. However, in the
hippocampus, we detected an increase in the number of plaques
in 5xF:pGB mice compared with 5xFAD mice (0.3507 = 0.0469
increase, p = 0.017) (Fig. 4B). We hypothesized that the size of
the plaques could be different between genotypes, indicating dif-
ferent dynamics in (-amyloidosis. To test this possibility, we
characterized the plaques in the hippocampus of 5xFAD and 5xF:
PGB mice by using electron microscopy (Fig. 4C). Ultrastructural
analysis revealed that hippocampal plaques in 5xF:pGB mice
were visually more compact but significantly smaller than the
plaques in 5XxFAD mice (—131 = 27 decrease, p = 0.015) (Fig.
4C,D), supporting the hypothesis that S-amyloid accumulation
in 5xF:pGB mice is different compared with that in 5xFAD mice.
Because findings on hippocampal plaque quantification ap-
peared inconsistent with memory improvements, we then evalu-
ated the rate of newborn cells in the dentate gyrus, whose deficits
have been previously reported to be associated with cognitive
impairments (Moon et al., 2014). We counted the number of
Ki67-positive cells in the dentate gyrus of the four groups of mice.
A significant decrease in the number of newborn cells was ob-
served in the dentate gyrus of both 5xFAD (—5 = 1.69 decrease,
p < 0.05) and 5xF:pGB (—5.26 * 1.84 decrease, p < 0.05) mice
compared with WT or pGFAP-BDNF mice (Fig. 4E,F). These
data indicate that normalizing BDNF levels in 5xF:pGB mice is
not enough to prevent the alterations in neurogenesis observed in
5xFAD mice.

Normalization of BDNF levels in double-mutant 5xF:pGB
mice restores dendritic spines and synaptic alterations
Because BDNF normalization did not improve neuropathologi-
cal hallmarks in 5xFAD mice, including astrogliosis (Fig. 2A-C),
plaque number (Fig. 4 A, B), and neurogenesis deficit (Fig. 4 E, F),
we assumed that phenotypic improvements observed in 5xF:pGB
mice could be related with synaptic changes. To test this hypoth-
esis, we performed Golgi staining in two different brain regions in
all 4 genotypes at the age of 8 months to examine dendritic spine
density and morphology in pyramidal neurons. We examined the
cortical layer V in the PFC and the stratum radiatum of CA1l.
First, we observed that spine density in secondary dendrites of
cortical pyramidal neurons was significantly decreased in 5xFAD
mice compared with WT mice (—0.231 % 0.034 decrease, p <
0.001) (Fig. 5A,B). This decrease was partially rescued in 5xF:
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Figure4.  Analysis of gross neuropathology and neurogenesis in WT, pGFAP-BDNF, 5xFAD, and 5xF:pGB mice. A, Amyloid plaques images stained with blue toluidine obtained in a bright-field
microscope in the frontal cortex (top left) and in the hippocampus (bottom left) of 5XFAD and 5xF:pGB mice at 8 months of age. Scale bar, 400 um. B, The plaque density was determined by manual
counting in the PFCand in the hippocampus of all four genotypes (right). Student’s unpaired ¢ test: PFC, t = 1.923, df = 4, p = 0.1268; hippocampus, t = 7.446, df = 4, p = 0.0017. C, Amyloid
plague images obtained with electronic microscopy (left). Plaques have been colorized for easy visualization for the reader. Black arrows indicate the plague boundary. D, The hippocampal plague
areawas determined by using the ImageJ software (right). Scale bar, 10 wem. Student’s unpaired t test: t = 4.743, df = 8, p = 0.0015. £, Ki67-positive cells obtained by confocal microscopy imaging
in the dentate gyrus in 8-month-old WT, pGFAP-BDNF, 5xFAD, and 5xF:pGB mice (left). Scale bar, 300 wm. F, Quantification of the number of the Ki67-positive cells per (Figure legend continues.)
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PGB mice (—0.089 = 0.036 decrease, p < 0.05) (Fig. 5A,B).
Then, we analyzed spine morphology and the density of the three
different spine types (mushroom, thin, and stubby) in the same
pyramidal neurons (Fig. 5C). No differences were observed in the
density of stubby spines, whereas thin spines were markedly de-
creased in 5XxFAD mice (—0.108 = 0.021 decrease, p < 0.001) and
completely recovered in 5xF:pGB mice (Fig. 5C). In contrast,
mushroom spines were decreased equally in 5xFAD (—0.098 *
0.021 decrease, p < 0.001) and in 5xF:pGB (—0.067 = 0.023
decrease, p < 0.05) mice compared with WT and pGFAP-BDNF
mice. These results revealed that overexpression of astrocytic
BDNF in 5xF:pGB mice specifically rescued thin spines but not
mushroom spines in the PFC.

Next, we examined the same parameters in CAl pyramidal
neurons in the four genotypes. Spine density was decreased in
5xFAD mice compared with WT mice (—0.132 * 0.046 decrease,
p < 0.05), and this decrease was rescued in 5xF:pGB mice (Fig.
5D, E). When we analyzed spine morphology, we detected a small
decrease in stubby spine density only in 5xF:pGB compared with
WT mice (—0.076 % 0.048 decrease, p < 0.05) whose meaning is
uncertain (Fig. 5F). In contrast, a clear decrease in thin spines
density was observed in 5XxFAD compared with WT mice
(—0.100 = 0.026 decrease, p < 0.01) that was rescued in 5xF:pGB
mice (Fig. 5F). Finally, no changes in the density of mushroom
spines were detected in any group. These results show that the
main alteration in both PFC and hippocampal CA1 region was a
decrease in thin spines in 5XxFAD mice which was rescued in
5xF:pGB mice.

To explore changes in excitatory synapses likely associated
with spine alterations, we evaluated presynaptic and postsynaptic
markers. We examined the number of positive clusters for
PSD-95 and synaptophysin, which are postsynaptic and presyn-
aptic markers, respectively, previously reported to be decreased
in 5xFAD mice, correlating with cognitive decline (Yang et al.,
2015; Giralt et al., 2018). We analyzed these two markers in CA1
stratum radiatum of 8-month-old mice. As expected, the number
of PSD-95-positive puncta was decreased in 5xFAD compared
with WT mice (—754 = 125 decrease, p < 0.001) (Fig. 6A,B).
This decrease was rescued in 5xF:pGB mice (Fig. 6A,B). The
number of synaptophysin-positive puncta was also decreased in
CAl stratum radiatum of 5xFAD compared with WT mice
(—685 £ 190 decrease, p < 0.05) (Fig. 6C,D). Synaptophysin
puncta were recovered in 5xF:pGB mice. Together, these results
suggest that the behavioral improvement observed in 5xF:pGB
mice compared with 5xFAD mice was accompanied by an im-
provement in the clusters of presynaptic and postsynaptic mark-
ers, indicative of actual synapses. Additionally, we evaluated
whether these changes were associated with direct TrkB-
mediated signaling in neurons. To do so, we counted the number
of double-labeled PSD-95/phospho-TrkB **'°-positive puncta in
the CA1 stratum radiatum of 8-month-old mice. We observed
that 5xFAD mice displayed a reduction of double-labeled PSD-
95/phospho-TrkB Y#'-positive puncta in the stratum radiatum
(—65 = 20 decrease, p < 0.05), whereas such parameter was fully
recovered in 5xF:pGB mice (Fig. 6 E, F), indicating that 5xF:pGB
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(Figure legend continued.) field (right). Genotype effect: F5 5o, = 5.323, p << 0.0073. Data
are mean = SEM. B, D, Student’s unpaired ¢ test. F, One-way ANOVA and Tukey's post hoc test.
B, D, *p < 0.05; **p < 0.01; compared with 5xFAD mice. F, *p < 0.01; compared with WT
mice. B, n = 4 mice/genotype. D, n = 4 mice/genotype. F, n = 6 or 7 mice/genotype. (tx,
Frontal cortex; Hipp, hippocampus.
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mice improvements were associated with a TrkB-dependent sig-
naling recovery in neurons. Next, to further examine presynaptic
and postsynaptic changes, we performed electronic microscopy
experiments and analyzed the PSD area and the number of pre-
synaptic vesicles per synapse, in the CA1 stratum radiatum of the
four groups of mice at 8 months. We observed no alteration of the
PSD area in 5xFAD mice but an unexpected increase in pGFAP-
BDNF controls (0.0059 % 0.00089 increase, p < 0.001) (Fig.
6G,H). Conversely, the number of presynaptic vesicles per syn-
apse was significantly decreased in 5xFAD mice (—5.088 * 1.046
decrease, p < 0.001) but was completely rescued in 5xF:pGB mice
(Fig. 6G,I). These results on spines, synaptic marker clusters, and
synaptic vesicles suggest that the cognitive improvements ob-
served in 5xF:pGB mice resulted from synaptic improvements.

In vivo study of electrophysiological properties of the
CA3-CAl synapses in 5xF:pGB mice

To determine whether the rescue of histological alterations fol-
lowing BDNF astrocytic expression was associated with func-
tional improvements, we studied the in vivo electrophysiological
properties of hippocampal circuits in the four groups of mice. We
recorded input/output curves, paired-pulse facilitation, and LTP
evoked at the CA3-CA1 synapses (Fig. 7A-C).

We first analyzed the response of CA1 pyramidal neurons to
single pulses of increasing intensity (0.02—0.4 mA) presented to
the ipsilateral Schaffer collaterals. As illustrated in Figure 7D, the
four groups (wt, n = 13; pGFAP-BDNF, n = 15; 5xFAD, n = 11;
5xF:pGB, n = 13) presented similar increases (F(s; 912 = 1.460;
p < 0.017; two-way repeated-measures ANOVA) in the slope of
fEPSP evoked in CA1 by stimuli presented to the ipsilateral Schaf-
fer collaterals. No significant differences (F(; ;) = 0.718; p =
0.546) between the four collected curves were observed. These
two relationships were best fitted by sigmoid curves (r = 0.99;
p <0.0001; not illustrated), suggesting a normal basal function of
the CA3-CALl synapses in the four mouse genotypes.

Changes in synaptic strength evoked by a pair of pulses are a
form of presynaptic short-term plasticity, mostly related to vari-
ations in neurotransmitter release (Zucker and Regehr, 2002). In
this regard, paired-pulse stimulation is commonly used as an
indirect measurement of changes in the probability of neurotrans-
mitter release at presynaptic terminals of hippocampal synapses
(Zucker and Regehr, 2002). In addition, it has been shown that these
synaptic properties can be studied in alert behaving mice (Madronal
et al., 2009). The paired-pulse facilitation evoked in the four groups
(wt, n = 15; pGFAP-BDNF, n = 19; 5xFAD, n = 13; 5xF:pGB, n =
14) was analyzed presenting a fix stimulus intensity (30%—40% of
asymptotic values) with increasing interpulse intervals (see Materials
and Methods). As illustrated in Figure 7E, the four groups of mice
presented a paired-pulse facilitation at short (10, 20, and 40 ms)
interpulse intervals (F5 54, = 21.290; p < 0.001). However, no sig-
nificant differences were observed between groups (F;5 549, = 0.464;
p=0.956).

Finally, we performed an LTP study in the four groups of
behaving mice. It is generally accepted that CA3-CA1 synapses
are involved in the acquisition of different types of associative
(classical eye blink conditioning) and nonassociative (object rec-
ognition, spatial orientation) learning tasks, and it is usually se-
lected for evoking LTP in behaving mice (Gruart et al., 2006). For
baseline values, animals were stimulated at the implanted Schaf-
fer collaterals 3 times/min for 15 min (Fig. 7F). Then, animals
(wt, n = 16; pGFAP-BDNF, n = 19; 5xFAD, n = 13; 5xF:pGB,
n = 14) were presented with the selected HFS protocol (Fig. 7F,
dashed line). Following HFS, the same single stimulus used to
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Figure 5.  Dendritic spine density and morphology analysis in the PFC and hippocampus of WT, pGFAP-BDNF, 5xFAD, and
5xF:pGB mice. A, Images of apical dendrites from pyramidal neurons of the layer V in PFC stained with Golgi staining obtained ina
bright-field microscope in 8-month-old WT, pGFAP-BDNF, 5xFAD, and 5xF:pGB mice. Scale bar, 5 sm. B, The dendritic spine
density was determined in all four genotypes by using the Image) freeware. One-way ANOVA: F, ;o0 = 23.09, p < 0.001.C,
Density of each type of dendritic spine (stubby, thin, and mushroom) in apical dendrites of pyramidal neurons of the layer V of the
PFCin 8-month-old WT, pGFAP-BDNF, 5xFAD, and 5xF:pGB mice. Two-way ANOVA, genotype effect: £ 394 = 21.83, p < 0.001;
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generate baseline records was presented at
theinitial rate (3/min) for another 60 min.
Recording sessions were repeated for
three additional days (30 min each; Fig.
7F). The four groups of mice presented a
significant increase in fEPSP slopes fol-
lowing the HFS session (F(j14,976) =
1.863; p < 0.001). Nevertheless, a point-
to-point comparison between fEPSPs
evoked in the four groups of mice after the
HES protocol indicated that 5xF:pGB an-
imals presented larger LTP values for the
first recording session (p = 0.045) than
the three other groups.

Figure 7F (inset) illustrates the evolu-
tion of paired-pulse facilitation in the four
groups of mice. In accordance with previ-
ous descriptions (Madronal et al., 2009),
and as observed here for WT, pGFAP-
BDNF, and 5xF:pGB mice, paired-pulse
facilitation decreased immediately after
HEFS and was recovered in the following
days. Interestingly, the 5xFAD group did
not show any sign of recovery of paired-
pulse facilitation for the four recording
days after the HFS session, indicating an
increase in the response to the first pulse
in this stressful situation.

In conclusion, the four groups of mice
presented similar basal synaptic proper-
ties and short-term plasticity. Interest-
ingly, although the four groups of mice
presented a significant LTP with respect to
baseline values, LTP was significantly
larger in the 5xF:pGB group than in the
other three groups during the first record-
ing session following the HFS protocol.
The 5xFAD group presented LTP values
like those reached by WT and pGFAP-
BDNF group; this result could be ascribed
to an increase in neurotransmitter release
evoked by a first pulse because their
paired-pulse facilitation was decreased
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interaction effect, £ 349 = 6.036, p << 0.001. D, Images of
apical dendrites from pyramidal neurons of the hippocampal
(A1 stained with Golgi staining obtained in a bright-field mi-
croscope in 8-month-old WT, pGFAP-BDNF, 5xFAD, and 5xF:
pGB mice. Scale bar, 5 wm. E, The dendritic spine density was
determined in all four genotypes by using the Image] free-
ware. One-way ANOVA: f 5 145, = 4.070, p = 0.0079. F, Den-
sity of each type of dendritic spine (stubby, thin, and
mushroom) in apical dendrites of pyramidal neurons from the
hippocampal CA1 in 8-month-old WT, pGFAP-BDNF, 5xFAD,
and 5xF:pGB mice. Two-way ANOVA, genotype effect: F; ss,,
=3.678,p = 0.0121;interaction effect, F 3 399) = 2.750,p =
0.0122. Data are mean = SEM. B, E, One-way ANOVA with
Tukey's test as a post hoc was used. C, F, Two-way ANOVA and
Bonferroni's post hoc test. B, C, E, F, *p << 0.05; **p < 0.01;
6% < 0,001; compared with WT mice. *p << 0.05; ¥%p <
0.01; **%p < 0.001; compared with 5xFAD mice. B, €, n =
31-41dendrites/genotype (from 5 mice/genotype). E, F,n =
35-56 dendrites/genotype (from 5 mice/genotype).
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and remained in this situation across the four recording sessions
after HFS.

