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Summary

The actin cytoskeleton is an important structure at the synaptic terminals and controls
key parameters in synaptic physiology and plasticity. Actin binding proteins (ABPs)
regulate cytoskeletal remodeling and actin dynamics at the synapse affecting synaptic
transmission. Among all the different ABPs, profilin 1 (PFN1) and profilin 2 (PFN2) are
part of a family of proteins that bind monomeric actin and promote filament
polymerization. It has been previously shown that the mouse model lacking PFN2
exhibits an alteration of synaptic activity, due to increased excitability of glutamatergic
transmission in the cortico-striatal pathway, while the mouse model lacking PFN1 in
the brain displays mild neuronal migration defects but no synaptic function

alterations.

In the first part of this thesis are reported evidences suggesting that Pfn2 loss in mice
produces an autistic-like behavior, caused by an imbalanced glutamatergic/GABAergic
transmission in the Schaffer collaterals. The maintenance of the excitation-inhibition

balance is critical for normal brain development and for its regular functioning.

In the second part of the thesis, studies on Pfn1;Pfn2 double knockout mouse lines
were performed at both developmental and adult age in order to properly dissect the
specific and redundant functions of the two profilin isoforms. PFN1 appears most
relevant for patterning brain structures during early development of the CNS and, for
the first time, PFN2-redundant functions are also uncovered. Moreover, the function
of profilins, especially PFN1, in regulating cell cycle progression supports the existence
of an actin cytoskeleton checkpoint preceding phase G2/M transition of the cell cycle.
In the adult brain both profilins are necessary for the maintenance of dendritic
complexity of cortical and hippocampal pyramidal neurons. Since PFN2 is higher
expressed compared to PFN1, PFN2 loss has higher impact on neuronal structural
integrity.

In conclusion, this work shows that PFN1 and PFN2 play different functions in the

developing and adult brain.
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Introduction

1.1 The cytoskeleton

The cytoskeletal network of eukaryotic cells is composed principally of three types of
protein filaments -actin microfilaments, microtubules and intermediate filaments -
each one of them having unique biophysical and biochemical properties. The
remodeling of these protein filaments, by multiple intrinsic and extrinsic cues, allows
the cytoskeleton to control the diversity of eukaryotic cell shapes, to provide structural
and mechanical support to the cell and, moreover, to modify dynamic cellular
behaviors in order to generate cell movement (Dillon & Goda, 2005). The cytoskeleton

is a dynamic structure, ready to adapt to cell demands.

Microtubules are hollow fibers of 25 nm diameter, formed by 13 protofilaments of
polymerized a- and - tubulin heterodimers. Microtubules contribute to cell stability
and during cell division are involved in spindle formation. In neurons, microtubules
serve as a scaffold for organelle transport and are structural components of neurites,

playing an important role in their elongation (Fukushima, 2011).

Intermediate filaments assembly begins with the folding of the proteins into a
conserved alpha-helical rod shape, followed by a series of polymerization and
annealing events that lead to the formation of filaments of roughly 8 to 12 nm in
diameter. The primary function of intermediate filaments is to provide structural

support and to create cell cohesion.

1.1.1 Actin cytoskeleton

The evolutionarily highly conserved actin molecules assemble reversibly into filaments
of 7 nm diameter (Pollard et al., 2016). Actin is a crucial component of the cellular
scaffold, essential for sculpting and maintaining cell shape. Actin dynamics also

support a myriad of processes ranging from cell motility, cell division and cell
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morphogenesis to endocytosis, exocytosis and intracellular proteins/vesicles

trafficking.

Actin function is critical during embryonic development and in the plasticity of the
nervous system. In the developing CNS the actin cytoskeleton is needed for all
migration processes and in neurons it has a crucial role in neurite formation, extension
and branching as well as synaptogenesis. In mature neurons, actin is the most
prominent cytoskeletal protein at synapses, being present in both pre- and post-
synaptic terminals, with structural and physiological functions (Dominguez & Holmes,

2011; Cingolani & Goda, 2008).

Due to its important functions, it is not surprising that the 42 kDa actin monomer is
one of the most abundant proteins in the majority of cells, from amoebas to human,

often accounting for 10 % or more of total protein content (Kron et al., 1992).

Bacteria, archaea, and eukaryotes all have actin-related molecules structurally and
functionally similar to each other. In bacteria, actin-like proteins (MreB, FtsA, and
ParM) can be found. All eukaryotes have one or more genes for actin. Sequence
comparisons have established that actin is one of the most conserved gene families,
varying by only a few amino acids between algae, amoeba, fungi and animals. This
conservation is attributed to constraints imposed by the interactions of actin with
itself to polymerize, with motors and with a large number of regulatory proteins
(Gunnin et al., 2015).

Actin in higher eukaryotes is represented by several isoforms that differ by only a few
amino acids, with most variations occurring in the N-terminal region. Vertebrates
express three main actin isoforms: a-isoform, exclusively in muscles cells, and the B-

and y- isoforms in both non-muscle and muscle cells.

Actin exists in two different forms, globular actin (G-actin) is the monomeric form that
can assemble into a polar double-stranded right—handed helical filamentous form (F-

actin). As all actin subunits point to the same direction, the filament is polar and based
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on the arrowhead pattern created when myosin binds to F-actin, the fast-growing end
of the filament is called ‘barbed’ or (+) end, whereas the slow growing end is denoted

‘pointed’ or (-) end (Pollard & Cooper, 2009).

The actin monomer consists of two major domains each of which contains two
subdomains; the four subdomains are organized to form a rather flat molecule of 42
kDa. The nucleotide (ADP or ATP) and the associated divalent cation (Mg?* or Ca?)
bind in a deep cleft, interacting more strongly with subdomains 3 and 4, but also with
residues in subdomains 1 and 2. The lower hydrophobic cleft, between subdomains 1
and 3, changes conformation depending on the state of the nucleotide and constitutes

the binding site for most actin-binding proteins (ABPs) (Dominguez, 2004) (Fig 1.1).

DNase loop

Figure 1.1 | Ribbon structure of
uncomplexed actin in the ATP state.
Numbers 1, 2, 3 and 4 label the four
subdomains (protein data bank [PDB]:
1ATN). ATP is bound at the center where
subdomains 2 and 4 meet. Subdomains 2
and 4 mark the (-) end of filaments, while 1
and 3 represent the (+) end (figure from
Pollard, 2016).

The “nucleation phase” starts the actin polymerization process. It is a highly
unfavorable and slow event (Sept & McCammon, 2001), which consists in the initial
formation of a dimer and the addition of a third subunit to form a trimer. However, in
vitro, once oligomers are formed, spontaneous actin filament elongation can occur if
the concentration of actin monomers is above the “critical concentration” (C.) at the
barbed ends. The C. is reached when the net rates of filament assembly and
disassembly at one end of the filament are identical. Owing to the difference in the
polymerization rates at the two ends, the C. of G-actin at the pointed end is higher

(0.8 uM), than that at the barbed end (0.1 uM). This difference, at the G-actin
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concentration lying between the two C,, leads to a net loss of actin molecules at the
pointed end and a simultaneous gain of monomers at the barbed end.

Actin filaments therefore extend when ATP-bound G-actin monomers are
preferentially incorporated at the barbed end. As the filament matures, the ATP is
hydrolyzed into ADP and inorganic phosphate (Pi). The phosphate is released, and the
resulting ADP-actin filament is disassembled by loss of monomers from the pointed
end. The released ADP-actin monomers can then undergo nucleotide exchange to
generate ATP-actin monomers that can be used for new rounds of polymerization at
the barbed end (Pantaloni et al.,1984; Pollard et al., 2000; Pantaloni et al., 2001).
Importantly, this phenomenon, known as actin treadmilling, creates a net flow of
newly incorporated actin monomers through the filament, allowing dynamic turnover

of the actin filament itself (Pollard et al., 2000; Kovar & Pollard, 2004) (Fig 1.2).

ATP hydrolysis

ATP-Actin ATP-P-Actin  ADP-Actin
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Figure 1.2 | Actin treadmilling process. In vitro, the filament length is maintained in a state
of equilibrium as a result of the constant binding of new monomers of ATP-G-actin (red)
and the constant dissociation of monomers of ADP-G-actin (pink). On the actin filament the
association of monomers of G-actin proceeds quickly, with one end ((+) end), growing much
faster than the other ((-) end). Since the affinity between the actin monomers is higher in
the ATP-bound state rather than in the ADP-bound state, the (+) end contains mainly
associated ATP-actin monomers, whereas on the (-) end a higher concentration of ADP-
actin is formed. The ATPase activity of actin strongly increases on incorporation into the
filament. After the binding of ATP-actin to the filament, the hydrolysis of ATP and the
dissociation of P; destabilize the filament. Dissociated ADP-actin undergoes nucleotide
exchange, which, in vivo, is strongly facilitated by profilin.
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1.1.2 Actin binding proteins

In order to carry on cytoskeletal based functions, cells are required to regulate
polymerization and depolymerization processes, to obtain a rapid remodeling of the
actin cytoskeleton in response to diverse environmental cues. Actin-binding proteins
(ABPs) are regulatory proteins responsible for the fine control of actin cytoskeleton
dynamics (dos Remedios et al., 2003; Winder, 2005). Collectively, ABPs maintain a
large pool of actin monomers available for polymerization, nucleate assembly of new
filaments, promote elongation and depolymerization, cap barbed or pointed ends to
terminate or stabilize elongation, sever and crosslink filaments (Pollard, 2016).

ABPs are classified according to their functions into distinct groups, even though their

activity is often not limited to a specific class (dos Remedios et al., 2003) (Fig 1.3).
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Figure 1.3 | Actin binding proteins. Actin binding proteins regulate actin dynamics and
organize actin structures. ABPs are involved in many aspects of actin dynamics, including
monomer binding (e.g. profilin), filament polymerization (e.g. formins), filament end
capping (e.g. CapG, CapZ), filament severing (e.g. gelsolin) and depolymerizing (e.g.
ADF/cofilin), filament bundling and cross-linking (e.g. fascin, filamin) and filament
branching (e.g. ARP2/3) (figure from Pollard, 2016).
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1.1.2.1 Monomer binding proteins

In many higher eukaryotic cells, there are two major actin monomer sequestering
proteins: profilin and thymosin B4. These proteins provide G-actin-buffering capacity
and have opposite functions in promoting or inhibiting actin polymerization in cells.

The binding of actin to thymosin B4 blocks all actin assembly reactions, including
nucleation and growth at the end of the filament. Instead, the binding of profilin to an
actin monomer allows to elongate the barbed end of a filament. Profilin maintains a
pool of actin ready for filament elongation at the barbed ends, while thymosin B4
holds the rest of the monomers in reserve. Profilin, competing with thymosin B4 for
binding to actin monomers, offers a pathway for actin monomers sequestered by
thymosin B4 to re-enter the elongation process (Pollard & Borisy, 2003; Pollard, 2016).
The topic of this thesis is the study of profilin function during mouse brain

development and in the adult brain.

1.2 Profilin

About four decades ago, profilin (PFN) was first described as a small 14-15 kDa protein
(125-139 amino acid residues) that copurifies with monomeric actin from calf spleen
and inhibits actin polymerization in vitro. The name of the protein derives from its
ability to keep actin in a “profilamentous” state (Carlsson et al., 1977). Profilins are
among the most highly expressed proteins in eukaryotic cells, with concentrations
ranging from 5 to 100 uM (Buss F et al., 1992; Pollard et al., 2000); they were initially
isolated based on their ability to bind to G-actin in a 1:1 stoichiometric complex, called
profilactin (Carlsson et al., 1977; Schliter et al., 1997).

Profilins have been well conserved during evolution and can be found throughout the
entire animal and plant kingdoms. In particular, profilins have been discovered in

lower eukaryotes, like protozoa, slime molds and fungi (Haugwitz et al., 1991; Ozaki et
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al., 1983; Reichstein & Korn, 1979; Tilney et al., 1983; Wilkes & Otto, 2000 and 2003),
plants (Valenta et al., 1993), invertebrates (Cooley et al., 1992; Polet et al., 2006;
Somboonwiwat et al., 2006) and vertebrates (Braun et al., 2002; Honoré et al., 1993;
Witke et al., 1998 and 2001). There is even a viral isoform of profilin whose gene
organization is homologous to the mammalian profilins (Blasco et al., 1991; Butler-
Cole et al., 2007). Plant profilins expression is strictly regulated during development
and can be ubiquitous or restricted to reproductive tissues (Kandasamy et al., 2002),
specifically to pollen (Hussey et al., 2006).

The number of profilin genes per organism correlates roughly with its complexity.
While lower eukaryotes contain one or two, occasionally three genes (Dictyostelium
discoideum - Arasada et al., 2007; Caenorhabditis elegans - Polet et al., 2006), higher
eukaryotes display higher numbers, with plants expressing up to ten different profilin

genes (Jockusch et al., 2007).
1.2.1 Profilin function in F-actin polymerization

In vivo, profilin supports actin filament polymerization. Profilin is able to bind ADP-
loaded G-actin and catalyze the exchange of ADP to ATP (on the bound G-actin), with
1000-fold higher efficiency then spontaneous exchange. The ATP-loaded G-actin
constitutes the pool of monomeric actin ready for polymerization, since only the ATP-
loaded form of G-actin is incorporated at the barbed end of uncapped filaments (Pring
et al., 1992; Pantaloni & Carlier, 1993). Upon binding of the profilin-actin complex to
the barbed end, profilin’s affinity for actin diminishes tremendously because the
profilin binding domain of G-actin is partially overlapping with its barbed end binding
region (Gutsche-Perelroizen et al., 1999).

Profilin also binds to a number of actin nucleators. The function of actin nucleators is
to facilitate the stable formation of an actin nucleus (G-actin trimer), which is an
essential step for the growth of a new filament. Actin nucleators are divided into three
classes: formins, WH2-domain containing actin nucleators (Spire, Cordon-bleu and

Leiomodin) and the ARP2/3 complex regulated by nucleation promoting factors (the
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WASP and the WAVE families) (Ahuja et al., 2007; Campellone & Welch, 2010;
Chesarone & Goode, 2009; Kunda et al., 2003; Winder et al., 2005). It was shown that
profilin interacts with formins, delivering on growing filaments the ATP-G-actin
required for actin polymerization (Kovar et al., 2006), as well as VASP and MENA and
WASP and WAVE proteins (Gertler et al., 1996; Reinhard et al., 1995; Miki et al., 1998;
Suetsugu et al., 1998).

1.2.2 Profilin structure and binding domains

All studied profilin isoforms share common structural and biochemical properties,
although the amino acid sequences, among distantly related species, show less than
25 % homology (Schliter et al., 1997). Numerous studies on profilins from different
species demonstrate that they have highly similar tertiary structures (Metzler et al.,
1993; Schutt et al., 1993; Thorn et al., 1997; Vinson et al., 1993). Therefore, the
conservation of the protein folds seems to be more important than the conservation
of the primary sequence (Witke, 2004). In fact, all profilin structures that have been
resolved to date are similar, for example human profilin 1 and profilin 2 are almost

superimposable even with only 61 % amino acid identity (Odalman et al., 1999).

Profilins of Acanthamoeba, mammalian or birch origin display a similar polypeptide
fold: a compact center composed of seven B-strands packed into a [B-sheet,
surrounded by four a-helices (Domke et al., 1997; Fedorov et al., 1997; Schutt et al.,
1993). On one side, this core is flanked by N- and C-terminal regions, both being part

of an a-helix and adjacent to each other (Fig 1.4).

Profilins share biochemical properties, characterized by the ability to interact with
three classes of ligands: (i) G-actin and actin related proteins (Machesky et al., 1994;
Schutt et al., 1989; Tobacman et al., 1983) (ii) phosphatidylinositol-4,5-bisphophate
(PIP2) (Lassing & Lindberg, 1985) (iii) poly-L-proline (PLP) stretches (Fig 1.4).