Discussion

In the present study, we tested an approach to deliver BDNF in a
conditional targeted fashion in an AD mouse model. We used a
transgenic mouse model recently generated and characterized by
our team (Giralt et al., 2010, 2011) to overexpress BDNF under
the GFAP promoter. Here we show how this method restores
the production and delivery of the neurotrophin in the dis-
eased neural tissue when the pathology starts because of the
accompanying astrogliosis. We first observed that endogenous
BDNF from astrocytes regulates neurite formation and spine
density in neurons in vitro. We then used a pGFAP:BDNF
transgene to rescue the BDNF loss in 5XFAD mice and observed a
significant improvement of learning and memory deficits in the hy-
brid transgenic mice. These improvements were associated with a
restoration of dendritic spines density and morphology and a recov-
ery of clusters of presynaptic and postsynaptic markers, synaptophy-
sin and PSD-95. We also observed a stronger LTP in CAl in vivo in
behaving 5xF:pGB mice, which could be related with the other
changes.

We first demonstrated that BDNF produced by astrocytes can
play a relevant role in dendrite maturation. Although the present
results do not demonstrate a clear in vivo proof that BDNF is
produced and released in physiological conditions, they are in
line with the idea that astrocytes may play a role in synapse for-
mation and plasticity (Ronzano, 2017) and could play such a role
by regulating the BDNF availability to neurons (Vignoli et al.,
2016). They also reinforce the idea of astrocytes as potent regula-
tors of neurotrophin availability to neurons. After showing that
astrocytes are a potential source of BDNF with morphological
effects on neurons delivery, we generated the double-mutant
mice 5xF:pGB. We demonstrated that BDNF levels and the acti-
vation of TrkB and its downstream pathways (PLCyand ERK1/2)
were fully recovered in these double-mutant 5xF:pGB mice,
which are the most important regulating synaptic plasticity path-
ways upon TrkB activation (Yoshii and Constantine-Paton,
2010). Indeed, PLCy downstream signaling is essential for hip-
pocampal associative learning and CA3-CA1 LTP (Minichiello et
al., 2002; Gruart et al., 2007).

By comparing these double-mutant mice with 5xFAD mice,
we observed that the cognitive alterations related to hippocampal
dysfunction were rescued. Regarding the neuropathology, genet-
ically recovered BDNF levels did not change astrogliosis in
5xFAD mice. Normalization of BDNF levels increased the num-
ber of plaques but reduced their size. These findings contrast with
the belief that reduced plaque number associates with an amelio-
ration of the 5xFAD mice phenotype (Murphy and LeVine,
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(Figure legend continued.) ~ Scale bar, 10 wm. F, Quantification of the number of PSD-95/
phosphoTrkB Y*'®-positive puncta per field. One-way ANOVA: F5 55 = 5.303, p < 0.01. 6,
Electronic microscopy imaging of excitatory synapses in the stratum radiatum of the CA1 in
8-month-old WT, pGFAP-BDNF, 5xFAD, and 5xF:pGB mice. Asterisks indicate the presynaptic
component. Black arrows indicate the postsynaptic component. Scale bar, 0.3 wm. H, Quanti-
fication of the PSD area. One-way ANOVA: F 5 555, = 17.16, p < 0.001., Quantification of the
number of presynaptic vesicles per synapse. One-way ANOVA: F; ;) = 9.18, p << 0.001.
One-way ANOVA with Tukey's test as a post hoc was used. Data are mean == SEM.B, D, F, H, I,
*p < 0.05; ***p < 0.001; compared with WT mice. **p << 0.01; ***p < 0.001; compared with
5xFAD mice. B, D, F, Two pictures per slice and 3 slices per mouse were taken. B, D, n =
5/genotype. F, n = 7-9/genotype. H, I, 51 == 3 excitatory synapses from 3 different mice/
genotype were evaluated.
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2010). However, the role of plaques is complex, and previous
reports have correlated a hyperaggregation of AB with an im-
provement in AD transgenic mice phenotype due to a lower pres-
ence of soluble AB, which is the most toxic form of the molecule
(Castellani et al., 2009; Cohen et al., 2009; Lublin and Gandy,
2010). We also checked for neurogenesis in the dentate gyrus,
which has been described to be altered (Moon et al., 2014), as a
possible neural correlate of the observed improvements. How-
ever, the number of Ki67-positive cells in the dentate gyrus were
equally reduced in 5xFAD and 5xF:pGB compared with WT
mice. These results revealed that behavioral improvements in
5xF:pGB mice did not result from plaque number reduction or
neurogenesis improvement. We therefore hypothesized that the
rescued phenotype in 5xF:pGB mice could be rather due to
changes in structural and functional synaptic properties. In
5xFAD mice, as well as in AD patients, there is a prominent
dendritic spine pathology and loss of synaptic markers, such as
synaptophysin and PSD-95 (Hongpaisan et al., 2011; Crowe and
Ellis-Davies, 2014; Yuki et al., 2014; Dorostkar et al., 2015; Yang
et al., 2015). We found several synaptic changes associated with
the cognitive improvements in 5xF:pGB mice. We hypothesize
that BDNF delivered from transgenic astrocytes may have in-
duced these changes by reactivating the neuronal TrkB-PLCry/
ERK1/2 pathway. The PLCy pathway is important for correct
PSD-95 location, whereas BDNF-TrkB-ERK is important for
PSD-95 expression (Robinet and Pellerin, 2011; Parsons et al.,
2014; Yoshii and Constantine-Paton, 2014). BDNF signaling can
also regulate synaptophysin levels (Tartaglia et al., 2001; Zhang et
al., 2017) and its function/location (Bamji et al., 2006). BDNF
could also be directly responsible for the rescue of dendritic
spine density and morphology as described previously (Kell-
ner et al., 2014). However, although here we show that BDNF
from astrocytes activates TrkB in neurons, we cannot rule out
a collateral effect of BDNF on neighboring astrocytes or even
microglia as previously described in the literature (Mizoguchi
et al., 2011; Sasi et al., 2017), producing a more widespread
effect than the one specifically evaluated in the present work.
Overall, our results strongly indicate that 5xF:pGB mice im-
provements could be due to a local and self-regulated delivery
of BDNF in the diseased tissue, likely rescuing the ERK1/2 and
PLCy pathways in neurons, which in turn improved dendritic
spine pathology.

A significant body of evidence indicates that enhancement of
the BDNF delivery or function via activation of its high-affinity
receptor TrkB could be a promising therapeutic approach in AD
(Allen and Dawbarn, 2006; Devi and Ohno, 2012, 2015; Zhang et
al., 2014; Kaminari et al., 2017). Based on our results, we propose
that the use of engineered astrocytes could be an interesting
means to achieve this objective. Astrocytes are currently consid-
ered as very promising potential targets for AD treatment, in-
cluding through genetic manipulation to regulate neurotrophin
production (Bronzuoli et al., 2017; Gorshkov et al., 2018). In-
deed, astrocytes are uniquely positioned to promote the regener-
ation of damaged nerve cells or protect existing cells from
degeneration and dysfunction in the CNS (Anderson et al., 2016;
Blanco-Sudrez et al., 2017). At least three main strategies have
been proposed: astrocyte transplantation or pharmacological
correction of their dysfunction or by its genetic manipulation
(Gorshkov et al., 2018). We propose that targeting astrocytes to
produce and deliver BDNF could be a potential therapeutic tool
for the treatment of AD. Much previous and present evidence
supports this idea. First, astrocytes have been recently shown to
be crucial for hippocampal-related cognitive function and syn-
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aptic plasticity (Adamsky et al., 2018).
Second, facilitating BDNF expression
from astrocytes has previously been
shown to be useful in another neurode-
generative disease, Huntington’s disease
(Giralt et al., 2011; Corbett et al., 2013;
Reick et al., 2016). Furthermore, astro-
cytes per se not only produce, but also
buffer, BDNF in case of necessity (Stary et
al., 2015) or recycle it for LTP mainte-
nance and memory retention (Vignoli et
al., 2016), thus making them perfect can-
didates to deliver the neurotrophin in a
controlled fashion. Additionally, in the
field of cell therapy, astrocytes would be
good therapeutic tools because they sur-
vive for along time when grafted (Giralt et
al., 2010), and they are specifically reac-
tive where AB is accumulated and where
neuritic dystrophy is localized (Song et
al., 2015). Furthermore, astrocytes are
easily manipulated, do not proliferate
aberrantly as for example engineered
cell lines (Hoffman et al., 1993), and
they do not suffer of teratogenic poten-
tial, in contrast to stem cells (Martinez-
Serrano and Bjorklund, 1996; Pineda et
al., 2007; Rubio et al., 1999). Neural cells
may be another candidate source for the
overexpression of BDNF. However, as an
excessive amount of this neurotrophin is
deleterious (Kells et al., 2008), its release
must be controlled (Martinez-Serrano
and Bjorklund, 1996; Rubio et al., 1999).
Transgenic astrocytes would overcome all
these drawbacks. A promising therapeutic
strategy could be the use of astrocytes
from induced pluripotent stem cells (Gor-
shkov et al., 2018). Once astrocytes have
been obtained and characterized and ge-
netically modified to express BDNF under
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interpulse intervals. F, Graphs represent the time course of LTP
evoked in the CA3-CA1 synapse following an HFS session pre-
sented to mice included in the four experimental groups (wt,
n = 16; pGFAP-BDNF, n = 19; 5xFAD, n = 13; 5xF:pGB, n =
14). The HFS was presented after 15 min of baseline record-
ings, at the time marked by the dashed line. LTP evolution was
followed for 3 d. Top, Representative examples of fEPSPs col-
lected at the times indicated in the bottom graphs from a rep-
resentative animal of each group. fEPSP slopes are given as a
percentage of fEPSP values collected during baseline record-
ings (100%). Although the four groups presented significant
(Fira1076) = 1.863; p << 0.001) increases (ANOVA, two-
tailed) in fEPSP slopes following HFS compared with baseline
recordings, the 5xF:pGB group did present a larger LTP than
that presented by the other three groups: *5xF:pGB versus WT;
*+ 5xF:pGB versus pGFAP-BDNF; #5xF:pGB versus 5xFAD; p <
0.045. Top left, inset, The evolution of paired-pulse facilitation
(determined at 40 ms of interpulse interval) for fEPSPs re-
corded during baseline and following the HFS session is illus-
trated for the four experimental groups. Dotted/dashed line
indicates the 5xFAD group.
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the GFAP promoter, they could be transplanted to promote the
survival and appropriate functioning of existing neurons, such as
synaptic plasticity processes.

Although 5xFAD mice presented noticeable losses in the ex-
pression of PSD-95 and synaptophysin, they did not present any
significant alteration in input/output curves, paired-pulse facili-
tation, or in LTP evoked in vivo. In this regard, it has been already
reported that LTP can be preserved longer than other behavioral
functions in aging mice (Lopez-Ramos et al., 2012) and that mo-
tor exercise can help to recover some behavioral and associative
learning abilities, but not synaptic changes and LTP in 3xTg-AD
mice (Garcia-Mesa et al., 2011). In addition, age seems to be a
critical factor; for example, in 3-month-old mice, it is almost
impossible to distinguish differences in learning abilities and LTP
strength and duration between WT versus APP, PS1, and APP-
PS1 mice (Gruart et al., 2008). For the present experiments, we
can assume that baseline measures of transmission (input/output
curves and paired-pulse facilitation) and LTP were sustained in
8-month-old 5xFAD mice by an increase in neurotransmitter
release (Fig. 7F), as reported by some of us in TgNTRK3 trans-
genic mice (Sahun et al.,, 2007). Indeed, the latter study is an
excellent example of dissociation between CA3-CAl synaptic
plasticity and associative learning capabilities in genetically ma-
nipulated mice.

The present results have some limitations. First, although
the 5xFAD mouse model has been shown to recapitulate sev-
eral hallmarks of AD pathology, they do not show tauopathy
or formation of intraneuronal neurofibrillary tangles. From a
therapeutic point of view, the interpretation of our results
should be taken with caution, and studies evaluating our ap-
proach in models of tauopathy are needed. Second, we ob-
served recovered BDNF levels in 5xF:pGB mice with respect to
5xFAD mice at 8 months of age, but we cannot rule out the
possibility that earlier beneficial effects could have taken place
in our double-mutant mice. It is known that astrocytes syn-
thesize GFAP from the first days of age (Guo et al., 2013).
Thereby, putative early increases on BDNF levels in 5xF:pGB
mice could also counteract the deleterious effects of the five
transgenic mutations at very early stages.

In conclusion, our study supports the idea that the use of
engineered astrocytes to deliver BDNF under the control of the
GFAP promoter in AD has a strong potential. It may correspond
to the increase of a physiological function; and the delivery is
conditionally and locally administered, creating then a custom-
ized neurotrophin-based treatment.
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4. Summary of the findings and conclusions

We demonstrated here that BDNF produced by astrocytes is crucial for dendrite outgrowth
and spine number in neurons z vitro.

We discovered that overexpressing BDNF under the control of the GFAP
promotor in astrocytes had beneficial effects on molecular and behavioral disorders
associated with 5xFAD mutations. 5xF:pGB mice exhibited rescued BDNF/TtkB signaling
activity associated with an improvement of dendritic spine density and morphology.
Synaptic markers including PSD-95 and synaptophysin were also recovered in these mice
and LTP 7n vivo was increased as compared to 5xFAD littermates.

Interestingly, we know that Pyk2 may be involved in the BDNF pathway as BDNF
was shown to activate Pyk2 through STEP inhibition (Xu et al., 2016). Recently, BDNF
was also shown to induce synaptic synthesis of Pyk2 in hippocampal neurons (Afonso et
al., 2019). In light of this, the beneficial effects of overexpressing Pyk2 (Giralt et al., 2018)
or BDNF (de Pins et al,, 2019) in the hippocampus of 5xFAD mice are absolutely
accordant.

Though, both BDNF and Pyk2 impairments may possibly contribute to the
symptoms of AD and this particular study revealed the potential to take advantage of
astrogliosis to produce and deliver BDNF locally in the damaged hippocampus of this
transgenic AD model.
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V. Pyk2 in nucleus accumbens D1 receptor-expressing
neurons is selectively involved in the acute locomotor
response to cocaine

Benoit de Pins, Enrica Montalban, Peter Vanhoutte, Albert Giralt and Jean-Antoine
Girault

1. Context and objectives

We present here, in the form of a preliminary manuscript, the study of the role of Pyk2 in
striatal function. The aim of this study was to analyze the potential function of Pyk2 in
another brain area in which Pyk2 is also highly expressed but pootly studied. Moreover,
knowing the aforementioned role of Pyk2 in HD, we wondered if such role could imply
the striatum as well.

Being the main input structure of the basal ganglia, the striatum controls motor
coordination, action selection and motivation. It is mainly composed of GABAergic striatal
projection neurons (SPNs) divided in two populations according to the dopamine receptor
(D1 and D2) expressed.

In this paper we aim to understand the role of Pyk2 in striatal associated functions
and thereby focused on rotarod locomotor training and psychostimulant drugs responses.

Here we used various genetically modified mice (i.e. Pyk2 total knockout,
conditioned to D1 or D2 neurons, or to specific striatal regions) and analyzed their relative
performance in striatal-associated tasks (i.e. locomotor learning and drug-responses).

2. Contribution to the work
In this work, I personally contributed to the management of mice lines. I greatly contributed

to the biochemistry experiments, behavior studies and tissue imaging and analysis. I also
greatly contributed to the redaction of the manuscript.
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Abstract

The striatum is a critical brain region for locomotor response to cocaine. Although the D1
receptor-expressing neurons are centrally involved in mediating the locomotor effects of
cocaine, the molecular pathways controlling this response are not fully understood. Here we
studied the role of Pyk2, a non-receptor calcium-dependent protein-tyrosine kinase, in
striatum-related functions. We discovered that cocaine injection increases Pyk2
phosphorylation in the striatum of mice in vivo. Pyk2-deficient mice displayed an altered
locomotor response to acute cocaine injection. In contrast, they developed normal locomotor
sensitization and cocaine-conditioned place preference. Accordingly, a cocaine-activated
signaling pathway essential for these late responses, ERK phosphorylation, was not altered.
Specific deletion of Pyk2 in the nucleus accumbens or in D1 neurons reproduced this
phenotype, whereas deletion of Pyk2 in the dorsal striatum or in Axa receptor-expressing
neurons did not. Mice lacking Pyk2 in D1-neurons also displayed lower locomotor response
to the D1 receptor agonist SKF-81297 but not to an anticholinergic drug. Our results identify
Pyk2 as a regulator of acute locomotor responses to psychostimulants and suggest that
changes in Pyk2 expression or activation may alter specific responses to drugs of abuse, or

possibly other behavioral responses linked to dopamine action.



Introduction

The striatum is the main input structure of the basal ganglia, involved in motor coordination,
action selection, and motivation. The GABAergic medium-size, spiny striatal projection
neurons (SPNs) constitute the vast majority of striatal neurons (~95% in rodents). They
integrate cortical and thalamic excitatory inputs and are modulated by dopaminergic inputs
and striatal interneurons [1]. Two major populations of SPNs can be distinguished according
to their projection targets and their molecular profile [1-3]. SPNs enriched in enkephalin, D2
dopamine (D2R), and Axa adenosine (A2aR) receptors project to the external globus pallidus
(GPe) thus participating in the indirect striatonigral pathway, while SPNs enriched in
substance P, dynorphin, and D1 dopamine receptor (D1R) innervate the internal globus
pallidus (GPi) and the substantia nigra pars reticulata (SNr), forming the direct pathway
[1,2,4]. Striatal dysfunction is associated with several pathologies ranging from movement
disorders in Parkinson’s or Huntington’s diseases to addiction [5]. The striatum is a major site
of action of drugs of abuse which all share the ability to increase extracellular dopamine
levels [6]. The signaling pathways involved in the action of glutamate, dopamine, and other
neurotransmitters in SPNs have been extensively studied [7]. Although attention mostly
focused on pathways involving protein serine/threonine phosphorylation, tyrosine
phosphorylation is also likely to be important [8]. The regulation and functional importance of
tyrosine kinases in striatal neurons are still poorly characterized.

Pyk2 is a Ca?*-dependent non-receptor tyrosine kinase highly expressed in forebrain
neurons [9] where it is activated by neuronal activity and excitatory neurotransmission [10-
12]. Pyk2 can associate with the NMDA receptor complex and has a role in synaptic plasticity
[11,13-15]. Ca*" triggers Pyk2 autophosphorylation on Tyr-402, which recruits and activates
Src-family kinases (SFKs) [16,17]. In turn, SFKs phosphorylate other residues in Pyk2 and
associated proteins, and initiate multiple signaling pathways. The striatal-enriched protein
tyrosine phosphatase (STEP) dephosphorylates Pyk2 [18]. Activated Pyk2 regulates many
cellular functions [19,20] and Pyk?2 is associated with several pathologies including cancer
[21], inflammatory diseases [20], Huntington’s [15] and Alzheimer’s diseases [22—-25]. Work
with Pyk2 knockout mice showed that Pyk2 in the hippocampus is involved in spatial
memory and regulates spine density and morphology, as well as long-term potentiation [15]
and depression [26]. These studies illustrate the role of Pyk2 in synaptic functions and

behavior in physiological and pathological conditions.



Here, we use constitutive and conditional KO mice to explore Pyk2 function in the
striatum. We find that Pyk?2 is preferentially expressed in D1 receptor-expressing SPNs in the
ventral striatum. Pyk2 phosphorylation is increased following cocaine injection. Deletion of
Pyk2 reduces the acute locomotor response to cocaine but, surprisingly, neither locomotor
sensitization nor conditioned place preference. Use of conditional deletion shows a specific
involvement of Pyk2 in D1 receptor-expressing SPNs of the nucleus accumbens (NAc) in this

response.

Materials and Methods

Animals

Floxed Pyk2 mice (Pyk2") were generated by the insertion of LoxP sequences (Gen-O-way,
Lyon, France) surrounding PTK2B exons 15b-18 coding for the kinase domain [27].
Homologous recombination was carried out in C57/Bl6 embryonic stem cells and germline
transmission of the mutated allele was achieved in the same background. Floxed Pyk2 mice
were initially bred to Cre-deleter mice to generate constitutive knockout mice, or to
Drdl::Cre mice, Tg(Drdla-cre)EY262Gsat [28], or Adora2a::Cre mice, Tg(Adora2a-
cre)2MDkde [29], to generate conditional KO mice (Pyk2"iPl:Cre apnd Ppyk2ffiA2A=Cre
respectively). Mice were housed at 19-22 °C with 40-60% humidity, under a 12:12h
light/dark cycle, and had ad libitum access to food and water. Animal experiments and
handling were in accordance with ethical guidelines of Declaration of Helsinki and NIH,
(1985-revised publication no. 85-23, European Community Guidelines), and French
Agriculture and Forestry Ministry guidelines for handling animals (decree 87849, licence A
75-05-22) and approval of the Charles Darwin ethical committee project
#2016111620082809. Mice used in this study were 3-6-month-old males.

Viral vectors and stereotaxic injection

For deletion of Pyk2 in the NAc or dorsal striatum (DS), 3-month Pyk2"' mice were
stereotaxically injected with AAV expressing Cre recombinase (AV-9-PV2521,
AAV9.CamKIIL.HI.eGFP-Cre. WPRE.SV40, Perelman School of Medicine, University of
Pennsylvania, USA), referred to below as AAV-Cre. As control, we injected AAVs
expressing GFP (AV-9-PV1917, AAV9.CamKII0.4.eGFP.WPRE.rBG, same source), referred
to below as AAV-GFP. Following anesthesia with pentobarbital (30 mgkg™!), we performed



bilateral stereotaxic injections of AAV-GFP, AAV-GFP-Cre or AAV-GFP (2.6 x 10° GS per
injection) in the NAc at the following coordinates from the bregma (millimeters),
anteroposterior, 1.3, lateral, 1.3, and dorsoventral, -4.5 or in the DS, anteroposterior, 0.9,
lateral, 1.5, and dorsoventral, -2.75. AAV injection was carried out in 2 min. The cannula
was left in place for 5 min for complete virus diffusion before being slowly pulled out of the
tissue. Mice were placed on a warm plate for 2 h after surgery, received a subcutaneous
injection of a non-steroidal anti-inflammatory drug (meloxicam, 2 mg/kg) during 3 days, and

allowed to recover for 3 weeks before starting behavioral experiments.

Behavioral experiments

Rotarod: 4-month mice were trained at accelerating speed (4 - 40 rpm for 5 min), with four

sessions per day for three consecutive days and the latency to fall was recorded.

Locomotor activity: Mice were placed either in a open-field chamber (50 cm x 50 cm, L x W)

for cocaine response or in a 20-cm diameter cylinder for SKF-81297 [SKF] or
trihexyphenidyl [THX] response. After 30 minutes, mice were i.p. injected with cocaine (20
mg/kg), SKF (3 mg/kg), or THX (15 mg/kg) and placed back in the chamber for 1 hour.
Locomotion was recorded using an overhead digital camera. The distance traveled was

measured in 5-min bins using EthoVision software (Noldus, Wageningen, The Netherlands).

Conditioned place preference (CPP) was performed in two compartments of a Y-shaped maze

(Imetronic, Pessac, France) with different wall textures and visual cues as follows. (i) Pretest:
day-1, mice were placed in the center of the apparatus and allowed to explore freely both
compartments for 20 min. The time spent in each compartment was recorded and the
preferred and un-preferred compartments deduced for every mouse. (ii) Conditioning: day-2,
mice were injected with saline and placed immediately in the preferred compartment for 15
min. The next day, they were placed in the other closed compartment after cocaine injection
(15 mg/kg). This was repeated twice (3 saline-, 3 cocaine-pairings in total). (iii) Test: time
spent in each compartment was measured on day-8 during 20 min. The CPP-score was
calculated as the time spent in the cocaine-paired compartment during the test minus the time

spent in this compartment during the pre-test.

Tissue preparation and immunofluorescence

Mice were euthanized, brains rapidly dissected and divided at the midline; one hemisphere

was drop-fixed in 40 g/L. paraformaldehyde (PFA) for 24 hours. The other hemisphere was
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flash-frozen using CO; pellets and stored at -80° C. Following PFA fixation, 30-pum-thick
sections were cut with a Vibratome (Leica, Wetzlar, Germany). Sections were incubated
overnight at 4 °C with primary antibodies, rinsed several times in TBS, and incubated for 45
min with secondary antibody (all antibodies used are in Table S1). Nuclei were labelled with
DAPI-containing Vectashield (Vector Laboratories, Burlingame, CA, USA). Pyk2 and GFP
overall distribution was imaged with a DM6000-2 microscope (Leica). Calbindin and Pyk2
images were acquired with a Leica Confocal SP5-II (63x numerical aperture lens, 5x digital
zoom, 1-Airy unit pinhole, 4-frame averaging per z-step, z-stacks every 2 um, 1024 x 1024
pixel resolution). Images were analyzed with Icy open source software

(https://icy.bioimageanalysis.org) [30].
Immunobloting

For the analysis of striatal proteins untreated mice were killed by cervical dislocation, striata
dissected out, frozen using CO; pellets and stored at —80 °C until use. For pharmacological
responses mice were i.p. injected with cocaine (20 mg/kg) or saline and placed in a 43 cm x
27 cm cage. After 10 minutes, mice were euthanized and heads were dipped in liquid nitrogen
for 12 seconds. The frozen heads were cut into 210-um-thick slices with a cryostat, and 10
frozen microdisks (1.4 mm diameter) were punched out bilaterally from the striatum and
stored at —80°C until use. Tissue samples were sonicated in 10 g/LL SDS and 1 mM sodium
orthovanadate in water, and placed at 100 °C for 5 min. Extracts (15 ug protein) were
separated by SDS-PAGE and transferred to nitrocellulose membranes (GE Healthcare,
Chicago, IL, USA). Membranes were blocked in TBS-T (150 mM NaCl, 20 mM Tris-HCI, pH
7.5, 0.5 ml1! Tween 20) with 30 g/LL BSA. Membranes were incubated overnight at 4 °C with
primary antibodies (Table S1), washed several times in TBS-T, and incubated with secondary
antibodies, which were detected by Odyssey infrared imaging (Li-Cor Inc., Lincoln, NE,

USA). For loading control a mouse monoclonal B-actin antibody was used.

Immunoprecipitation

Mice were 1.p. injected with cocaine (20 mg/kg) and placed in a 43 cm x 27 cm cage. After 10
minutes, mice were euthanized and heads dipped in liquid nitrogen for 5 seconds. The
striatum was dissected out, lysed by sonication in 250 ul NP-40 lysis buffer [150 mM NacCl,
50 mM Tris-HCI, pH 8.0, 10 mM NaF, 1% NP40 (v/v) supplemented with 1 mM sodium
orthovanadate, phosphatase inhibitor (PhosSTOP, Roche, Basel, Switzerland) and protease
inhibitor (Complete, Roche)]. Lysates were centrifuged for 20 min at 20,937 g (4°C). Protein



A-Sepharose beads (GE Healthcare) were pre-cleared by mixing with 14% Sephacryl S-100
(v/v) (GE Healthcare) and saturated with BSA (25 g/L). The beads were then mixed for 1
hour at 4 °C with rabbit polyclonal anti-Pyk2 antibody (1.7% v/v) (#P3902, Sigma-Aldrich,
St. Louis, MO, USA) prior incubation overnight at 4°C with supernatant. The beads were
washed three times, resuspended in Laemmli loading buffer, heated at 100 °C for 10 min, and

subjected to SDS-PAGE.

Statistical analysis

Analyses were done using Prism version 6.00 for Windows (GraphPad Software, La Jolla,
CA, USA). Data are expressed as means + SEM. Normal distribution was tested with
d'Agostino and Pearson omnibus, Shapiro-Wilk, and Kolmogorov-Smirnov tests. If no
difference from normality was detected, statistical analysis was performed using two-tailed
Student's t-test or ANOVA and Holm-Sidak's post-hoc test. Otherwise non-parametric Mann
and Whitney or Kruskal-Wallis' and Dunn's tests were used. p <0.05 was considered as

significant.

Results

Pyk2 is enriched in ventral D1 SPNs

We used immunohistochemistry to evaluate the regional distribution of Pyk2 in the striatum.
Pyk2 immunoreactivity was enriched in the NAc as opposed to the DS (Figure 1A), in
agreement with a previous study of mRNA distribution [31]. Since Pyk2 striatal
immunoreactivity displayed an irregular pattern, we assessed whether its distribution followed
the neurochemically-defined patch/matrix compartmentalization [32-34] defined by
calbindin, a matrix-enriched protein (Figures S1A and B). Pyk2 was slightly more expressed
in calbindin-positive neurons indicating an enrichment of Pyk2 in matrix compartments
(Figure S1C). To evaluate the relative expression of Pyk2 in neurons of the direct and
indirect pathways, we compared its decrease following conditional deletion. Pyk2 striatal
protein levels were decreased by 67 % in Pyk27tP1:Cre mice and by 36% in Pyk2V/tA2A:Cre
mice as compared to matched Pyk2"”" mice (Figure 1B), suggesting a higher expression of
Pyk2 in DI1R-expressing SPNs. Although the wider expression of DIR during the
development of the striatum than in the adult [35,36] could lead to a broader developmental

action of D1::Cre and subsequent overestimation of the apparent enrichment of Pyk2 in D1
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neurons, the conclusion was strengthened by the parallel lower Pyk2 protein decrease in

Pysz/f;AZA::Cre mice.
Pyk2 deletion does not alter striatal proteins

In the hippocampus of Pyk2” mice, we previously observed decreased levels of several
synaptic proteins [15]. In the striatum, neither GIuN2A nor PSD-95 levels were altered in
Pyk2” mice (Figures 1C and D). GIuN2B levels were slightly increased in the striatum of
Pyk2” mice without change in its phosphorylation. To examine the overall status of SPNs, we
measured SPN-enriched proteins, Gowolf [37] and dopamine- and cAMP-regulated neuronal
phosphoprotein (DARPP-32) [38]. Their levels were not altered by the mutation (Figures
S2A and B). We finally assessed whether Pyk2 deletion affected a general presynaptic marker
synapsin 1 or a dopamine terminals marker tyrosine hydroxylase (TH) in the striatum. We did
not observe any change in these protein levels (Figures S2C and D). These results show that,
in contrast to other brain regions, the absence of Pyk2 does not alter basal synaptic or

neuronal markers, suggesting regional differences in its function.
Pyk2 knockout does not impair motor coordination

To study the role of Pyk2 in the striatum, we first assessed motor coordination. Pyk2*"* and
Pyk2” mice were trained on an accelerating rotarod for 3 days and their motor coordination
was evaluated by measuring the time they were able to stay on the rod during each trial. Mice
of both genotypes displayed similar performance, improving their ability to stay on the rod
trial after trial (Figure S3A). Similarly, specific deletion of Pyk2 in the NAc or the DS
induced by AAV-mediated Cre expression, or in Pyk2/EP1:Cre op pyk2l/fA2A:Cre pice had no
effect on the rotarod performance (Figures S3B-E), showing that motor coordination in this

test is not altered in the absence of Pyk2.