10
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N-Terminal
PLP

binding site

C-Terminal Figure 1.4 | Crystal structure
of rat PFN2. Four a-helices
surround a B-sheet structure.
The blue and orange helices
form the PLP-binding domain.
On the opposite region, the
actin  binding domain s
localized. The PIP, binding
domain overlaps with the
other two (figure modified

Actin from Haikarainen et al.,
binding site 2009)

Not surprisingly, the amino acid sequences defining these domains are relatively well
conserved throughout different kingdoms. The affinity for distinct ligands may differ
among species and even isoforms. Extreme examples are a minor mouse splice form
(PFN2b) (Di Nardo et al., 2000) and Vaccinia virus profilin (Machesky et al., 1994), that

have been reported not to bind to G-actin and to poorly interact with PLP stretches.

The binding motif for PIP; has been described as a hydrophobic patch within the actin-
binding site. The physiological role of this PIP;-profilin interaction is unclear and
requires further investigations, nevertheless it seems to function as a negative
regulator of actin-binding (Skare & Karlsson, 2002). It has been reported that these
ligands compete with each other for profilin binding (Lassing & Lindberg, 1985;
Machesky et al., 1990). Binding of PIP; results in a conformational change in profilin
that disrupts the profilin-actin complex (Raghunathan et al., 1992). PIP,- and actin-
binding sites partially overlap on the surface of the profilin molecule, providing an
explanation for the inhibition of actin binding by phospholipids (Skare & Karlsson,
2002). A second binding site for PIP; has been described as overlapping with the PLP-
binding site (Lambrechts et al., 2002; Skare & Karlsson, 2002; Witke, 2004),

demonstrating that there could also be competition between PIP; and PLP-stretch

11
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containing ligands at the C-terminal region (Gareus et al., 2006; Lambrechts et al.,
1997). Both PIP, binding sites are part of a broad band of surfaced-exposed
hydrophobic residues (Witke, 2004).

PLP-stretches interact with a distinct binding site on the profilin molecule, formed by
both the N- and C-terminal a-helices (Lambrechts et al., 2002; Skare & Karlsson 2002;
Witke, 2004). Thus, the binding of PLP to profilins has no effect on the interaction with
G-actin (Archer et al., 1994; Kaiser et al., 1989). PLP binding might be involved in
localizing the profilin-actin complex close to the barbed end of polymerizing filaments
(Schluter et al., 1997). This suggestion is supported by profilins interaction with the
PLP rich sequences of several proteins that are intimately involved in F-actin
elongation. These proteins include formins (Watanabe et al., 1997), MENA/VASP
(Gertler et al., 1996; Reinhard et al., 1995), WASP/WAVE (Miki et al., 1998; Suetsugu
et al., 1998) and ARP2/3 (Mullins et al., 1998; Kelleher et al., 1995; McCollum et al.,
1996; Machesky et al., 1994).

Proteins interacting with the PLP-binding domain of profilin are referred to as profilin
ligands and are important in the regulation of both the cytoskeleton and also other
processes, which are not directly linked to actin.

Different organisms employ multiple isoforms of profilins with diverse ligands

specificities and binding abilities.

1.2.3 Profilin isoforms

In mammals four profilin genes have been identified: Pfn1 to 4. Both Pfn1 and Pfn2
genes consist of 3 exons, with introns of varying length in between the coding regions
(Fig 1.5 A). The Pfn2 gene additionally contains a fourth alternative exon embedded in
the 3’ UTR. The alternative exon 4 can be included in the open reading frame (ORF) of
Pfn2 instead of exon 3, leading to two alternative splice variants, mRNA Pfn2a and
mRNA Pfn2b (Fig 1.5 B). The two isoforms differ in their C-terminal structure; in this

study | will refer to PFN2a as PFN2, as it is the more prominent isoform expressed in

12
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the brain and since PFN2b has only reduced binding affinity to actin and PLP-stretches
(Di Nardo et al., 2000; Lambrechts et al., 2000).

A o Figure 1.5 | Exon-intron organization
Pfn1 [I | l] of the mouse Pfn1 and Pfn2 genes and
—©  alternatively spliced transcripts Pfn2a

Pfn2 and Pfn2b. A. The mouse genomic
[I I [I: kb sequence of Pfnl and Pfn2 genes is

B shown as a thin horizontal line. Exons
mRNA - Pfn2a (E) are indicated by boxes: filled boxes
[I\/Iv“: -2 represent coding sequences, and open

boxes represent untranslated regions
mRNA - Pfn2b (UTR). Pfn2 E4 is located within the 3’
[I\/l\}lj —=  UTR of the gene. B. The alternative E4

can be included in the ORF of Pfn2

instead of E3, leading to two

alternative splice variants, Pfn2a and

Pfn2b (figure modified from
Lambrechts et al., 2000).

m
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The amino acid sequence is not very well conserved among the paralogs, for example
PFN1 and PFN2 in human and mouse are only 61 % identical. Nevertheless, their
structural domains and basic functions are well conserved (Gieselmann et al., 1995;
Lambrechts et al., 1997).

In mice and humans, the expression of PFN2, PFN3 and PFN4 is restricted to specific
tissues, while PFN1 is ubiquitously expressed, except for adult skeletal muscle. PFN2
is a neuronal specific isoform, which is also expressed at low levels in some other
tissues (Witke et al., 1998; 2001; Witke, 2004). Studies on tissue-specific abundance
show that PFN1 accounts for 0.2-0.4 % of total protein in non-neuronal tissues and
only for 0.05 % of total protein in the brain; on the contrary PFN2 accounts only for
0.01-0.02 % of total protein in tissues where it is expressed, except for the brain where
the content is 15-fold higher (Witke et al., 1998; Ding et al., 2012). PFN3 and PFN4
main expression is restricted to testis, where they have a key role in acrosome
biogenesis and sperm morphogenesis (Hu et al., 2001; Braun et al., 2002; Obermann

et al., 2005; Behnen et al., 2009).
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PFN1 and PFN2 have distinct functions in regulating actin dynamics and although they
share a few ligands, even though with different binding affinities, they mostly interact
with specific sets of ligands (Witke, 2004). PFN1 has a higher binding efficiency to G-
actin compared to PFN2; on the contrary, PFN2 has more affinity for MENA/VASP,
mDIA and piccolo/aczonin. Only PFN2 specifically binds to ROCK, dynamin 1, synapsins
and the WRC complex (CYFIP, NAP1, ABI, WAVE and BRICK) (Witke et al., 1998; Witke,

2004; Pilo Boyl et al., 2007). Both isoforms can bind to some formins and drebrin.

1.3 Development of the mouse brain

The complete architecture of the adult brain is the result of the interplay between
inductive signals, already defined genetic instructions and the generation of specific
cell types in the embryo. The development of the nervous system proceeds in five
major steps: (i) generation of a primordial nervous system (neural plate and neural
tube), (ii) partitioning of the neural tube in major brain subdivisions (iii) specification
of glial cells and distinct neuronal subtypes, (iv) migration of post-mitotic neurons from
sites of generation to their final positions, and (v) establishment of neuronal

connections (Purves et al., 2001; Kandel et al., 2012).

1.3.1 Gastrulation, neurulation and formation of the major brain

subdivisions

The establishment of basic body axes is critical for proper generation of organs,
including brain. There are 3 main body axes: anterior—posterior (mouth—anus), dorsal—
ventral (back—belly) and medial-lateral (midline—periphery). The primitive embryo
consists of three germ layers of cells: an outer ectoderm/neuroectoderm, which gives
rise to the nervous system; a middle mesoderm for muscle, connective tissues and the

majority of the vascular system; and an inner endoderm, which gives rise to lungs,
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pancreas, liver and gut tube (Purves et al., 2001; Kandel et al., 2012). The layers and
the axes of symmetry of the entire body are formed as a result of the gastrulation
process, which begins as a local invagination of a subset of cells in the early embryo

(Purves et al., 2001; Kandel et al., 2012).

A B C D

Neural groove

Neural tube

Neural plate

Ectoderm
Mesoderm
Endoderm (4
Notochord
Endoderm

Figure 1.6 | The neural plate folds to form the neural tube. A. The three germ cell layers—
the ectoderm, mesoderm, and endoderm—Ilie close together. The ectoderm gives rise to
the neural plate, the precursor of the central and peripheral nervous systems. B. The neural
plate buckles at its midline to form the neural groove. C. Closure of the dorsal neural folds
to form the neural tube. D. The neural tube lies over the notochord and is flanked by
somites, a group of mesodermal cells that give rise to muscle and cartilage (figure modified
from Kandel et al., 2012).

After gastrulation the first event in the generation of the nervous system, is the
thickening of the midline dorsal ectoderm, called neural plate (Fig 1.6 A). During early
neurulation, the notochord forms by invagination of the mesoderm. The notochord is
a transient structure required for early neuronal differentiation; it specifies the axis of
symmetry of the embryo, determining the position of the nervous system. Through a
neurulation process, the neural plate begins to fold into a tubular structure forming
the neural groove (Fig 1.6 B) and later the neural tube, which is complete when the
two neural folds fuse together (Fig 1.6 C). The neural tube lies above the notochord,
which sends inductive signals to the ectoderm that lies above differentiating a subset
of cells into neuroectodermal precursor cells. During neurulation, a population of
precursors produce the neural crest (Fig 1.6 D). Neural crest cells give rise to a variety
of progeny, including neurons and glia of the sensory and visceral motor (autonomic)
ganglia, the neurosecretory cells of the adrenal glands and the neurons of the enteric

nervous system (Purves et al., 2001; Kandel et al., 2012).
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For all rodents the day after mating is counted as day 0.5. In mice the neural tube starts
to close along the ventral midline around E9 (Embryonic day 9), and the process of
neurulation is complete approximately at E10 (Lomaga et al., 2000; Gurniak et al.,

2005).

Differences in the rate of proliferation of cells in the anterior neural tube result in the
formation of three brain vesicles: the forebrain (or prosencephalic vesicle), the
midbrain (or mesencephalic vesicle), and the hindbrain (or rhombencephalic vesicle)
(Fig 1.7 A). Each of these three major regions acquires diverse neuronal fates and

identities. The first and the third primary embryonic vesicles divide further to form a
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Figure 1.7 | Sequential stages of neural development. A. Schematic picture of a whole
mouse embryo and a horizontal section at an early stage of neural tube development.
Three brain vesicles are visible: prosencephalon (at the anterior end of the embryo),
mesencephalon and rhombencephalon. The spinal cord differentiates from the more
posterior region of the neural tube. B. Schematic picture of a whole mouse embryo and a
horizontal section further in the development. Additional regions are formed: from the
prosencephalon, telencephalon and diencephalon; from the rhombencephalon,
metencephalon and myelencephalon (figure from Purves et al., 2001).
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five-vesicle stage. In detail, the rostral part of the forebrain forms the telencephalon,
which will give rise to the cerebral cortex, hippocampus, basal ganglia, basal forebrain
nuclei and olfactory bulbs. The caudal portion of the forebrain forms the diencephalon,
which originates thalamus, hypothalamus, pineal gland and optic vesicles. The rostral
part of the hindbrain becomes the metencephalon and originates the cerebellum and
pons; instead the caudal part becomes the myelencephalon and gives rise to the

medulla (Fig 1.7 B) (Purves et al., 2001; Kandel et al., 2012).

Specifically in the mouse embryo, the development of Purkinje cells (PC) and deep
cerebellar nuclei have their peak at E10.5; the dopaminergic neurons of the substantia
nigra start their development around E8.5-10.5 (Prakash & Wurst, 2006); whereas the
development of subiculum, parasubiculum and hippocampal CA1/CA2 regions occurs

around E13-E15 (Finlay & Darlington, 1995).
1.3.2 Cortical neurogenesis and neuronal migration

Neurogenesis begins right after the neural tube structure is complete. Neural
progenitor cells (NPCs), also known as radial glial (RG) cells, have their cell bodies in
the ventricular zone (VZ - the inner/apical cell layer surrounding the lumen of the
neural tube) and extend their processes radially to the basal membrane on the pial
surface (Fig 1.8 A).

Particularly in the mammalian forebrain, RG cells can generate additional copies of
themselves, with a process of self-renewing symmetric division, or give rise to
differentiated neurons or glial cells, with an asymmetric division. When neurogenesis
is complete, many RG cells differentiate into astrocytes, a subclass of glial cells (GC)
(Purves et al., 2001; Kandel et al., 2012).

A balance between cell lineage inductive factors and receptors promote the
differentiation of embryonic stem cells into neural progenitor cells and later to
different classes of glial or neuronal cells. Inductive factors are signaling molecules that

can be either secreted by nearby cells or be already available in the extracellular
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matrix. Receptors respond to inductive factors, triggering specific patterns of gene

expression in neurons (Purves et al., 2001; Kandel et al., 2012).

During cell division RG cells in the VZ undergo stereotyped pattern of cell movements
as they progress through the mitotic cycle, leading to the formation of post-mitotic
neurons that leave the VZ, using RG projections as a guide and migrate to their final
positions (Fig 1.8 A). In the developing brain, RG cells have a dual function, acting as
stem cells and as migration guides of newly generated neurons, which wrap around
the shaft of the RG cell and translocate (Purves et al., 2001; Kandel et al., 2012) (Fig
1.8 B).
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Figure 1.8 | Radial migration in the developing cortex. A. Section of the developing
forebrain showing RG processes from the inner surface of the VZ to the pial surface.
Migrating neurons are apposed to RG cells, which guide them to their final position in the
cortex. B. RG cells serve as precursors to neurons in the CNS and also provide a scaffold for
radial neuronal migration. Progenitor cells, in the VZ of the developing cerebral cortex, have
nuclei that migrate along the apical-basal axis as they progress through the cell cycle. During
cell division, RG cells give rise to postmitotic neurons. Newly generated neurons, in the
embryonic cerebral cortex, extend a leading process that wraps around the shaft of the RG
cell, thus using the RG cells as scaffolds during their migration from the VZ to the pial surface
of cortex (figure modified from Purves et al., 2001 and from Kandel et al., 2012).
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RG scaffolds are especially important in the development of the primate cortex, where
neurons organize in a six-layer structure created in an inside-out manner. Each layer is
formed by diverse types of neurons generated in distinct times. The early born neurons
are located in the deepest layers, whereas later generated neurons migrate from the
subventricular zone through the older cells and settle in more superficial cortical
layers. The innermost layers (VI-V-1V) are established during embryonic days 11.5-14.5
of the mouse development; whereas the more superficial layers of the cortex (lll, 1),
develop last, appearing at mouse E13.5-E16.5 (Germain et al., 2010). Only exception
are the Cajal Retzius cells, which are born first, around E10-E11.5, but immediately

migrate to form the outmost layer I.

Another crucial mechanism of cell translocation in the developing nervous system is
tangential migration, a non-radial mode of neuronal translocation that does not
require specific interactions with RG cell processes (Ghashghaei et al., 2007).
Tangential migration is defined by neurons migrating parallel to the pial surface and
orthogonal to the basal process of RG (Barber & Pierani, 2015). In mice, tangential

migration begins around E11 and peaks at E13.5 (Bellenchi et al., 2007).
1.3.3 Hippocampal formation

The structures that line the edge of the cortex form the so-called limbic system (Latin
limbus = edge). This includes hippocampus, amygdala, thalamus and hypothalamus.
The limbic structures represent the neural basis of emotion.

The hippocampus was first anatomically and physiologically studied in murine models.
The murine hippocampus is an elongated C-shaped structure extending symmetrically
from the septal nuclei to the rostral-dorsal-medial end, bending over and around the
diencephalon, into the temporal lobe to the caudal-ventral-lateral end (Deshmukh &
Knierim, 2012).

The term hippocampus derived from the similarity of the shape of the human

hippocampus to the seahorse (Latin: hippocampus), from the description of the
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anatomist Julius Ceasar Aranzi (Bir et al., 2015). The hippocampus is characterized by
three main histological divisions CA1, CA2 and CA3; these abbreviations derive their
names from the Latin Cornu Ammonis (ram’s horn). CA1, CA2, CA3 areas together with
the dentate gyrus (DG) and para-hippocampal regions, including the subiculum and
the entorhinal cortex (EC), form the hippocampal formation (Fig 1.9).