Pyk2 is activated by cocaine and involved in its acute locomotor effects but not in

sensitization

Considering the relative enrichment of Pyk2 in the NAc, a region involved in reward response
and addiction, we assessed a possible role of Pyk2 in the effects of cocaine. We
immunoprecipitated Pyk2 from striatal extracts of saline- or cocaine-injected mice and
measured its tyrosine phosphorylation by immunoblotting (Figure 2A). Tyrosine
phosphorylation of Pyk2 was increased 10 min after cocaine injection, indicating its

activation in response to cocaine injection (Figure 2B).



We then explored a possible role of Pyk2 in the acute response to cocaine by
comparing locomotor activity of Pyk2"* and Pyk2” mice after cocaine injection. Basal
locomotor activity was similar in the two groups of mice, whereas cocaine-induced
hyperlocomotion was decreased in Pyk2” mice (Figure 2C). Repeated cocaine exposure
increases behavioral responses due to a sensitization mechanism [39], which is clearly visible
following a single cocaine administration [40]. We therefore injected cocaine a second time,
thirteen days later, to assess locomotor sensitization (Figure 2D). Locomotor response to the
second injection of cocaine was increased in both Pyk2*"* and Pyk2” mice (Figure 2E) and
the 2" injection/ 1% injection response ratio was not different between the two groups (Figure
2F). These results show a role of Pyk2 in the acute cocaine-induced locomotor response but

not in its sensitization.

Pyk?2 deficit in the NAc, but not DS, recapitulates the effects of full KO on acute cocaine

effects

To identify the striatal region implicated in the effects of Pyk2 deletion, we studied cocaine
responses in Pyk2"' mice bilaterally injected with AAV-GFP-Cre in the NAc or in the DS
(Figure 3). The position of the tip of the injection needle and the spread of GFP expression
was systematically checked on one side of the brain (Figures 3A and B), the other side being
used for immunoblotting. Animals in which the injection was not correctly located were not
included in the statistical analysis. Pyk2 immunoreactivity was clearly decreased in the GFP-
expressing area (Figures 3A and B). In mice injected with AAV-GFP-Cre in the NAc, basal
locomotor activity was unchanged, but acute locomotor response to cocaine was decreased as
compared to mice injected with AAV-GFP (Figure 3C). Following a second injection of
cocaine at day 14, the locomotor response increased in the two groups of mice and the
difference between them was blunted (Figure 3D). Sensitization was observed in AAV-GFP
and AAV-GFP-Cre mice and the response ratio was not significantly different between the
two groups (Figures S4A and 3E). Bilateral injection of AAV-GFP or AAV-GFP-Cre in the
DS did not alter the locomotor effects of the first (Figure 3F) or second injection of cocaine
(Figures 3G, S4B, and 3H). These results provide evidence that the NAc is the region

implicated in Pyk2 regulation of cocaine locomotor response.

Pyk2 deficit in D1, but not A2a SPNs, recapitulates the effects of the full KO on acute

cocaine effects



To determine which SPN population was involved in the consequences of Pyk2 deletion, we
studied cocaine responses in Pyk2VtPliCre apd pyk2UtA2A%Cre mijce (see Figures 1B and 4).
Acute locomotor effects of cocaine first injection were decreased in Pyk275P1Cr a5 compared
to Pyk2"" control mice (Figure 4A). The response of Pyk27tP“Cre mice to the second
injection of cocaine was still decreased as compared to controls (Figure 4B) but a similar
sensitization was observed in both genotypes (Figures SSA and 4C). Conversely
Pyk27tA2ACre mice displayed similar responses as Pyk2”' mice in response to the first and
second injections and comparable sensitization (Figures 4D-E and S5B). These results
indicate that the absence of Pyk2 in D1R-expressing neurons is responsible for the alteration

of the locomotor response to cocaine.

Pyk2 knockout has minor effects on cocaine-induced signaling and does not alter

conditioned place preference

Cocaine injection was reported to increase GluN2B phosphorylation at Tyr-1472 and to
activate SFK, thus contributing to ERK activation [8]. To evaluate the role of Pyk2 in this
response we compared the effects of cocaine on Tyr1472-GluN2B phosphorylation in
Pyk27EPLCre and Pyk2”' mice. In Pyk2-mutant mice, 10 min after cocaine injection, the
increase in pTyr1472-GluN2B was blunted and not significant (Figures S6A and B). This
minor alteration may reflect the direct or indirect role of Pyk2 in the phosphorylation of the
NMDA receptor. However, the absence of Pyk2 in D1 SPNs did not prevent the activation of
ERK (Figures S6A and C), a step critical for long-term effects of cocaine [7].

We then evaluated the rewarding properties of cocaine in Pyk2 mutant mice, which
involve D1 receptors [41-43]. We measured cocaine-CPP in wild-type and mutant mice
(Figure S7). The time spent in the cocaine-paired arm after conditioning was similarly
increased in Pyk2”" and Pyk2"* mice (Figure S7A). The CPP score did not differ between
Pyk2”" and Pyk2™* mice (Figure S7B), demonstrating that mice underwent efficient CPP in
the absence of Pyk2. We also examined whether specific deletion of Pyk2 in the NAc or DS,
or in DIR- or A2aR-expressing SPNs had any effect on CPP (Figure S7C-F). CPP scores
were not modified in any of the mutant groups as compared to their respective controls,
confirming the lack of involvement of Pyk2 in CPP. This result is in agreement with the
observation that in the absence of Pyk2, ERK signaling pathway, which plays a critical role in

cocaine-CPP [44], was still activated.
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Pyk2 is involved in the acute locomotor effects of a D1IR agonist but not a cholinergic

antagonist

Since the consequences of the absence of Pyk2 on acute locomotor effects of cocaine
appeared to result from Pyk2 deficit in D1 neurons, we examined whether effects of DIR
stimulation were altered. We used SKF-81297, a DIR selective agonist, known to increase
locomotor activity [45—47]. The acute locomotor response to SKF-81297 was slightly reduced
in Pyk2"fP1:Cre mice as compared to Pyk2"" mice (Figure 5A). As reported in previous
studies [48—50], a sensitization of the response was observed following the second injection in
wild-type and mutant mice (Figure SB). Interestingly, the first and second injection of SKF-
81297 both had a biphasic effect on locomotor activity, not previously reported to our
knowledge. We analyzed separately the sensitization during the first 10 minutes following
injection (Figures 5C and D) and from 10 to 40 minutes (Figures SE and F). Sensitization
was significant for these two different phases without difference between Pyk27tP:Cre and
Pyk2"" mice (Figures 5-F). To determine whether Pyk2 could decrease any kind of drug-
induced locomotor activity, we tested the effects of trihexyphenidine (THX), an
anticholinergic substance that increases locomotor activity [51]. We found no difference in
locomotor activity between Pyk27tP1Cre and Pyk2”" mice following the first or second
injection of THX (Figure S8A and B). The responses to the two injections of THX were
similar without locomotor sensitization in either genotype (Figure S8C). These results
indicate that Pyk2 is selectively involved in the locomotor activity induced by stimulation of

D1 receptors.

Discussion

In this study, we show the involvement of the non-receptor tyrosine kinase Pyk2 in the acute
locomotor response to cocaine. We demonstrate that complete knockout of Pyk2 or its
specific deletion in the NAc or in DI1R-expressing neurons decreases acute cocaine-induced
hyperlocomotion. Acute locomotor response to a selective D1 agonist but not to a cholinergic
antagonist was also decreased. These results indicate a role of Pyk2 located in DIR-
expressing neurons of the NAc in the D1-induced acute locomotor response. In contrast no

alteration was observed in locomotor sensitization or cocaine-CPP.
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Our study of the expression pattern of Pyk2 in the striatum confirmed its enrichment
of Pyk2 in the ventral part of the striatum, previously reported [31]. We also provide evidence
for a relative enrichment in DIR- expressing SPNs which form the ‘direct pathway’ [52] and
in the matrix compartment of the striatum which plays a specific yet incompletely
characterized role in striatal function [53]. The dorsal striatum is implicated in the control of
movement and the learning process of skilled task [54,55]. We assessed motor coordination of
mice with accelerating rotarod training [56], which can be impaired by alteration of various
brain areas, including basal ganglia, motor cortex, and cerebellum [57]. We did not observe
any difference between control and Pyk2 mutant mice, suggesting that Pyk2 is not necessary
for the function of the dorsal striatum where it is relatively less expressed. Pyk2 is more
expressed in the NAc, which is a key component in brain circuitry underlying drug-evoked
behaviors [58,59]. We demonstrated that tyrosine phosphorylation of Pyk2 in the striatum was
increased following a single injection of cocaine. Pyk2 is activated by Ca®"-induced
autophosphorylation of Tyr-402, followed by recruitment of SFKs which in turn
phosphorylate Pyk2 on other tyrosine residues, although in some cells activation of SFKs can
be the triggering mechanism (see ref. [17] for a review). Cocaine injection in naive mice
increases the concentration of calcium in D1 SPNs [60] providing a possible basis for Pyk2
activation. In addition, cocaine-induced activation of Fyn has been reported in the striatum
and proposed to be involved in NMDA receptors regulation and their synergism with D1R to
activate the ERK pathway [8]. Although this could suggest a role of Pyk2 in ERK activation,
ERK phosphorylation was still observed in Pyk2-deficient mice, underlining the redundancy

in the mechanisms controlling ERK activation.

Concerning the functional consequences of Pyk2 knock-out, we found that the acute
cocaine locomotor response was decreased, whereas locomotor sensitization and CPP, which
are known to involve synaptic plasticity and ERK activation [7], were not altered. The
impaired acute locomotor response was also observed in mice specifically lacking Pyk2 in the
NAc or in D1R-expressing neurons, but not in those devoid of Pyk2 in the DS or in AzaR-
expressing neurons. This combination of results implicates an alteration induced by the
absence of Pyk2 in the D1R-expressing neurons of the NAc. This conclusion is supported by
the role of these neurons in the acute locomotor effects of psychostimulants [61-63]. A
decreased locomotor response without alteration in locomotor sensitization or CPP was also
observed in Gaolf heterozygous (Gnal”’™) mutant mice in which cAMP production is

decreased [64]. These similarities could indicate a role for Pyk2 in DIR/Gaolf/cAMP
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pathway modulation, a hypothesis supported by slightly lower locomotor response to the D1
agonist SKF-81297 in Pyk2"fP1:Cre mice. However we did not find any change in Gaolf
levels in the mutant mice. The only effect we observed was a blunting of GIuN2B receptor
phosphorylation at Tyr1472, in good agreement with the role of Pyk2 in the phosphorylation
of the NMDAR [11], but unlikely to explain by itself the effects on locomotor activity.
Therefore we hypothesize that Pyk2 is also implicated in the regulation of other signaling
mechanisms important for D1-mediated regulation of locomotor activity. Further work will be
necessary to explore this hypothesis and in particular whether Pyk2 modulates the production
of cCAMP in response to DIR stimulation. Our study clearly identifies the significant but
circumscribed contribution of Pyk2 in NAC D1 neurons to the acute locomotor effects of
cocaine. It raises the question of its role in other dopamine-mediated actions and opens novel

avenues for investigating signaling mechanisms in striatal neurons.
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Figure legends

Figure 1: Characterization of Pyk2 expression in the striatum. a Left panel, dorsoventral
distribution of Pyk2 immunoreactivity in the striatum of wild type mice. Right panel, Pyk2
labelling intensity in the dorsal and ventral striatum was measured in 8 sections from -0.2 to
1.2 mm to bregma, averaged and plotted (3 mice). Scale bar: 300 um. Unpaired t test, **

2f/fD1 Cre and

p<0.01. b Immunoblotting analysis of Pyk2 protein in the striatum of Pyk
Pyk2//:A24::Cre _and matched Pyk2"" control mice. Unpaired t-test, ****p < 0.0001, **p < 0.01.
¢ Immunoblotting analysis of Pyk2, NMDA receptors subunits, PSD-95 and actin as loading

control, in 4-month Pyk2** and Pyk2™~ mice. d Densitometry quantification of results as in c.
Data were normalized to actin for each sample and expressed as percentage of wild type mean
density. Unpaired t-test, *p < 0.05 and ****p < (0.0001. For number of replicates and detailed

statistical analysis, see Supplementary Table 2.

Figure 2: Pyk2 is implicated in acute cocaine responses. a, Phospho-Tyr immunoblotting
of Pyk2 immunoprecipitated (IP) from striatal extracts of wild-type mice killed 10 min after
1.p. injection of saline (Sal) or cocaine (20 mg/kg, Coc). b, Densitometry quantification of
results as in a. Data are ratios of phospho/total Pyk2 for each sample and expressed as
percentage of the mean ratios in saline-treated samples. Unpaired t-test, *p < 0.05. c-d,
Locomotor activity of Pyk2** and Pyk2”" mice after the first (c) and the second injection (d,
13 days later) of cocaine. Cocaine (20 mg/kg, Coc, arrow) was injected 30 min after mice
were placed in the open field. Two-way ANOVA, Sidak's multiple comparisons post hoc
tests, **p < 0.01, *p < 0.05. Values are means + SEM indicated by a shaded area. e-f,
Locomotor sensitization. e Comparison of the distance traveled 0-15 minutes following the
first and the second injection of Pyk2** and Pyk2™"~ mice (from data in ¢ and d). Two-way
ANOVA, Sidak's multiple comparisons post hoc tests, **p < 0.01, *p < 0.05. f, Ratio of the
distances traveled 0-15 min after the second (day 14) / first (day 1) cocaine injections, (from

2"+ and Pyk2™~ mice. Means + SEM are indicated. Unpaired t-test, ns, not

data in e), in Pyk
significant. For number of replicates and detailed statistical analysis, see Supplementary

Table 2.

Figure 3: Specific deletion of Pyk2 in the NAc but not in the DS alters the acute
locomotor response to cocaine. a-b Pyk2” mice were bilaterally injected in the NAc (a) or

the DS (b) with AAV expressing GFP (Pyk2”N<GIPy or Cre and GFP (Pyk2/:NAcGFP-Crey g
22



Anatomical verification of the stereotaxic injections of AAV-GFP-Cre in the NAc:
representative Pyk2 immunoreactivity (left panel) and GFP (green) and Pyk2 (red)
immunoreactivity colabeling (middle panel). The location of the tips of injecting cannula in
all mice used for further analysis is summarized (right panel). b, Same as in a but for mice
receiving injections in the DS. c¢-d, locomotor activity of the mice injected in the NAc (a)
after the first (¢) and the second (d, 13 days later) injection of cocaine (20 mg/kg, Coc,
arrow), as in Fig. 2¢-d. Two-way ANOVA, AAV effect p<0.001 (¢), not significant (d),
Sidak's multiple comparisons post hoc tests, ***p <0.001, **p < 0.01, *p < 0.05. e, Ratio of
the distances traveled 0-15 min after the second (day 14, d) / first (day 1, ¢) cocaine
injections. Unpaired t-test, not significant, ns. f-g, Locomotor activity of the mice injected in
the DS (b). f, Locomotor activity of Pyk2:PSGFP and pyk2//PS.GFP-Cre mice after the first (f)
and the second (g, 13 days later) injection of 20 mg/kg cocaine. Two-way ANOVA, no
significant AAV effect. h, Ratio of the distances traveled 0-15 min after the second (day 14,
g) / first (day 1, f) cocaine injections in Pyk2”*PS.GFP and pyk2//:DS:GPF-Cre mjce. Unpaired t-
test, not significant, ns. All values are means = SEM, indicated by a shaded area in ¢, d, f, and

g. For number of animals and detailed statistical analysis, see Supplementary Table 2.