The hippocampus plays a role in the consolidation of episodic memory, spatial learning
and context-dependent learning processes (Deshmukh & Knierim, 2012; Andersen,
2007). The fundamental role of the hippocampus was revealed by studies on Henry
Gustav Molaison (known as patient H.M.). H. M. suffered of severe epilepsy and
underwent experimental surgery involving bilateral removal of both hippocampi. After
treatment H.M. had a severe anterograde amnesia (deficit in the creation of new long-

term memories) (Scoville & Milner, 1957).
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Figure 1.9 | Schematic illustration of the hippocampal trisynaptic pathway. The wiring
diagram of the hippocampus is traditionally presented as a trisynaptic circuit. From the EC
the lateral perforant path projects to granular cells of the DG (blue, red). DG neurons send
mossy fibers onto CA3 pyramidal neurons (orange). CA3 neurons connect through Shaffer
collaterals to the CA1 area (light blue). In turn, CA1 pyramidal neurons project to the
subiculum, the main output of the hippocampus and then back to the EC (green) (figure
from Neves et al., 2008).
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The EC is the main “interface” between the brain and the hippocampus. The deep
layers of the EC receive the most prominent output from many other parts of the
brain, while the superficial layers provide the input into the hippocampus, in particular
projecting to granular cells of the DG (perforant path). In turn granular cells of the DG
project mossy fibers onto CA3 pyramidal cells, whose Schaffer collaterals axons
innervate CA1 pyramidal neurons. Finally, CA1 cells project to the subiculum, the main
output region of the hippocampus and back to the EC (Fig 1.9). In addition to the
sequential trisynaptic circuit, there is also a dense associative network interconnecting
CA3 cells on the same side. CA3 pyramidal cells are also innervated by a direct input
from layer Il cells of the EC (not shown in figure 1.9). Furthermore, the distal apical
dendrites of CA1 pyramidal neurons receive a direct input from layer Il cells of the EC.
The DG granule cells also project to the mossy cells in hilus and hilar interneurons,
which send excitatory and inhibitory projections, respectively, back to the granule cells
(Fig 1.9) (Neves et al., 2008).

The hippocampus is an ideal model to study the functionality of the synapse, since
synaptic connections are well characterized, and they are mostly found on the same
layer. In this study, the canonical synapse formed by CA3-Shaffer collaterals onto
dendrites of CA1 pyramidal neurons is used to further characterize the role of PFN2 in

synapse physiology.
1.3.4 Neuritogenesis: dendrites and axon specification

The establishment of the neuronal structure is an essential step to allow the formation
of synaptic connections among different neurons and their integration within a circuit.
Neurons are polarized cells where distinct processes with different functions can be
recognized (Fig 1.10). Dendrites are the input area of the neuron; they serve as
collectors of synaptic inputs from axons of other neurons and are specialized in signal

transduction. Dendrites are highly branched processes, which emerge from the soma.
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Figure 1.10 | Schematic structure of a neuron.
Most neurons in the vertebrate nervous system
have several main features in common. The soma
Dendrite  contains the nucleus and gives rise to two types of
cell processes: dendrites and axon. The dendrites
and the cell body constitute the input area of the
neuron, receiving signals from other neurons. The
axon is the transmitting element of the neuron; it is
a thin projection, varying greatly in the length
among different types of neurons, and it is often
branched. The axon is insulated by a sheath of
myelin that is regularly interrupted at gaps called
the nodes of Ranvier (not shown). The action
potential, the cell’s conducting signal, is initiated in
Synaptic the initial segment of the axon and propagates to
terminals the pre-synaptic terminals, the sites where signals
flow from one neuron to another.

Nucleus

Soma

In addition, small membranous protrusions called spines extend from the dendritic
branches. These structures are responsible for collecting the excitatory post-synaptic
potentials. Although the core features of dendritic formations are common to many
neurons, they differ in their complexity of branching. The axon is considered to be the
output structure of a neuron. Normally an axon is a single thin long protrusion where
action potentials propagate in order to reach the pre-synaptic sites. Like dendrites, also
axons show high variability in the branching pattern and in their extension depending

on the neuronal type (Purves et al., 2001; Kandel et al., 2012) (Fig 1.10).

Once neurogenesis is complete and the round-shaped post-mitotic neuron is
produced, neuritogenesis begins with the outgrowth of neuronal processes. Initially
several short neurites, processes of equivalent length, extend form the immature
neuron. One of these equally long neurites starts to grow rapidly to become the axon
while the remaining processes acquire dendritic features. The axonal specification is a
key event in the establishment of neuronal polarity, since signals coming from the new-
born axon suppress the generation of other axons and promote dendrites formation
(Purves et al., 2001; Kandel et al., 2012). When the growing axon reaches the

appropriate and specific target neuron, the synaptic contacts are formed. The
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assembly of a functional neuronal circuit often requires major rearrangements, such
as synapses elimination, a process also known as pruning (Purves et al., 2001; Kandel
etal., 2012).

The growth cone is a specialized compartment at the tip of the extending neurites,
formed by microtubules and actin. Growth cones are particularly important for axon
growth and guidance. The axonal growth cone has a highly dynamic behavior: it
explores the surrounding environment and determines the direction of axon growth
depending on the presence of attractive/chemotropic or repulsive/chemorepellent
molecular signals. The actin and tubulin cytoskeletons have an important function in
establishing and maintaining neuronal polarity (Witte & Bradke, 2008), since they are
able to perform structural changes affecting cell morphology following external
molecular cues. The neurite that becomes the axon shows enhanced growth cone
dynamics, due to elevated actin turnover, and therefore elongates rapidly (Bradke &
Dotti, 1999; Witte & Bradke, 2008). On the contrary, in an initial stage future dendrites
have a stable growth cone and actin cytoskeleton and, as a result, they grow slowly

(Witte & Bradke, 2008).
1.3.5 Function of profilins in brain development and neuronal migration

In mice, deletion of Pfnl leads to embryonic lethality at pre-implantation stage
because of defects in cytokinesis (Witke et al., 2001). Instead embryos with Pfni
haploinsufficiency survive but are disadvantaged in development being also frequently
lost in utero. Mice completely lacking Pfn2 are viable.

PFN1 seems to have an important function during embryonic development and the
reason for the different impact of Pfn1 and Pfn2 deletion could be rooted in their
different embryonic expression pattern. In mice, PFN1 is ubiquitously expressed and it
is present at all stages of embryonic development at high levels. Instead, PFN2 is not
expressed in early mouse development and its expression starts around embryonic day
12 mostly in the developing CNS, therefore cannot compensate for the early loss of

PFN1 (Witke et al. 2001). A more detailed analysis on PFN1 and PFN2 expression will
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be shown in this study.

Conditional embryonic brain-specific knockout (ko) of Pfn1 shows cerebellar
hypoplasia (Fig 1.11 A), aberrant layering of cerebellar cortex and ectopic localization
of cerebellar granular neurons (CGNs). These defects are due to impairment of radial
migration of CGNs (Fig 1.11 B), due to the essential role of PFN1 for normal adhesion
between CGNs and GCs (Kullmann et al., 2011). Although PFN1 is important for
cerebellar radial migration, it seems to be dispensable for cortical radial migration and

only mildly affects tangential migration.
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Figure 1.11 | Cerebellar hypoplasia and impaired radial migration in Pfn1 conditional ko.
A. Cerebellar hypoplasia in Pfn1 CNS-specific embryonic ko. Nissl-stained parasagittal
sections of a control and a mutant mouse brain at P60 show that the cerebellum is smaller
in mutant mice. B. Impaired radial migration of CGNs in Pfn1 ko. Animals injected at P8 with
BrdU were analyzed 48, 72 and 96 hours after injection; mean migration distance of BrdU

labelled neurons was reduced at all three time points in Pfn1 ko mice (figure from Kullmann
etal., 2011).

Mice completely lacking PFN2 (Pfn27") show normal brain anatomy, indicating that
neither tangential migration nor radial migration was altered (Pilo Boyl et al., 2007). It
has been shown that profilins localize to the leading edge of growth cones; and that
PFN2, through the RhoA/ROCK pathway, is a negative regulator of neurite sprouting
and elongation. In fact, Pfn2 deletion in neurons results in the destabilization of the
actin cytoskeleton, which in turn produces increased neurite length and number

during very early in vitro neuronal development (Da Silva et al., 2003) (Fig 1.12 A).
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PFN2 has been suggested to play a role in the maintenance of dendritic structure in

mature hippocampal neurons in organotypic cultures, exerting PFN1-independent as

well as redundant functions (Michaelsen et al., 2010) (Fig 1.12 B). Conversely, it has

been demonstrated in Pfn2”7" mice that PFN2 is not essential for neurite extension and

neuronal polarization, suggesting a different role of PFN2 in vivo, specifically in

synaptic plasticity (Pilo Boyl et al., 2007).

A B

1.4 Synaptic transmission

Figure 1.12 | PFN2 function in
neurite development. A. Pfn2
is a negative regulator of
neurite sprouting. Neurons
from Pfn27- mice 24 hrs after
plating  display increased
number of highly branched
neurites, with higher mean
lengths. Scale bar: 10 mm
(figure modified from Da Silva
et al., 2003). B. In organotypic
hippocampal cultures, 9 days
after Pfn2 knockdown by
transfection of a Pfn2-specific
short hairpin RNA, it was
observed pruning of already
existing dendrites (top part -
arrows). No pruning was
detectable in control neurons
transfected with GFP
(bottom). Scale bar: 50 um
(figure modified from
Michaelsen et al., 2010).

A fundamental task of the nervous system is to communicate and process information

in order to generate behavior. The human nervous system is composed of hundreds

of billions of neurons. Synapses are the principal sites for communication among
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neurons; typically, the axon terminal of the pre-synaptic neuron lies adjacent to a
specialized region of the target cell rich in post-synaptic receptors. Synapses are
divided into two types: electrical and chemical. Electrical synapses are direct
connections between cells that allow passage of ions and that play important roles in
fast cell-to-cell communication, especially among glial cells and among neurons during
development. In chemical synapses, the pre- and post-synapse are separated by a
synaptic cleft and communicate via the secretion of molecules, called
neurotransmitters (NTs) and their specific receptors (Johnston & Wu, 1995; Kandel et
al., 2012). Chemical synapses are divided into excitatory and inhibitory, depending on

the molecules used as NTs.
1.4.1 The excitatory synapse

Glutamate is the most used excitatory NT. Upon an action potential (AP), glutamate is
released from pre-synaptic vesicles into the synaptic cleft and binds to specific
receptors localized on the post-synaptic membrane. The activation of post-synaptic
receptors gives rise to an excitatory post-synaptic current (EPSCs) due to cations entry.
Therefore, an excitatory synapse is characterized by the depolarization of the post-

synaptic membrane. This event will increase the likelihood to fire a post-synaptic AP.
1.4.1.1 Function of the pre-synapse in excitatory transmission

The function of an excitatory pre-synapse is to convert an electrical signal, a current,
into a chemical one, the NT release. The NT is stored in synaptic vesicles (SVs), small
round membrane compartments, which are located in the pre-synaptic terminal. SVs
form pools which are either in direct contact with the pre-synaptic membrane and
ready to be released (readily releasable pool - RRP) or they are found at more distant
sites and serve as a reserve pool (RP) (Rosenmund & Stevens 1996; Dillon & Goda,
2005). SVs exocytosis is restricted to a small portion of the pre-synaptic plasma

membrane called “active zone” containing electron-dense material (Couteaux &
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Pecot-Dechavassine, 1970). Thus, the active zone lies at the interface between the
pre-synaptic terminal and the synaptic cleft, and its major function is to transform a

pre-synaptic AP into a released NT (Fig 1.13).
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Figure 1.13 | Synaptic vesicle cycle. Synaptic vesicles (SVs) are filled with
neurotransmitters (NTs) through an active transport system (step 1) and join the reserve
pool of vesicles (step 2). Filled SVs are moved to the readily releasable pool at the active
zone (step 3 - Docking) and prepared for calcium-triggered exocytosis in an ATP-dependent
process (step 4 - Priming). The arrival of an AP induces SV fusion with the pre-synaptic
membrane and release of the NT in the synaptic cleft (step 5 - Fusion). The membrane of
the exocytosed vesicles is recycled via complex mechanisms; it is first retrieved via clathrin-
mediated endocytosis (step 6) and then it is either recycled directly (step 7) or indirectly
by endosomal processing (step 8) into the reserve pool (figure modified from Kandel et al.,
2012).

The active zone is thought to be involved in defining the NT release site, anchoring and
localizing pre-synaptic membrane proteins (including Ca?* channels) and organizing
the exocytic and endocytic machineries at the transmitter release site. The active zone
consists of three different protein groups that perform distinct functions during NT
release:

- Voltage-gated calcium channels, as mentioned above, to induce SVs release;

- Structural evolutionarily conserved proteins including RIMs, MUNC13, a-liprin,

ELKSs, piccolo and bassoon;
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- SNARE complex and associated proteins, crucial for the process of SVs
exocytosis (Stidhof & Rizo, 2011). The SNARE complex consists of three
membrane proteins, the synaptic vesicle protein synaptobrevin 2 (also known
as vesicle-associated membrane protein, VAMP2) and the plasma membrane
proteins syntaxin 1 and SNAP25 (synaptosome-associated protein of 25 kDa).

Once SVs reach the plasma membrane they are docked and primed for release (Fig
1.13, n. 3-4). During docking, a four-helix bundle is formed between SVs and the pre-
synaptic membrane by the SNARE complex, bringing the SVs in close proximity to the
pre-synaptic membrane. The arrival of an AP causes the depolarization of the pre-
synaptic membrane of the neuron and the opening of voltage-gated Ca?* channels,
which in turn allow calcium influx in the pre-synapse. The calcium sensor
synaptotagmin is then activated by the Ca?*and in turn disinhibits the SNARE complex,
removing the interaction with MUNC18 and allowing the fusion of SVs with the pre-
synaptic membrane (Fig 1.13, n. 5). After SVs have emptied their content, they are

recycled in the pre-synaptic terminal and refilled with NT (Fig 1.13, n. 6-8).
1.4.1.2 Function of the post-synapse in excitatory transmission

The released glutamate binds to receptors located on the tips of specialized post-
synaptic compartments termed dendritic spines. The post-synapse encompasses a
complex network of proteins called post-synaptic density (PSD). The PSD sustains,
traffics and organizes the glutamate receptors, which detect the release of glutamate
from the pre-synaptic terminal and, depending on their nature, allow Na*/Ca?* influx
into the post-synaptic terminal or activate associated signaling molecules that
transduce glutamate binding into post-synaptic biochemical responses. A great variety
of scaffold proteins (e.g. PSD95, SHANK) assemble the in PSD, anchoring glutamate
receptors and other post-synaptic membrane proteins, signaling enzymes and
cytoskeletal elements. Due to all these interactions the PSD network allows the
regulation of receptor trafficking and in particular their exo- and endocytosis (Sheng

& Hoogenraad, 2007).
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Figure 1.14 | Glutamate receptors regulate
excitatory synaptic transmission between
neurons. A. lonotropic glutamate receptors
are ion channels permeable to cations. The
AMPA and KAR receptors (on the left) are
distinguished by their binding to the
agonists AMPA and kainate, respectively.
Q« O« These receptors consist of a channel
permeable to Na* and K*. The NMDA
receptors (on the right) are characterized by
the binding to the agonist NMDA and are
channels permeable to Ca?*, K*, and Na*.
NMDA receptors have binding sites for
( Effector glutamate, glycine, D-serine, Zn** and Mg?**,
- each of which regulates the functioning of

the channel differently. B. Metabotropic
glutamate receptors indirectly gate ion
channels by activating a GTP-binding
protein, which in turn interacts with effector
molecules that alter metabolic and ion
channel activity (figure from Kandel et al.,
2012).

Three classes of ionotropic glutamate receptors are known: amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptors, N-methyl D-aspartate (NMDA)
receptors and kainate (KA) receptors, which are ligand gated ion channels permitting
the passage of positively charged ions (Na*, K*, Ca?*) (Fig 1.14A).

AMPA receptors mediate fast excitatory transmission between neurons. They are
tetramers composed of highly similar subunits GluR1-4, each with a large extracellular
N-T domain, three membrane-spanning domains, a hairpin that contributes to the
pore, and a cytoplasmic C-T domain. The AMPA receptor subunits differ in the length
of their intracellular C-T domain, which is longer for GluR1 and GIluR4. In the
hippocampal CA1/CA2 region, mainly GIuR1/GluR2 and GIuR2/GIuR3 subunits
combinations are found (Keindnen et al., 1990; Hollmann & Heinemann, 1994;
Rosenmund et al., 1998; Barry & Ziff, 2002).