Figure 4: Specific deletion of Pyk2 in D1 but not in A2a neurons alters the locomotor
response to cocaine. a-b, Locomotor activity of Pyk2” and Pyk2/”P1::Cre mice after a first (a)
and, 13 days later, a second (b) injection of cocaine (20 mg/kg, Coc, arrow) as described in
the legend to Fig. 2¢-d. Two-way ANOVA, genotype effect p < 0.0001 (a), p < 0.0001 (b),
Sidak's multiple comparisons post hoc tests, **p < 0.01, *p < 0.05. ¢, Ratio of the distances
traveled 0-15 min after the second (day 14, b) / first (day 1, a) cocaine injections in Pyk2”/
and Pyk2/"P1:Cr¢ mice. Unpaired t-test, not significant, ns. d-e Same as in a-b but in Pyk2”/
and Pyk2/742A::Cre mijce. Two-way ANOVA, no genotype effect. f Ratio of the distances
traveled 0-15 min after the second (day 14, e) / first (day 1, d) cocaine injections in Pyk2”/
and Pyk2//42A::Cre mijce. Unpaired t-test, ns, not significant. All values are means + SEM,
indicated by a shaded area in a, b, d, and e. For number of animals and detailed statistical

analysis, see Supplementary Table 2.

Figure 5: Specific deletion of Pyk2 in D1 neurons alters the acute locomotor response to
a D1R agonist, SKF-81297. a-b, Locomotor activity of Pyk2” and Pyk2/”:P!::Cr¢ mice after a
first (a) and a second (b, 13 days later) injection of SKF-81297 (SKF). SKF (3 mg/kg, arrow)

was injected 30 min after mice were placed in the open field. Two-way ANOVA, genotype

23



effect, p=0.016 (a), not significant (b). c-d, Sensitization of the response during the first 10
min after SKF injection (data from a and b). ¢, Distance traveled during the first 10 minutes
following the first and the second SKF injections in Pyk2” and Pyk2”"P!“r mice. Two-way
ANOVA, Sidak's multiple comparisons post hoc test, ****p<0.0001, ***p < (0.001. d, Ratios
of the distances traveled 0-15 min after the second (day 14, b) / first (day 1, a) and SKF
injections in Pyk2” and Pyk2/"P1:C"¢ mice. Unpaired t-test, ns, not significant. e-f, Same
analyses as in ¢ and d, but for the distance traveled 15 to 40 minutes after SKF injection (data
from a and b). a-f, Values are means = SEM, indicated by a shaded area in a and b. For

number of animals and detailed statistical analysis, see Supplementary Table 2.
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Antibody table

Antibody Species 2::3\7; D;I::::n Company (reference number)
Pyk2 Rabbit 1:1000 1:500 Sigma-Aldrich (#P3902)
PSD-95 Rabbit 1:1000 - Cell Signaling Technology (#3450)
phosphoY1472-GIuN2B Rabbit 1:1000 - Cayman chemical (#10009761)
GIuN2B Rabbit 1:1000 - Merck KGaA (#06-600)
GIuN2A Rabbit 1:1000 - Merck KGaA (#05-901R)
Gaolf Rabbit 1:1000 - produced as described [30]
synapsin 1 Rabbit 1:500 - gift from Pr. Greengard (G-486)
tyrosine hydroxylase Rabbit 1:1000 - Merck KGaA (#AB1541)

STEP Rabbit 1:1000 - Cell Signaling Technology (#9069)
phosphoS845-GluAl Rabbit 1:1000 - Abcam (#ab3901)
phosphoT202/¥204- Rabbit 1:1000 ; Cell Signaling Technology (#9101)

Erk1/2

Erk1/2 Rabbit 1:1000 - Cell Signaling Technology (#9102)
Calbindin D28k Mouse - 1:1000 Swant (#300)

Pyk2 Mouse 1:1000 - Cell Signaling Technology (#3480)
DARPP-32 Mouse 1:5000 - gift from Pr. Greengard (m6ADb)
phosphoT75-DARPP-32 Mouse 1:1000 - gift from Pr. Greengard (RU911)

phosphotyrosine Mouse 1:1000 - Cell Signaling Technology (#05-947)

B-actin Mouse 1:5000 - Sigma-Aldrich (#A5441)

tyrosine hydroxylase Chicken 1:1000 - Aves Labs (#TH)
GFP Chicken - 1:500 Thermo Fisher (#A10262)
. Ga;;iL'irgﬁf’JtG %0 Goat 1:10000 ; Rockland Immunochemicals (#611-144-002)
. G?ﬁ'{gﬁ?ﬁg o0 Goat 1:10000 ; Rockland Immunochemicals (#611-145-002)
. GaS:/iI:ir;P?tL:: Z %0 Goat 1:10000 ; Rockland Immunochemicals (#610-144-002)
. Gagtlti”gftf: Z o0 Goat 1:10000 ; Rockland Immunochemicals (#610-145-002)
. Gagx;']ctke 2 o0 Goat 1:10000 ; Rockland Immunochemicals (#603-145-002)
er:)i(-aRsltL)Jt:)i: !lsgSGS Donkey - 1:400 Thermo Fisher (#A-31572)
ZT::('aMFT:’;efg(; Goat ; 1:400 Thermo Fisher (#A-11001)
a;;tei;giilzk;" 4'5;5 Goat ; 1:400 Thermo Fisher (#A-11039)




Figure Group Mean SEM Comparison Statistical analysis DF Test value P value n
1A Dorsal 1069 33.22 3 mice
Ventral 1416 33.36 3 mice
Dorsal vs Ventral Two-tailed unpaired t-test 4 t=7.37 0.0018
1B left panel pyk2f 100 3.70 11 mice
pyk2/fbLicre 32.76 3.20 11 mice
pyk27f vs pyk2fiPLicre Two-tailed unpaired t-test 20 t=13.75 < 0.0001
1B right panel Pyka/f 100 8.31 7 mice
pyk2/fn2hicre 64.13 2.63 5 mice
pyk2" vs pyk2/finzaicre Two-tailed unpaired t-test 10 t=3.515 0.0056
1D Pyk2 - Pyk2** 100 6.36 6 mice
Pyk2 - Pyk2” 0.72 0.45 6 mice
Pyk2 - Pyk2** vs Pyk2”" Two-tailed unpaired t-test 10 t=15.57 <0.0001
NR2B - Pyk2*/* 100 3.76 15 mice
NR2B - Pyk2"/" 117.79 6.92 16 mice
NR2B - Pyk2"* vs Pyk2”" Two-tailed unpaired t-test 29 t=2.22 0.0346
pY1472NR2B - Pyk2*"* 100 4.35 15 mice
pY1472NR2B - Pyk2”" 104.04 5.5 16 mice
PY1472NR2B - Pyk2** vs Pyk2”" Two-tailed unpaired t-test 29 t=0.57 0.5721
NR2A - Pyk2*"* 100 6.12 6 mice
NR2A - PykZ'/' 108.23 7.24 6 mice
NR2A - Pyk2"”* vs Pyk2”" Two-tailed unpaired t-test 10 t=0.87 0.4058
PSD-95 - Pyk2** 100 437 6 mice
PSD-95 - Pyk2”" 105.61 7.53 8 mice
PSD-95 - Pyk2"* vs Pyk2”" Two-tailed unpaired Mann Whitney test U=24 >0.9999
2B Saline 100 8.74 7 mice
Cocaine 161.3 23.05 7 mice
Saline vs Cocaine Two-tailed unpaired t-test 12 t=2.49 0.0286
2C pyk2* 10 mice
PykZ’/’ 9 mice
Two-way ANOVA:
Interaction 17 F=2.44 0.0014
Time 17 F=20.43 <0.0001
Genotype 1 F =39.05 < 0.0001
2D pyk2* 10 mice
PykZ’/’ 9 mice
Two-way ANOVA:
Interaction 17 F=0.43 0.9769
Time 17 F=40.18 <0.0001
Genotype 1 F=1.59 0.208




2E 1st injection - Pyk2** 13147 1163.53 10 mice
2nd injection - Pyk2*/* 16230 1383.59 9 mice
1st injection - Pyk2'/' 10885 1264.40 10 mice
2nd injection - Pyk2'/' 15390 1567.73 9 mice
Two-way ANOVA:
Interaction 1 F=0.90 0.3572
Genotype 1 F=0.78 0.3886
Injection 1 F=25.49 <0.0001
Subjects (matching) 17 F=5.44 0.0005
Pyk2**: 1st inj vs 2nd inj Sidak's multiple comparisons test 17 t=2.98 0.0167
Pyk2'/': 1st inj vs 2nd inj Sidak's multiple comparisons test 17 t=4.13 0.0014
2F pyk2*’* 1.28 0.1 10 mice
Pyk2” 1.45 0.08 9 mice
Pyk2** vs Pyk2”" Two-tailed unpaired t-test 17 t=1.24 0.2315
3C pyk2/fiNAcGFP 11 mice
Pysz/f;NAc,GFP-Cre 10 mice
Two-way ANOVA:
Interaction 17 F=2.85 0.0002
Time 17 F=10.15 <0.0001
AAV type 1 F=12.94 0.0004
3D pyk2/fiNAcGFP 11 mice
pyk2/FNAcGFP-Cre 10 mice
Two-way ANOVA:
Interaction 17 F=1.49 0.0942
Time 17 F=22.16 <0.0001
AAV type 1 F=0.02 0.9015
3E pyk2/fiNAcGFP 1.41 0.14 11 mice
pyk2/FNAcGFP-Cre 2.34 0.57 10 mice
Pyk2/FNACGFP g pyjpf/fiNAcGFP-Cre Two-tailed unpaired Mann-Whitney test U=39 0.2785
3F Pyk2/FPSGFP 8 mice
Pysz/f;DS,GFP-Cre 7 mice
Two-way ANOVA:
Interaction 17 F=0.16 >0.9999
Time 17 F=3.00 <0.0001
AAV type 1 F=0.55 0.4586
3G Pyk2/FPSGFP 8 mice
Pysz/f;DS,GFP-Cre 7 mice
Two-way ANOVA:
Interaction 17 F=0.78 0.7197
Time 17 F=22.93 <0.0001
AAV type 1 F=7.93 0.0053
3H pyk2/FPSGFP 1.88 0.26 8 mice
pyk2 /DS GFP-Cre 2.25 0.66 7 mice
Pyk27FPSCFP g py| /DS GFP-Cre Two-tailed unpaired Mann-Whitney test U=27 0.9203




f/f

4A Pyk2 24 mice
pyk2/fbLicre 22 mice
Two-way ANOVA:
Interaction 17 F=1.73 0.0329
Time 17 F =24.04 < 0.0001
Genotype 1 F=35.32 < 0.0001
48 pyk2f 24 mice
pyk2/fbLicre 22 mice
Two-way ANOVA:
Interaction 17 F=2.38 0.0014
Time 17 F=52.38 < 0.0001
Genotype 1 F=47.46 < 0.0001
4C pyk2f 1.60 0.14 24 mice
pyk2/fbLicre 1.43 0.11 22 mice
Pyk2*/* vs pyk2fPLicre Two-tailed unpaired t-test 44 t=0.95 0.3471
4D Pyka/f 14 mice
pyk2/finzascre 12 mice
Two-way ANOVA:
Interaction 17 F=0.17 >0.9999
Time 17 F=14.73 < 0.0001
Genotype 1 F=0.44 0.5077
4E Pyka/f 14 mice
pyk2/finzascre 12 mice
Two-way ANOVA:
Interaction 17 F=0.22 0.9997
Time 17 F=38.01 < 0.0001
Genotype 1 F=2.85 0.0924
4F pyk2"f 1.90 0.38 14 mice
pyk2/finzascre 1.85 0.31 12 mice
Pyk2*/* vs pyk2in2Aicre Two-tailed unpaired Mann-Whitney test U=79 0.8101
5A pyk2f 20 mice
Pysz/f;DI::Cre 27 mice
Two-way ANOVA:
Interaction 17 F=0.71 0.7985
Time 17 F=9.14 < 0.0001
Genotype 1 F=5.80 0.0163
58 pyk2f 20 mice
Pysz/f;DI::Cre 24 mice
Two-way ANOVA:
Interaction 17 F=0.47 0.9648
Time 17 F=26.32 < 0.0001
Genotype 1 F=0.36 0.5485




f/f

5C 1st injection - Pyk2 13.25 0.38 20 mice
2nd injection - Pyk2”* 15.86 0.59 24 mice
1st injection - Pyk2"/fPt:cre 12.97 0.38 20 mice
2nd injection - Pyk27#P1:<re 16.24 0.49 24 mice
Two-way ANOVA:
Interaction 1 F=0.60 0.4416
Genotype 1 F=0.01 0.9188
Injection 1 F=48.70 <0.0001
Subjects (matching) 42 F=1.44 0.1197
Pyk2f/f: 1st inj vs 2nd inj Sidak's multiple comparisons test 42 t=4.20 0.0003
Pyk27FPLCe. 15t inj vs 2nd inj Sidak's multiple comparisons test 42 t=5.75 < 0.0001
5D pyk2"f 1.22 0.05 20 mice
pyk2/fibLicre 1.27 0.05 24 mice
Pyk2*/* vs pyk2fPLicre Two-tailed unpaired t-test 42 t=0.75 0.4589
SE 1st injection - Pyk2"" 47.24 1.58 20 mice
2nd injection - Pyk2”* 59.13 2.64 24 mice
1st injection - Pyk2"/fPt:cre 43.38 1.72 20 mice
2nd injection - Pyk27#Pt:cre 60.27 2.76 24 mice
Two-way ANOVA:
Interaction 1 F=1.91 0.1745
Genotype 1 F=0.26 0.6103
Injection 1 F=63.19 <0.0001
Subjects (matching) 42 F=2.14 0.0077
Pyk2f/f: 1st inj vs 2nd inj Sidak's multiple comparisons test 42 t=2.98 0.0167
Pyk27FPLCe. 15t inj vs 2nd inj Sidak's multiple comparisons test 42 t=4.13 0.0014
SF pyk2"f 1.27 0.06 20 mice
pyk2/fibLicre 1.40 0.06 24 mice
Pyk2*/* vs pyk2fPLicre Two-tailed unpaired t-test 42 t=1.56 0.1268
S1C Matrix 2910 40.9 20 regions
(from 3 mice)
Patch 2396 58.53 20 regions
(from 3 mice)
Matrix vs Patch Two-tailed unpaired t-test 38 t=7.21 < 0.0001
S2B Gaolf - Pyk2** 100 5.23 6 mice
Gaolf - Pyk2™” 100.63 3.18 6 mice
Gaolf - Pyk2** vs Pyk2”" Two-tailed unpaired t-test 10 t=0.10 0.9206
DARPP-32 - Pyk2* 100 5.19 6 mice
DARPP-32 - Pyk2” 106.28 3.52 6 mice
DARPP-32 - Pyk2*/* vs Pyk2”" Two-tailed unpaired t-test 10 t=1.00 0.3405




+/+

S2D Synapsin - Pyk2 100 2.79 6 mice
Synapsin - PykZ’/’ 94.57 3.99 8 mice
Synapsin - Pyk2"* vs Pyk2”" Two-tailed unpaired t-test 12 t=1.04 0.3193
TH - Pyk2** 100 6.00 6 mice
TH - Pyk2”" 92.00 5.39 8 mice
TH - Pyk2** vs Pyk2” Two-tailed unpaired t-test 10 t=0.99 0.3449
S3A Pyk2** 9 mice
PykZ’/’ 9 mice
Two-way ANOVA:
Interaction 11 F=0.39 0.9576
Trial 11 F=14.03 <0.0001
Genotype 1 F=2.57 0.1108
$3B pyk2/fiNAcGFP 17 mice
Pysz/f;NAc,GFP-Cre 14 mice
Two-way ANOVA:
Interaction 11 F=0.44 0.9377
Trial 11 F=12.20 <0.0001
Genotype 1 F=1.83 0.1775
$3C pyk2/DSGFP 8 mice
Pysz/f;DS,GFP-Cre 7 mice
Two-way ANOVA:
Interaction 11 F=0.70 0.7394
Trial 11 F=4.99 <0.0001
Genotype 1 F=1.07 0.3034
$3D pyk2f 14 mice
Pysz/f;DI::Cre 13 mice
Two-way ANOVA:
Interaction 11 F=0.59 0.836
Trial 11 F=22.46 <0.0001
Genotype 1 F=0.02 0.8827
S3E pyk2f 14 mice
Pysz/f;AZA::Cre 12 mice
Two-way ANOVA:
Interaction 11 F=0.27 0.991
Trial 11 F=14.47 <0.0001
Genotype 1 F=0.84 0.3605




f/f;NAC,GFP

S4A 1st injection - Pyk2 106.02 11.90 11 mice
2nd injection - Pyk27"NASGF? 136.72 11.76 10 mice
1st injection - Pyk2/fNAcGFP-cre 60.59 10.64 11 mice
2nd injection - Pyk2/FNAcGFP-Cre 107.09 12.42 10 mice
Two-way ANOVA:
Interaction 1 F=0.84 0.3712
AAV type 1 F=6.99 0.016
Injection 1 F =20.05 0.0003
Subjects (matching) 19 F=271 0.0177
Pyk2”™NASCFP. 15t inj vs 2nd inj Sidak's multiple comparisons test 19 t=2.58 0.0363
pyk2/FNASGFP-Cre. 4 ot inj vs 2nd inj Sidak's multiple comparisons test 19 t=3.73 0.0029
S4B 1st injection - Pyk27%P>¢" 78.99 10.00 8 mice
2nd injection - Pyk2" 056 136.62 13.62 7 mice
1st injection - Pyk2#P>GFP-cre 85.11 17.02 8 mice
2nd injection - Pyk2/fDScFP-Cre 140.06 9.79 7 mice
Two-way ANOVA:
Interaction 1 F=0.01 0.9044
AAV type 1 F=0.11 0.7478
Injection 1 F=26.55 0.0002
Subjects (matching) 13 F=1.78 0.1562
Pyk2f/f;DS’GFP: 1st inj vs 2nd inj Sidak's multiple comparisons test 13 t=3.86 0.0039
Pyk27FPSCFPCre. 1ot inj vs 2nd inj Sidak's multiple comparisons test 13 t=3.44 0.0087
SSA 1st injection - Pyk2"" 117.36 9.77 25 mice
2nd injection - Pyk2f/f 168.15 9.16 23 mice
1st injection - Pyk2"/fPt:cre 101.92 8.24 25 mice
2nd injection - Pyk27#P1:cre 132.43 6.76 23 mice
Two-way ANOVA:
Interaction 1 F=2.65 0.1103
Genotype 1 F=5.89 0.0191
Injection 1 F=42.60 <0.0001
Subjects (matching) 46 F=2.86 0.0003
Pyk2f/f: 1st inj vs 2nd inj Sidak's multiple comparisons test 46 t=5.89 < 0.0001
Pyk2”"P". 16t inj vs 2nd inj Sidak's multiple comparisons test 46 t=3.39 0.0029
S5B 1st injection - Pyk2”f 94.73 10.02 14 mice
2nd injection - Pyk2"" 145.63 11.84 12 mice
1st injection - Pyk27#A24=cre 97.61 16.40 14 mice
2nd injection - Pyk2"fA2Axcre 138.78 13.16 12 mice
Two-way ANOVA:
Interaction 1 F=0.43 0.5172
Genotype 1 F=0.01 0.9057
Injection 1 F=38.68 < 0.0001
Subjects (matching) 24 F=5.01 < 0.0001
Pyk2+/+: 1st inj vs 2nd inj Sidak's multiple comparisons test 24 t=5.06 < 0.0001
Pyk2”"A2A%C, 16t inj vs 2nd inj Sidak's multiple comparisons test 24 t=3.79 0.0018




f/f

S6B left sal - Pyk2 100.00 7.23 10 mice
coc - yk2”* 123.55 3.85 11 mice
sal - pyk2/fibLicre 103.95 2.78 13 mice
coc - pyk2iPLicre 115.20 6.61 12 mice
Two-way ANOVA:
Interaction 1 F=1.36 0.2498
Genotype 1 F=0.17 0.6789
Drug 1 F=10.89 0.0020
Pyk2f/f: sal vs coc Sidak's multiple comparisons test 42 t=3.03 0.0084
Pyk27FPLCre. <3l vs coc Sidak's multiple comparisons test 42 t=1.58 0.2291
S6B right sal - pyk2f 100.00 6.12 10 mice
coc - Pyk2”* 105.97 4.89 11 mice
sal - pyk2/fibLicre 99.63 3.42 12 mice
coc - pyk2iPLicre 100.99 6.36 12 mice
Two-way ANOVA:
Interaction 1 F=0.19 0.6662
Genotype 1 F=0.25 0.6165
Drug 1 F=0.48 0.4933
Pyk2f/f: sal vs coc Sidak's multiple comparisons test 41 t=0.77 0.6925
Pyk27FPLCre. <3l vs coc Sidak's multiple comparisons test 41 t=0.19 0.978
S6C left sal - pyk2f 100.00 3.82 5 mice
coc - Pyk2”* 131.15 9.70 6 mice
sal - pyk2/fibLicre 108.69 7.61 6 mice
coc - pyk2/iPLicre 135.62 7.83 6 mice
Two-way ANOVA:
Interaction 1 F=0.07 0.7905
Genotype 1 F=0.70 0.4124
Drug 1 F=13.69 0.0015
Pyk2f/f: sal vs coc Sidak's multiple comparisons test 19 t=2.74 0.0257
Pyk27FPLCre. <3l vs coc Sidak's multiple comparisons test 19 t=2.49 0.0443
S6C right sal - pyk2f 100.00 4.02 5 mice
coc - yk2”* 102.00 4.58 6 mice
sal - pyk2/fibLacre 100.37 5.43 6 mice
coc - pyk2iPLicre 99.56 7.15 6 mice
Two-way ANOVA:
Interaction 1 F=0.06 0.8034
Genotype 1 F=0.03 0.8541
Drug 1 F=0.01 0.9161
Pyk2f/f: sal vs coc Sidak's multiple comparisons test 19 t=0.25 0.9626
Pyk27FPLCre. <3l vs coc Sidak's multiple comparisons test 19 t=0.11 0.9931




S7A Day 0 - Pyk2™* 402.42 26.47 10 mice
Day 7 - Pyk2"* 556.80 28.46 9 mice
Day O - Pyk2'/' 374.17 30.01 10 mice
Day 7 - Pyk2” 515.37 36.99 9 mice
Two-way ANOVA:
Interaction 1 F=0.04 0.8526
Genotype 1 F=1.90 0.1859
Injection 1 F=17.90 0.0006
Subjects (matching) 17 F=0.52 0.9038
Pyk2**: Day 0 vs Day 7 Sidak's multiple comparisons test 17 t=3.21 0.0102
Pyk2'/': Day O vs Day 7 Sidak's multiple comparisons test 17 t=2.79 0.0252
S78B pyk2** 154.4 46.39 10 mice
Pyk2” 141.2 52.61 9 mice
Pyk2** vs Pyk2”" Two-tailed unpaired t-test 17 t=0.19 0.8526
S7C pyk2/iNAcGFP 114.4 30.14 18 mice
pyk2/FNAcGFP-Cre 83.26 32.02 15 mice
Pyk2/FNACSGEP g py o /fiNACGP-Cre Two-tailed unpaired t-test 31 t=0.71 0.4855
S7D pyk2/FPSGFP 142.4 46.55 8 mice
pyk2 /DS GFP-Cre 145.8 41.61 7 mice
Pyk27FPSCFP g py| /DS GFP-Cre Two-tailed unpaired t-test 13 t=0.05 0.958
STE pyk2f 135.4 39.96 13 mice
pyk2/fbLicre 160.4 21.3 12 mice
Pyk2*/* vs pyk2fPLicre Two-tailed unpaired t-test 23 t=0.54 0.5948
STF pyk2"f 170 26.14 14 mice
pyk2/finzaicre 136.5 34.62 12 mice
Pyk2*/* vs pyk2i2Aicre Two-tailed unpaired t-test 24 t=0.78 0.4405
S8A pyk2f 13 mice
Pysz/f;DI::Cre 12 mice
Two-way ANOVA:
Interaction 17 F=0.95 0.51
Time 17 F =19.11 <0.0001
Genotype 1 F=0.00 0.9499
S8B pyk2f 12 mice
Pysz/f;DI::Cre 12 mice
Two-way ANOVA:
Interaction 17 F=0.60 0.8922
Time 17 F=20.46 <0.0001
Genotype 1 F=0.44 0.5052
S8C pyk2f 1.11 0.04 12 mice
pyk2/fbLicre 1.16 0.05 12 mice
Pyk2*/* vs pyk2fPLicre Two-tailed unpaired t-test 22 t=0.83 0.413




Pyk2 in D1 receptor-expressing neurons of the nucleus accumbens modulates
the acute locomotor effects of cocaine

Supplementary Figures
S1-S8
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Figure S1: Enrichment of Pyk2 in the striatal matrix. a, Distribution of Pyk2 (red) and
calbindin (green) immunoreactivity, and DAPI (blue) in the striatum of wild-type mice. Scale
bar: 150 um. b, Zoom in the white square indicated in a. ¢, Pyk2 labelling intensity in striatal
matrix as defined as calbindin-enriched areas. Values are means £ SEM. Unpaired t-test,
*Ex%p<0.0001. For number of replicates and statistical analysis, see Supplementary Table 2.
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Figure S2: Striatal proteins levels in Pyk2-deficient mice. a, Inmunoblotting analysis of
Goolf, DARPP-32, and actin as loading control in 4-month-old Pyk2** and Pyk2~" mice. b,
Densitometry quantification of results as in a. Data were normalized to actin for each sample and
expressed as percentage of wild type averge. ¢, Synapsin 1, tyrosine hydroxylase, and actin were
analyzed by immunoblotting. d, Results as in ¢ were quantified and analyzed as indicated in b. In
d and d, statistical analysis was done with unpaired t-test. No significant difference. In all graphs,

values are means + SEM. For number of mice and detailed statistical analysis, see
Supplementary Table 2.
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Figure S3: Motor skill learning on the accelerated rotarod is not altered in Pyk2 mutant
mice. Latency to fall on the accelerating rotarod for each trial at days 1, 2, and 3 for the various
Pyk2 mutant mice and their respective matched controls. a, Pyk2"* and Pyk2™". b, Pyk27tNACGEP
and Pyk2f/f;NAc,GFP-Cre. c, Pysz/f;DS,GFP and Pysz/f;DS,GPF-Cre. d, Pysz/f and Pysz/f;Dl::Cre‘ e, Pysz/f
and Pyk275A24:Cre mice. Values are means = SEM. Two-way ANOVA, genotype or AAV effect,
no difference. For number of mice and detailed statistical analysis, see Supplementary Table 1.
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Figure S4: Pyk2 deletion in the NAc or in the DS does not alter locomotor sensitization.
Thirty minutes after being placed in a circular open space, mice received an intraperitoneal
injection of 20 mg/kg cocaine on Day 1 (1% injection) and Day 14 (2" injection), as described in
the Materials and Methods. The distances traveled during the 15 first minutes following the
injection is plotted for each mouse (see average locomotor activity in Fig. 3). a, Pyk2/tNAcGFP
and Pyk2VENACGEP-Cre pice b, Pyk27EPSGFP and Pyk27EPS.GPE-Cre mice. In a and b, statistical
analysis with two-way ANOVA and Sidak's multiple comparisons post hoc test, **p < 0.01,

*p <0.05. For number of mice and detailed statistical analysis, see Supplementary Table 1.
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Figure S5: Pyk2 deletion in D1 or in A2a neurons does not alter locomotor sensitization.
Thirty minutes after being placed in a circular open space, mice received an intraperitoneal
injection of 20 mg/kg cocaine on Day 1 (1% injection) and Day 14 (2™ injection), as described in
the Materials and Methods. The distances traveled during the 15 first minutes following the
injection is plotted for each mouse (see average locomotor activity in Fig. 4). a, Pyk2"" and
Pyk27EP1Cre mice. b, Pyk27f and Pyk27542ACre mice. In a and b, statistical analysis with two-
way ANOVA and Sidak's multiple comparisons post hoc test, ****p < 0.0001, **p <0.01, *p <
0.05. For number of mice and detailed statistical analysis, see Supplementary Table 1.
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Figure S6: Specific deletion of Pyk2 in D1 neurons decreases cocaine effects on GluN2B
phosphorylation but not ERK. a Immunoblotting analysis of Pyk2, GluN2B phosphorylated an
Tyr-1472 (pY1472) and total levels (Total), ERK phosphorylated at Thr-202 and Tyr-204
(pT202/pY204) and total levels (Total), and actin as loading control in 3-month Pyk2?f and
Pyk27EP1:Cre mice, 10 min after saline (sal) or cocaine (20 mg/kg, coc) i.p. injection . b
Densitometry quantification of phospho (left) and total (right) GluN2B levels. ¢ Densitometry
quantification of phosphorylated (left) and total (right) ERK levels. In b and ¢, data were
normalized to actin for each sample and expressed as percentages of the average in saline-
injected Pyk2”" mice. Statistical analysis was done with two-way ANOVA and Sidak's multiple
comparisons post hoc test, *p <0.05, *p <0.05, not significant, ns. In all graphs, means +/- SEM
are indicated. For number of mice and detailed statistical analysis, see Supplementary Table 2.
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Figure S7: Pyk2 deletion does not alter cocaine-conditioned place preference. For each group
of Pyk2 mutant mice and their respective matched controls, the time spent in the cocaine-paired
arm before (Day 0) and after (Day 7) cocaine (15 mg/kg) conditioning was measured (see
Materials and Methods). a, Time spent in the cocaine-paired arm in Pyk2** and Pyk2” mice.
Two-way ANOVA and Sidak’s multiple comparisons post hoc tests, *p < 0.05. b, The CPP score
was calculated for each Pyk2™" and Pyk2” mouse in a as the excess time spent in the cocaine-
paired arm. c-f, Same CPP score as in B for Pyk2/ENACGEP apd pyk2fENACGEP-Cre mice (),
Pyk27EPSGFP and pyk2EDS.GPE-Cre mice (d), Pyk2"" and Pyk275P1Cre (¢), and Pyk2! and
Pyk27EA2A:Cre mice (f). b-f, Bars indicate means + SEM, unpaired t-test, ns, not significant. For
number of mice and detailed statistical analysis, see Supplementary Table 2.
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Figure S8: Specific deletion of Pyk2 in D1 neurons does not alter the locomotor responses to
trihexyphenidine. a-b, Locomotor activity of Pyk2"f and Pyk27tP!:Cr mice after a first (a) and,
13 days later, a second (b) injection of trihexyphenidine (THX). THX (15 mg/kg i.p., arrow) was
injected 30 min after mice were placed in the open field. Two-way ANOVA, no genotype effect.
¢, Sensitization during the first 10 min after SKF injection (data from a and b). ¢, Ratio of the
distances traveled 0-15 min after the second (Day 14) / the first (Day 1) THX injections.
Unpaired t-test, not significant, ns. In all graphs, means + SEM, are indicated (shaded area in a
and b). For detailed statistical analysis, see Supplementary Table 2.
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4. Summary of the findings and conclusions

We observed here that cocaine injection increases Pyk2 phosphorylation in the striatum of
mice in vivo suggesting a role for Pyk2 in cocaine response.