NMDA receptors are heteromultimers of NR1, NR2 (A-D) and NR3 subunits; in

particular in the hippocampus they assemble into heterodimers or heterotrimers.
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Notably, they are characterized by an extremely low kinetic rate, which means once
glutamate molecules have become bound to NMDA receptors, they remain bound for
a long time, during which the ionotropic channels can undergo repeated openings
(Lester et al.., 1990; Andersen, 2007).

In addition to their slow kinetics, NMDA receptors have three other important
features. First, a second agonist-binding site for glycine (or alternatively D-serine)
must be occupied before glutamate is able to activate them (Johnson & Ascher, 1987;
Kleckner & Dingledine, 1988). Second, Mg?* ions block the ion channels in a voltage-
dependent manner, specifically under negative membrane potential, therefore a
depolarization must also occur in order to allow their opening (Nowak et al., 1984).
The last important feature is that they are highly permeable to both Ca%* ions and
monovalent cations (Ascher & Nowak, 1988; Andersen, 2007). The slow kinetics and
Ca?* influx guarantee that NMDA receptors play a central role in several forms of long-
term synaptic plasticity, for example long-term potentiation (LTP) or long-term-
depression (LTD). Ca%* ions are actually ubiquitous secondary messengers, and NMDA
receptor activation has been shown to trigger further release of Ca?* from intracellular
stores (Emptage et al., 1999).

AMPA and NMDA receptors cooperate for the functionality of the synapse. For this
reason, synapses containing only NMDA receptors and lacking AMPA receptors are
termed “silent synapses”. Specifically, at negative membrane potentials (-70 mV)
glutamate binding to AMPA receptors results in Na* influx into the post-synapse.
NMDA receptors, instead, at negative membrane potentials remain silent due to the
Mg?* block. As soon as the sodium enters the post synapse through the AMPA
receptors, the membrane potential becomes positive (+40 mV) and the Mg?* block is
removed from NMDA receptors, leading to their activation.

While the role of AMPA and NMDA receptors in glutamatergic synaptic transmission
is well established, the one of KA receptors is still poorly understood. From different
studies it has emerged a role for KA receptors in the mossy fiber synapse, the one

between dentate granule cells and CA3 pyramidal cells of the hippocampus. In fact, it
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has been shown that KA receptor-mediated synaptic transmission is pathway specific,
only KA receptors on CA3 pyramidal cells can be selectively activated by stimulation

of the mossy fibers (Epsztein et al., 2017).

Besides the ionotropic glutamate receptors, also metabotropic (G-protein coupled)
glutamate receptors (mGIuR1-8) are known (Fig 1.14 B). mGIuRs are classified into
three groups according to sequence homology, G-protein coupling and ligand
selectivity. mGluRs activate a multitude of second messenger signaling pathways
important for modulating neuronal excitability, synaptic plasticity and feedback
regulation of NT release. More specifically, group | mGIuRs are often localized post-
synaptically and their activation leads to cell depolarization and increase of neuronal
excitability. In contrast, group Il and Il mGIuRs are localized on pre-synaptic terminals

where they inhibit NT release (Niswender & Conn, 2010).

1.4.2 The inhibitory synapse

The activation of an inhibitory synapse decreases the probability to generate an AP,
by creating a more negative post-synaptic membrane potential (hyperpolarization)

and preventing in this way the excitation of the neurons.

Inhibitory transmission is mainly mediated by y-aminobutyric acid (GABA). GABA
release from the pre-synaptic terminals, via calcium-dependent vesicles fusion to the
pre-synaptic membrane, does not differ from glutamate release.

On the post-synaptic side, also GABA receptors are divided into ionotropic (GABAA)
and metabotropic (GABAg). GABAa receptors are heteropentameric complexes formed
by different classes of subunits, a (1-6), B (1-3), v (1-3), 6, € (1-3), 6, and it (Bormann
& Feigenspan, 1995). Most hippocampal GABA receptors contain two a-subunits, two
B-subunits and one y-subunit; the last one can be replaced by other variants (Chang
et al., 1996; Farrar et al., 1999; Whiting et al., 1999). The clustering and trafficking of
GABAA receptors at inhibitory synapses is mediated by the multifunctional protein

gephyrin, which binds to the B-subunit of the receptors (Meyer et al., 1995, Kneussel
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et al., 1999) and connects them to microtubules (Kirsch et al., 1991; Ramming et al.,
2000) and microfilaments (Mammoto et al., 1998). Activation of ionotropic GABAa
receptors causes a Cl" influx and triggers hyperpolarizing inhibitory post-synaptic
potential (IPSP).

GABAg receptors are heterodimers, composed of GBR1 and GBR2 subunits (Jones et
al., 1998), coupled to G-proteins, which mediate a slow response to GABA. Rather than
activating CI" selective channels, GABAs receptors mediate inhibition through

activation of K* channels, causing a hyperpolarizing K* outflow from the neuron.
1.4.3 Functions of the actin cytoskeleton and profilins at the synapse

The actin cytoskeleton has important tasks in the formation and maintenance of
synapses as well as in regulating their functionality: actin dynamics in pre- and post-

synaptic terminals of neurons is essential for synaptic transmission (Fig 1.15).
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Figure 1.15 | Actin functions at the pre- and post-synapse. In the pre-synaptic terminal
(top), SVs centrally located belong to the reserve pool (RP, light green) and are confined
and interconnected by actin filaments (red). Actin filaments, extending from the RP to the
plasma membrane, also guide the vesicles to the region of the readily releasable pool (RRP,
dark green) and facilitate their docking. Finally, actin filaments participate in the exocytosis
of primed SVs at the active zone, allowing NT release, and in their reuptake and recycling.
In the post-synaptic terminal (bottom), actin is a key element for dendritic spines shape
and maturation. Actin filaments also organize and interconnect scaffolding proteins of the
post-synaptic density (PSD). AMPA and NMDA receptors are localized in the PSD, which lies
opposite to the active zone and the actin dynamics regulate their membrane diffusion and
their exo—endocytic trafficking (figure from Cingolani & Goda, 2008).
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1.4.3.1 Pre-synaptic functions of actin and profilins

Actin in pre-synaptic terminals is involved in maintaining and regulating the synaptic
vesicle pools, by serving as a barrier to restrict vesicle mobility and by providing tracks
to direct the transfer of vesicles between the RP and the RRP pools. Actin filaments,
interacting with synapsins which, in turn, are linked to vesicles, confine them in the RP
in the center of the pre-synaptic terminal (Landis et al., 1988; Greengard et al., 1994;
Evergren et al., 2007). Upon increased neuronal activity, vesicles from the RP and the
recycling pool need to be mobilized, in order to provide the proper amount of NT to
sustain stimulation, and actin filaments provide the tracks for the vesicles to reach the
active zone. At the active zone, actin has a dual role. On one side, it is able to facilitate
the docking of the vesicles, thus promoting vesicles exocytosis of the RRP, while on
the other side it holds back SVs of the RP, preventing their uncontrolled fusion (Fig
1.15). Fluorescence microscopy of giant axons of Lampetra fluviatilis showed actin
localization surrounding the vesicle cluster, and electron micrographs, from rat
hippocampal organotypic cultures, revealed actin filaments in the regions where
vesicle endocytosis is thought to occur (Shupliakov et al., 2002; Sankaranarayanan et
al., 2003). Accordingly, it was also shown that actin, together with myosin VI,
facilitates the endocytic retrieval of synaptic vesicles (Bloom et al., 2003; Yano et al.,

2006).