According to this hypothesis, Pyk2 knock-out reduced locomotor response to acute
cocaine injection without affecting locomotor sensitization and cocaine-conditioned place
preference. Specific deletion of Pyk2 in the NAc or in D1 neurons recapitulated this
phenotype whereas deletion of Pyk2 in the dorsal striatum or in Aza receptor-expressing
neurons did not. Mice lacking Pyk2 in D1-neurons also displayed lower locomotor response
to the D1 receptor agonist SKF-81297.

This study identifies a potential role for Pyk2 in acute responses to psychostimulants.
It also reveals differences between the striatum and the hippocampus in the biochemical
and synaptic changes caused by Pyk2 deletion.
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VI. Supplementary data: spine density and morphology in
the NAc of Pyk2/- mice

As Pyk2 deletion was associated with fewer and shorter spines in the hippocampus (Giralt
et al., 2017) and the amygdala (Montalban et al., 2019), we decided to explore spine density
and morphology in the NAc of Pyk2/- mice to see if these features were observed as well
in this region of the brain.

1. Materials and methods

Fresh brain hemispheres were processed following the Golgi-Cox method. Mouse brain
hemispheres were incubated in the dark for 14-17 days in filtered dye solution (10gl*
K.Cr,0,, 10lgl®* HgClL, and 8/gl* K.CrO,). The tissue was then washed 3 X 2[min in water
and 30[min in 90% EtOH (v/v). Two hundred-pm sections were cut in 70% EtOH on a
Vibratome (Leica) and washed in water for 5ihin. Next, they were reduced in 160 g I+
ammonia for 1[H before washing in water for 2imin and fixation in 10gl#* Na,S,O; for 7min.
After a 2-lmin final wash in water, sections were mounted on Superfrost coverslips,
dehydrated for 3lmin in 50%, then 70, 80 and 100% EtOH, incubated for 2 X 5imin in a
2:1 isopropanol: EtOH mixture, followed by 1 X 5min in pure isopropanol and 2 X 5[min
in xylol. Bright-field images of Golgi-impregnated SPN dendrites from the NAc were
acquired with a Nikon DXM 1200F digital camera attached to a Nikon Eclipse E600 light
microscope (X 100 oil objective). Fifty-four (Pyk2+/+) and 48 (Pyk2/) dendrites from three
mice per genotype were analyzed. Spines were counted manually using Image] software
(National Institute of Health, Bethesda, MD, USA). Spine density was calculated by
quantifying the number of spines per dendritic segment divided by its length. For
morphological analysis, Z-stacks were deconvolved using the Huygens software (Scientific
volume imaging, Hilversum, the Netherlands) to improve voxel resolution and to reduce
optical aberration along the g axis, followed by Neuronstudio freeware (CNIC, Mount Sinai
School of Medicine) processing in order to measure spine length and head diameter and
perform a distribution analysis of these two parameters.

2. Results

We performed Golgi staining in the NAc of Pyk2*/* and Pyk2/- mice (Figure 16A).
Unexpectedly, we observed an increased spine density associated with longer spines in
Pyk2-/- mice possibly suggesting different roles of Pyk2 in the striatum as compated to
hippocampus or amygdala (Figure 16B-D).

This dissimilarity will be discussed further in detail.
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Figure 16. Spines are more dense and longer in the NAc of Pyk2’/" mice. a Confocal
acquisition of dendrites of NAc SPNs from Pyk2"* and Pyk2’ mice colored by Golgi stained. b
Spine density of NAc SPNs in Pyk2"/* and Pyk2”" mice. Unpaired t-test, *p < 0.05. ¢ Cumulative
distribution of spine length in Pyk2*/* and Pyk2’" mice. Log-rank (Mantel-Cox) test, ***p <
0.0001. d Cumulative distribution of spine head diameter in Pyk2*/* and Pyk2”" mice. Log-rank
(Mantel-Cox) test.
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The work presented in this thesis addresses the pathophysiological role of Pyk2 in the
central nervous system. It provides evidence for the implication of Pyk2 in several cellular
and physiological processes in the central nervous system.

Pyk2 is particularly involved in synaptic organization and plasticity in the
hippocampus and the amygdala whereas it appears to play a more limited role within the
striatum. We also demonstrated its contribution to three neuropsychiatric conditions, HD,
AD, and the chronic stress-induced behavioral alterations. Besides, genetic manipulation of
Pyk2 expression in mice models of these pathologies allowed improvement of the
phenotype indicating that Pyk2 might be a useful target for neuropsychiatric diseases.

In the first part of this chapter, we will discuss the role of Pyk2 in the establishment
of memory, a feature that appears to result from its biochemical function at synapses.

Afterwards, we will summarize the different functions of Pyk2 revealed in this thesis
work and we will discuss their dependence on Pyk2 kinase function. This will reveal that
beyond being a tyrosine kinase Pyk2 has also other functions, presumably as molecular
scaffold at synapses.

We will then comment on the apparently contradictory effects of Pyk2 deletion on
spine density and morphology revealed in this study.

Finally, we will focus on the controverted role of Pyk2 in AD. We will discuss about
the apparent discrepancy between our results and recent papers coming from another
group. Such discussion will let us appreciate the complexity of this tyrosine kinase in the
central nervous system and in neurological diseases.

I. Role of Pyk2 in memory

Our results confirm the previous findings of a role of Pyk2 in synaptic plasticity and in the
establishment of memory.

The Ca?* ion is a fundamental player in the formation and consolidation of memory.
Neurons developed Ca?* signaling systems based on the release and sensing of intracellular
calcium leading to the activation of many biochemical pathways (Berridge, 2012). In the
light of our results, Pyk2 appears as a crucial calcium sensor at the crossroad of signaling
events leading to the formation of synaptic plasticity and to the establishment of memory.

In previous studies, Pyk2 was established as an important modulator of synaptic
plasticity and particulatly of LTP (Huang et al., 2001; Bartos et al., 2010). We confirmed
this hypothesis by the use of Pyk2 deficient mice: CA1 LTP was severely impaired in
Pyk2-/- mice resulting in spatial learning and memory defects (Giralt et al., 2017). This was
associated with biochemical alterations at synapses. Among them, the decreased total and
tyrosine phosphorylated GIluN2A and the decreased tyrosine phosphorylation of GluN2B
are likely to contribute to synaptic defects in Pyk2 knockout mice.

The decreased function of Pyk2 observed in a mouse model of AD substantiated
the hypothesis of a role for Pyk2 in the establishment of memory (Giralt et al., 2018).
Overcoming this deficit by Pyk2 overexpression improved the molecular (PSD-95 and
synaptophysin expression rescue) and behavioral (restored responses to elevated plus-maze
and novel object recognition tests) phenotype of these mice (Giralt et al., 2018). It should
be noted that the restored response to elevated plus-maze following Pyk2 overexpression
in the hippocampus could appear surprising as this test is measuring anxiety-like behavior
which is usually associated to limbic circuits. But hippocampus has been shown to
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contribute to anxiety and to behavior in the elevated plus-maze (Barkus et al., 2010; Xiang
et al.,, 2011; Jimenez et al., 2018) thus explaining the observed phenotype of 5XFAD-Pyk2
mice.

Additionally, Pyk2 deletion in the amygdala was also shown to impair the synaptic
markers and structural changes induced by chronic stress (Montalban et al., 2019). Such
alterations were accompanied with a reduction of anxiety-like and anhedonia-like
phenotypes induced by chronic stress (Montalban et al, 2019). Moreover, the Pyk2
interactor PSD-95 was already demonstrated to be essential for the maintenance of long-
lasting fear memories via remodeling excitatory synapses (Fitzgerald et al., 2015). It this
thus likely that Pyk2 deletion impairs the establishment of a cellular memory (through, znzer
alia, PSD-95 and NMDAR levels in PSDs, NMDAR phosphorylation, and increased spine
density) thereby partially preventing the development of stress-induced phenotype.

Seeing Pyk2 as critical for the establishment of plasticity and memory thus provide
a better understanding of the apparent complex and ambivalent role of Pyk2 in neurologic
diseases. In the light of this idea, Pyk2 can be considered at the same time as an aggravating
factor of stress-induced pathologies (in which Pyk2 appears necessary for some ill-defined
synaptic changes), and as a possible rescue factor in neurodegenerative diseases such as HD
or AD (in which, in constrat, the diseases are notably characterized by a loss of plasticity).
The controversy about the exact role of Pyk2 in AD will be discussed further.

II. Kinase-dependent and independent functions of Pyk2

Along this study, it clearly appeared that Pyk2 may embody different functions which can
be either kinase or kinase-independent.

Spine density, which is decreased in the hippocampus of Pyk2/- mice, was rescued
by transfection of a form of Pyk2 mutated on the autophosphorylation site or on the kinase
domain but not by transfection of a mutant form of Pyk2 unable to bind PSD-95 (Giralt et
al., 2017). This result reveals a kinase-independent Pyk2 function on spine density. Such
function could be linked to scaffolding properties of Pyk2 (i.e. its ability to bind several
proteins such as PSD-95 for instance). Paradoxically, none of this transfected mutants
allowed recovery of PSD-95 recruitment to synapses indicating 1; that the entire sequence
of Pyk2 is needed for PSD-95 recruitment and 2; that this kinase-independent function of
Pyk2 does not rely on PSD-95 recruitment but maybe involves other proteins which remain
to be identified (Giralt et al., 2017).

In the amygdala, while Pyk2 deletion resulted in reduced anxiety-like and anhedonia-
like phenotypes induced by chronic stress, we did not observe any increased
phosphorylation of Pyk2 following stress. Here, it is very likely that the conditions tested
(24 hours following CUMS or 0 or 3 hours following acute restraint stress) were possibly
not appropriate which means that Pyk2 could have been transiently activated and already
returned to basal state when mice were sacrificed. Another interpretation of this result is
that Pyk2 function in response to stress is also kinase-independent and may rely as well on
its scaffolding properties. Accordingly, we observed that chronic stress induced an
increased Pyk2/PSD-95 colocalization concomitant with an increase in GluN2B and
pSer896-GluN1 which were prevented in the absence of Pyk2. Being a tyrosine kinase,
Pyk2 cannot be directly responsible for Ser896-GluN1 phosphorylation. Thus, these results
may not reflect Pyk2 kinase activity but rather its interaction with molecular partners
including, at least, PSD-95.
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In contrast, in the hippocampus of 5xFAD mice, Pyk2 total levels were not changed
as compared to wild type mice, but its phosphorylation was decreased indicating a reduced
activity of Pyk2 in this mouse model of AD (Giralt et al., 2018). In the striatum, we observed
a phosphorylation of Pyk2 following cocaine injection showing that the role of Pyk2 in
such contexts may be related to its autophosphorylation and, by extent, to its kinase activity.

If both kinase-dependent and independent functions of Pyk2 should not be opposed
as inherently exclusive (the so-called kinase-independent function of Pyk2, which essentially
refers to its scaffolding properties, must probably be important as well in the two last
conditions, i.e. AD and cocaine response), the interest of such discussion is to underlie the
wide functionality of protein kinases which shall not be seen as simple catalyst but as
complex proteins with different features.

This question could be addressed in the future by performing a comparative
proteomic study of the proteins interacting with phosphorylated and non-phosphorylated
Pyk2. Such approach could be assessed in different conditions (e.g. after saline or cocaine
injection) and/or different brain regions (e.g. NAc versus dorsal striatum or striatum versus
hippocampus). This would give a comprehensive idea of the relative contribution of the
kinase-dependent and independent functions of Pyk2 in every situation and could be
relevant for a better understanding of its role in neurologic disorders.

III. Antagonistic effect of Pyk2 on spine density and
motrphology

Our results revealed antagonistic effects of Pyk2 on spine density and morphology.

In CA1l pyramidal neurons of the hippocampus, spine density was decreased in
Pyk2*+/= (=8%) and Pyk2~/~ (—16%) mice as compared to wild type (Giralt et al., 2017).
This was also associated with a decreased spine neck length (Giralt et al., 2017). In neurons
in culture spine density but not spine neck length was rescued by transfection of a mutant
form of Pyk2 with a point mutation of the autophosphorylation site or o the ATP-binding
lysine in the kinase domain (kinase-dead, KD mutant) suggesting that scaffolding properties
of Pyk2 may be involved in the control of spine density in the hippocampus. However, one
cannot exclude here a pre-synaptic role of Pyk2 as electron microscopy experiments
showed the presence of Pyk2 in nerve terminals as well (Giralt et al., 2017).

In the amygdala, Pyk2 deletion prevented the CUMS-induced spine density increase
(Montalban et al., 2019). Here again, the same hypothesis as for the hippocampus could
explain this effect. Pyk2 would play a role of scaffold at synapses promoting interactions
between partners (PSD-95, NDMAR, etc.) leading to structural plasticity (Montalban et al.,
2019). The role of Pyk2-dependent phosphorylation in this response remains to be
investigated more thoroughly.

In contrast, in the NAc, the lack of Pyk2 is associated with increased SPNs spine
density and neck length. This is the exact opposite of the effect of Pyk2 deletion in
hippocampal neurons and it reveals an antipodal role for Pyk2 on spine density and
morphology.

One could explain such discrepancy by the diversity of the neurons studied here,
hippocampal neurons being glutamatergic as opposed to SPNs of the striatum being
GABAergic for instance. Hence, it could be hypothesized that Pyk2 has distinct roles
depending on the neuronal type. However, such opposite role of Pyk2 within the
hippocampus was already mentioned in the literature showing that, in a same neuronal
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population, Pyk2 can have different effects on spine density and morphology. In 2007,
Bourgin et al. demonstrated that EphA4 activation by ephrin-A3 in hippocampal slices led
to decreased tyrosine phosphorylation of pCas, FAK and Pyk2, associated with a decreased
spine density and neck length (Bourgin et al., 2007). Such result ties up with the hypothesis
of a positive role for Pyk2 on spine density and neck length. On the contrary, in 2012, Suo
et al showed that overexpression of Pyk2 induced the inhibition of Racl thereby leading to
dendritic simplification and spine loss in CAl (Suo et al.,, 2012). In this instance, Pyk2
displays a negative role on spine density, just as what we observed in the NAc.

Such divergence reveals the complexity of the role of Pyk2 in neurons. It looks like,
depending on the situation, Pyk2 alterations can have opposite effects on structural
plasticity. Further studies will be needed to understand the molecular basis at the origin of
this apparent discrepancy.

IV. BDNF and Pyk2 merging functions

Interestingly, over the presented results we obtained, it appears that Pyk2 and BDNF share,
in some extent, common role in maintaining synaptic structure, biochemical markers and
functions as well as in preventing AD-associated defects.

BDNF was shown to induce LTP in hippocampal neurons (Kang et al., 1997,
Kuipers et al., 2016). Pyk2 was also shown to be involved in hippocampal LTP (Girault et
al., 1999a; Huang et al., 2001; Bartos et al., 2010). Notably, LTP of CA1l synapses is
prevented by a kinase-dead Pyk2 (Huang et al., 2001) or by competition of Pyk2:PSD95
interaction (Bartos et al., 2010). Here, we showed that Pyk2 is critical for recruiting PSD-
95 at synapses (Giralt et al., 2017). Besides, BDNF was also shown to promote PSD-95
expression and targeting to synapses (Yoshii and Constantine-Paton, 2007, 2014; Robinet
and Pellerin, 2011; Parsons et al.,, 2014). In the same vein, both BDNF and Pyk2 were
shown to enhance spine density in the hippocampus (Giralt et al., 2017; von Bohlen und
Halbach and von Bohlen und Halbach, 2018). Both Pyk2 and BDNF thus contribute to
PSD-95 recruitment at synapses, spines maintenance and LTP expression.

These features are all altered in AD models (Walsh et al., 2002; Shankar et al., 2008;
Yuki et al., 2014; Dorostkar et al., 2015). However and interestingly, if we observed a
decreased activation of Pyk2 in the hippocampus of 5xFAD mice at 8months of age (Giralt
et al., 2018), it is still debated whether BDNF levels are affected or not in the course of the
disease (Song et al., 2015). Nevertheless, overexpression of BDNF (de Pins et al., 2019) and
Pyk2 (Giralt et al., 2018) were both shown to rescue memory deficits, spine density, and
synaptic properties in 5xFAD mice.

It is also noteworthy that BDNF was shown to activate Pyk2 through STEP
inhibition (Xu et al.,, 2016) and to induce its synaptic synthesis in hippocampal neurons
(Afonso et al., 2019). It is thus likely that these two pathways, contributing to the same
evoked functions, are at least partially interdependent.

V. Pyk2 and AD: risk or rescue factor?

Our results published in 2018 on the role of Pyk2 in a mouse model of Alzheimer's disease
were unexpected since our hypothesis before carrying out the experiments was that the loss
of Pyk2 could have a protective role. In the light of previously published results, we first
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hypothesized a role of Pyk2 in the development of AD. Several GWAS identified PTK2B
as a susceptibility locus of LOAD, suggesting a role for Pyk2 in AD (Kamboh et al., 2012;
Lambert et al., 2013; Beecham et al., 2014; De Jager et al., 2014; Wang et al., 2014; Chan et
al., 2015; Jiao et al., 2015; Li et al., 2016; Nettiksimmons et al., 2016; Lin et al., 2017). These
association data do not provide indication on the positive or negative effect. However,
rs28834970C, one of the SNPs associated with increased AD risk was associated with
increased Pyk2 mRNA expression in peripheral blood monocytes suggesting that PTK2B
expression increases AD risk (Chan et al., 2015). Previous studies from the group of
Strittmatter also indicated a possible role for Pyk2 in the development of AD implicating
its ABo-dependent activation through the PrPc-mGIuR5 complex receptor (Kaufman et al.,
2015; Haas and Strittmatter, 2016; Haas et al., 2016, 2017; Brody and Strittmatter, 2018).
Finally, Pyk2 was also linked with tauopathy since it colocalizes with hyperphosphorylated
tau in the brain of AD patients and in Tau transgenic pR5 mouse model (Kohler et al.,
2013; Doutlen et al., 2017) and as it was recently reported to phosphorylate tau directly (Li
and G6tz, 2018).

Our first expectation was that Pyk2 deletion could rescue the behavioral and
biochemical phenotype of a mouse model of AD, the 5xFAD mouse. Thus, the absence of
effect, except from the slight decrease in amyloid plaque number, was a surprise. The
observation of a decreased Pyk2 Tyr-402 phosphorylation in 5xFAD mice at 8lmonths of
age led us to the idea to rescue this deficiency by overexpressing Pyk2 instead of suppressing
it. Remarkably, such strategy improved synaptic markers and performance in several
behavioral tasks but slight increased amyloid plaque number. Because both Pyk2/- and
5xFAD mice showed an increase of potentially toxic Src fragment, we hypothesized that
the neuroprotective role of Pyk2 highlighted in this study could be related to the prevention
of Src cleavage. However, several questions remains open such as the precise role of Pyk2
in amyloid plaque formation.

Afterwards, a comment of our article from Polis and Gil-Henn gave new explanation
lines on the apparent discrepancies between the previous bibliography and our results (Polis
and Gil-Henn, 2019). First, one should note that, for leading to the development of a
relatively fast and aggressive pathology, the 5xFAD mouse may represent a model for early
onset AD (EOAD) instead of the LOAD examined in the aforementioned GWAS studies.
Pyk2 may display different role along the development of the disease thereby explaining
the contrasted results in the different studies. Moreover, the lack of Tau pathology in the
5xFAD mouse model (which is an amyloid model of AD) might at least partially explain
the lack of phenotype in 5xFAD/Pyk2-/- mice. Polis and Gil-Henn thus suggest the use of
an AD mouse model which would more closely mimic LOAD such as the 3xTg-AD model
that harbors mutations in PS1, APP and Tau (Oddo et al., 2003). They also develop an
interesting hypothesis concerning the putative role of Pyk2 in amyloid plaque formation.
We observed a decreased plaque number in 5xFAD/Pyk2-/- mice and an increased plaque
number in 5xFAD mice overexpressing Pyk2. We also noted colocalization of Pyk2 and
AB in the neuropil zone but not in plaques, suggesting a putative role of Pyk2 in AB
production. Such role could be due to a Pyk2-induced calcium release from endoplasmic
reticulum (Grossi et al., 2017) and the subsequent calcium-induced activation of y-secretase,
an APP processing enzyme (Small et al., 2010). This model would explain our observations
and would need to be tested in further studies.

However, two recent studies from the Strittmatter group reported again evidences
for Pyk2 being an AD risk factor (Lee et al., 2019; Salazar et al., 2019). In the first study,
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Salazar et al. reported, in 2- to 6-month-old mice, that Pyk2 contributed to synaptic LTD,
but was not required for basal synaptic function or LTP (Salazar et al., 2019). In the
hippocampus from 6-8 and in 12 month-old mice, they did not observe any synaptic defect
as obsetved in our previous study. Finally, they also observed in APPswe/PSTAE9 mice,
another mouse model of AD, that Pyk2 was necessary for LTP suppression in slices by
ABo and for memory impairment plus synapse loss (Salazar et al., 2019).

Following this study, Lee et al. tried to explore the molecular mechanisms undetlying
the role of Pyk2 in the development of cognitive decline in APPswe/PS1AE9 mice (Lee et
al., 2019). In vitro, Pyk2 overexpression results in a decreased spine density in a kinase
activity-dependent mechanism: Pyk2 phosphorylates and inhibits Grafl, a RhoA GAP
protein. Such inhibition of Grafl results in the activation of RhoA and subsequent
ROCK2-dependent actin contractility, thereby leading to dendritic spines retraction and
synapse loss (Lee et al., 2019).

These findings are clearly different from ours. Nonetheless, some parameters may
explain the observed discrepancies. About the synaptic markers and plasticity defects
observed in Giralt et al. 2017, we led our experiments on male mice only whereas the two
aforementioned studies of the Strittmatter group were done with no preference for male or
temale mice (Giralt et al., 2017; Lee et al., 2019; Salazar et al., 2019). Hormonal cycles in
female may create variability preventing the observation of L'TP and synaptic markers
defects previously revealed in our Pyk2 knockout mice. Additionally, differences in the
Pyk2-null strains cannot be excluded: our Pyk2 knockout mice were produced by deleting
exons 15 to 18 of P#2b whereas the Strittmatter group used Pyk2/- mice from Schlessinger
group, in which a neo-expressing cassette was inserted into the 5’ portion of Pyk2 sequence
encoding for the kinase domain (Okigaki et al., 2003; Giralt et al., 2016). In principle the
resulting deletion should be the same and neither group detected Pyk2 immunoreactive
forms with either N- or C-terminus specific antibodies (Giralt et al 2017 and unpublished
results mentioned in Okigaki et al. 2003). However the existence of PRNK, which should
be unaffected, but is not expected to be expressed in the CNS, has not been extensively
investigated. One cannot exclude a possible change in the chromatin structure leading to
different regulation of additional genes in one of the aforementioned genetic constructs.
Schlessinger’s lab knockout mice were generated by deletion in R1 ES cells which are
detived from 129S1/SvIm] and 129X1/Sv] blastocyst and chimeric mice brought to be
homozygous in a 129Sv/Ev background (Okigaki et al., 2003) and later transferred onto a
C57BL/6] background after 10 backcrosses (Salazar et al., 2019). Our mice were generated
by homologous recombination of C57/Bl6 ES cells and then transferred to the same
background. Finally, the line used by Salazar et al. had been generated about 15 years before
the experiments, and the appearance and selection of additional mutations moderating the
phenotype cannot be excluded. Moreover, while our observations were made in 3-4 month-
old mice, the biochemistry studies reported in Salazar et al. were carried out in 6-8 and in
12 month-old mice, and the synaptic plasticity tests in 2-6 month-old mice (Giralt et al.,
2017, Salazar et al., 2019). Thus, another hypothesis is that Pyk2 deletion induces synaptic
defects which are reverted with age. Further studies will be needed to unravel this
conundrum.

About the role of Pyk2 in the development of AD, some other parameters can
explain the discrepancies observed between these results. Again, the mouse model of AD
used in these studies are different. In 5xFAD mice, the onset of the phenotype is at juvenile
ot eatly adult stages whereas it develops at late adult stages in APPswe/PSTAE9 mice. As
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mentioned before in this discussion, 5xFAD mice are thereby more related to EOAD,
whereas APPswe/PSTAE9 mice would better represent LOAD. Besides, the cotrection of
Pyk2-/- synaptic phenotypes from eatly (Giralt et al., 2017) to late adult stages (Salazar et
al., 2019) must also be taken into account, as the ages of the mice differ between the studies.

Finally, it is noteworthy that none of these studies deal with Tau pathology. Neither
5xFAD, nor APPswe/PSTAE9 mice develop clear Tau pathology as they are do not harbor
mutations in the gene coding for Tau and a clear effect of APP alterations on Tau is not
observed in mice. As discussed above, Pyk2 is a very probable modulator of Tau pathology
as it was shown to colocalize and phosphorylate Tau (Kéhler et al., 2013; Doutrlen et al.,
2017; Li and Go6tz, 2018). The comment of Polis and Gil-Henn thus remains accurate for
the future: a study on 3xTg-AD, which not only harbors mutations in PS1 and APP but
also in Tau, would be highly beneficial for a better understanding of the role of Pyk2 in the
development of AD (Polis and Gil-Henn, 2019).

VI. Contrasted function of Pyk2 in the striatum

The study of the role of Pyk2 in the striatum gave unexpected results.

In contrast to the hippocampus where it seems important for learning and memory,
in the striatum Pyk2 is not necessary for cocaine locomotor sensitization or conditioned
place preference, underlining regional specificity in its actions.

As evoked above, this dissimilarity could be explained by the differences between
the neuronal populations of these two areas of the brain. Hippocampal neurons are
glutamatergic whereas the main neuronal population of the striatum, the SPNs, are
GABAergic. Moreover, these neurons do not receive the same afferences and thus may
differ in their signaling pathways. The slightly lower locomotor response to the D1 agonist
SKF-81297 in Pyk2#/toice mice support the hypothesis of a role for Pyk2 in
D1R/Guaolf/cAMP pathway modulation. Accordingly, the decreased locomotor response
to psychostimulants without alteration in locomotor sensitization or CPP is reminiscent of
the phenotype of Gaolf heterozygous (Gral-/~) mutant mice in which cAMP production is
decreased (Corvol et al., 2007). It is thus likely that this particular and unexpected role of
Pyk2 in the striatum may account on a newly identified function of Pyk2 as a modulator of
the D1R/Guaolf/cAMP pathway.

It is noteworthy that we did not study more procedural memory, which are known
to involve the sensorimotor striatum (dorso-lateral part of the striatum) (Willuhn and
Steiner, 2009). This memory could be tested, in the future, by operant behavior experiment
in mice, involving longer-term protocols of cocaine (or food) delivery in response to a
specific behavior. Such experiment would complete our overview of Pyk2 function in the
striatum.

Additional work will thus be needed to unravel the precise molecular mechanism
underlying the specific function of Pyk2 in the striatum and its difference with other brain
regions such as the hippocampus.

The results obtained in this thesis shed a new light on the putative role of Pyk2 in
synaptic function and in neuropsychiatric conditions. Pyk2 appears to be, at least in the
hippocampus and the amygdala, a critical player in synaptic plasticity. Because of that, it
contributes in three neuropsychiatric conditions, HD, AD, and chronic stress-induced
behavioral alterations. Genetic manipulation of Pyk2 expression in mice models of these
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conditions improved the phenotype of these mice indicating that Pyk2 might be a useful
target for neuropsychiatric diseases. Conversely, deletion of Pyk2 in the striatum was
associated with fewer molecular defects but altered acute effects of cocaine or D1 dopamine
receptors stimulation. This contrast reveals the complexity of Pyk2 function, in agreement
with findings in non-neuronal cell types. Pyk2 cannot be assigned to one single simple
biological function but its role can vary depending on the cell type and the conditions. A
deeper understanding of this complexity will require further works in the coming years.
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Abstract

In metazoans, phosphotyrosine signaling mediates cell-cell communication and contributes
to the development of multicellularity. Proline-rich tyrosine kinase 2 (Pyk2) is a calcium-
dependent non-receptor tyrosine kinase of the focal adhesion kinase (FAK) family,
enriched in forebrain neurons. Pyk2 activation involves autophosphorylation of Tyr-402,
which recruits and activates Src family kinases (SFKs). Pyk2 can also interact with many
other molecular partners, in particular through its proline-rich (PR) motifs, which bind SH3
domains. Pyk2 can thus activate, depending on the cell type, different signaling pathways.
In the central nervous system, Pyk2 is particularly abundant in neurons of the cerebral
cortex, the striatum and the hippocampus where it plays a role in synaptic plasticity.

In this thesis, I studied Pyk2 in neuropathological conditions 7 vzve, using total or
conditional knock-out mice. Pyk2 deficit in the hippocampus resulted in alterations of
NMDA receptors, PSD-95 and dendritic spines. These defects were associated with an
impairment of CA1 LTP and hippocampal-related learning thus confirming the crucial
importance of Pyk2 in the expression of synaptic plasticity. Huntington’s and Alzheimer’s
diseases were associated with decreased in total Pyk2 or its activated forms in hippocampus,
which contributed to the phenotype of mouse models of these diseases. Overexpression of
Pyk2 using adeno-associated virus (Pyk2-AAYV) rescued synaptic properties and memory
deficits. In parallel with this main project, we showed the efficacy of astrocytic delivery of
BDNF (a known activator of Pyk2) in a mouse model of Alzheimer’s disease. Conversely,
deletion of Pyk2 in the amygdala prevented spine alterations and development of
depressive-like symptoms induced by chronic unpredictable stress. Finally, in the striatum,
Pyk2 deficiency was not associated with the synaptic defects observed in other brain areas.
However, it decreased locomotor response to acute cocaine injection without altering
locomotor sensitization and conditioned place preference. This phenotype was
recapitulated by deletion of Pyk2 in the nucleus accumbens or in D1 receptor-expressing
neurons suggesting a specific role of Pyk2 in these neurons.

Taken together this work supports an important role for Pyk2 in synapses and shows
that its alteration contributes to the development of neurological disorders.