Lower eukaryotes have provided evidence for a role of profilins in endocytosis and
membrane trafficking (Wolven et al., 2000; Pearson et al., 2003). In mice, PFN1
(Neuhoff et al., 2005) and PFN2 (Pilo Boyl et al., 2007) are both present at pre-synaptic
terminals. A screen in mouse brain for profilin ligands revealed that many PFN2-
interacting proteins are part of the vesicle cycle machinery (Witke et al., 1998). For
example, PFN2 associates with synapsins (Witke et al., 1998) and Piccolo (Wang et al.,
1999) at the active zone. It also associates with dynamin 1, inhibiting its activity and
thus the endocytosis of extra-synaptic clathrin-coated SVs, needed in the process of

NTs reuptake (Gareus et al., 2006). Moreover, PFN2 restrains glutamatergic vesicle
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exocytosis during synaptic activity, by promoting fast F-actin polymerization. Pfn27-
mice show increased number of docked/primed vesicles and increased synaptic
excitability of glutamatergic neurons in the cortico-striatal pathway, due to higher

vesicle exocytosis (Pilo Boyl et al., 2007).
1.4.3.2 Post-synaptic functions of actin and profilins

In the post-synaptic terminal, actin is also heterogeneously present. The receptor
abundance on the membrane is an effective valuable mechanism to regulate the
strength of synaptic transmission. Actin participates in the anchoring and trafficking

of the receptors, by exo- and endocytosis mechanisms (Fig 1.15).

In excitatory synapses, dendritic spines formation, plasticity and maintenance depend
on synaptic activity and are modulated by neurotransmission. Changes in the
morphology and density of spines are due to the plastic remodeling of the actin
cytoskeleton (Nimchinsky et al., 2002).

In inhibitory synapses, it has been shown that gephyrin, a prominent scaffolding
component of the post-synaptic network, interacts with diverse proteins involved in
actin dynamics, such as MENA/VASP, PFN1 and PFN2. In particular, it competes with
G-actin and PIP; for the same binding site on profilins. Profilins have been identified
as the molecular linkers between gephyrin and microfilaments that in cooperation
with microtubules may regulate the receptor packing densities at inhibitory post-
synaptic specializations (Giesemann et al., 2003).

Interestingly also other scaffolding post-synaptic proteins interact with PFN1 and
PFN2: drebrin, involved in the process of dendritic spine morphology (Koganezawa et
al., 2017), and delphilin, which binds to glutamate receptor 62 subunit in PCs (Miyagi
Y. etal., 2002).

Actin cytoskeleton remodeling at the synapse correlates to electrophysiological
changes of synaptic plasticity. The term “plasticity” describes the property of synapses

to perform morphological changes in order to strengthen or weaken the neuronal
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communication in response to different stimuli in adulthood.

Sustained synaptic activity leads to a form of plasticity called long-term potentiation
(LTP). During LTP, the increased F-actin content enlarges both the pre-synaptic bouton
and the spine head volume, thus strengthening synaptic contacts. On the contrary,
slow repetitive stimulation results in a process of long-term depression (LTD). LTD
triggers a change in structural dynamics opposite to the changes induced by LTP: a shift
in the spine F-actin/G-actin ratio to G-actin, and a concomitant decrease in spine head

volume with the occasional disappearance of some spines (Okamoto et al., 2004).

It remains elusive whether profilins have a post-synaptic function, since studies from
different groups lead to divergent results. It was previously shown that the stimulation
of NMDA receptors, in murine cultured hippocampal neurons, induced PFN2
redistribution to dendritic spines and the stabilization of their morphology
(Ackermann & Matus, 2003). Studies in rats also showed a recruitment of profilin to
dendritic spines in the amygdala upon fear conditioning (Lamprecht et al., 2006). In
vitro studies demonstrated that PFN2 exerts PFN1-independent as well as redundant
functions at the post-synaptic level. Specifically, knockdown of PFN2 in cultured
hippocampal neurons negatively affects dendritic complexity and spine density. In this
study, the concomitant expression of PFN1 could only compensate for the reduction in
spine number, whereas the expression of PFN2 completely restored both number of
spines and dendritic complexity (Michaelsen et al., 2010). However, in a Pfn27- mouse
model no post-synaptic function was detectable, neither with electrophysiological
investigation nor with behavioral studies on associative learning and long-term
memory (Pilo Boyl et al., 2007). As previously mentioned, PFN2 has an established pre-
synaptic function (Pilo Boyl et al., 2007), instead PFN1 is dispensable for post-mitotic
neurons in both pre- and post-synaptic physiology. In fact, Pfn1 forebrain-specific
deficient mice show preserved synapse density and morphology as well as unaltered
basal synaptic transmission, pre-synaptic physiology, and post-synaptic plasticity (LTP
and LTD) (Gorlich et al., 2012). The discrepancy of the data could be explained by a

35



Introduction

potential overlap between PFN1 and PFN2 functions; to clarify this, studies on Pfn1-

Pfn2 double mutant mice are required and will be presented in this work.

1.5 Profilins in disease

It has become progressively clear that profilins are important players in cytoskeleton
dynamics, and it has been proven their involvement in several cytoskeleton-based
processes of clinical importance. Therefore, altered profilins levels are found in

different pathological conditions.

Commonly, PFN1 has been described as a tumor suppressor in various invasive
adenocarcinomas (breast, hepatic, and bladder) (Janke et al., 2000; Das et al., 2009;
Zou et al., 2007; Zoidakis et al., 2012). PFN1 upregulation in cancer cells provides a
potential pathway for the elimination of cells expressing the tumorigenic phenotype
(Alkam et al., 2017). Conversely, high levels of profilins are found in human gastric
cancer (Tanaka et al., 1992). Nevertheless, in our mouse models lacking PFN1 a
correlation was not found between reduced PFN1 levels and tumor formation (Witke
unpublished).

PFN1 has also been shown to be involved in vascular problems, huntington disease,
amyotrophic lateral sclerosis (ALS) and spinal muscular atrophy (SMA) pathogenesis.
Profilin as a molecule involved in plasticity processes, it is expected to be associated to
various neurological disorders. It has been demonstrated that, Pfn1 mRNA is a Fragile
X mental retardation syndrome protein (FMRP) target and, accordingly, PFN1 levels are
altered in a mouse model for Fragile X syndrome (FXS) (Hinton et al., 1991; Rudelli et
al., 1985; Birbach 2008). Moreover, PFN1 overexpression in a Fmrl ko mouse model
rescues the impairment in spinogenesis, a hallmark of FXS (Michaelsen-Preusse et al.,

2016).

SMA is the most common human genetic disease resulting in infantile mortality; it is
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caused by mutations or deletions in the ubiquitously expressed survival motor neuron
1 (Smn1) gene. Upregulation of PFN2 in a SMA mouse model leads to an inappropriate
activation of RhoA/ROCK pathway (Bowerman et al., 2009). In turn, PFN2 regulation
by RhoA/ROCK kinases can modulate neuritogenesis (Da Silva et al., 2003) and,
furthermore, the in vivo inhibition of RhoA has been shown to prolong the survival of
a SMA mouse model (Bowerman et al., 2010).

Genetic studies in a group of Finnish families identified a novel gene locus, named
AUTS2, linked to autism spectrum disorder (ASD). The AUTS2 locus is localized in the

same chromosomal region (39q25-27) encoding for PFN2 (Auranen et al., 2002).
1.5.1 Autism spectrum disorder

Autism spectrum disorder is a pervasive neurodevelopmental disorder mainly caused
by genetic factors, with the contribution of psychological and environmental ones
(Kim et al.,, 2015). Recent studies have reported higher prevalence of ASD in
monozygotic twins (from 75 % to 95 %) compared to dizygotic twins (from 0 % to 31
%) (Ronald et al., 2011). Those epidemiological studies show that ASD is one of the

most heritable of all neurodevelopmental disorders.

In a subset of patients, a single fully penetrant mutation can be enough to cause ASD,
but in others the accumulation of many low-risk gene variants (>1000) could be the
origin of the disorder (Huguet et al., 2013; Betancur, 2011). The interplay between
mutations in the genes and the genetic background of the individual also play an
important role in the heterogeneity of the disease, since the buffering capacity of the
genetic background can be sufficient to compensate the impact of certain deleterious
mutations (Burgeron, 2016). Among the genetic causes of ASD, heritable mutations
represent the majority of syndromic ASD, while recently de novo mutations have been
identified in 20-30 % of idiopathic cases (De Rubeis & Buxbaum et al., 2015; Pinto et
al., 2014).
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Besides the genetic basis of ASD, it is argued that the role of epigenetic regulation and
the effect of environmental factors should not be excluded from the research of ASD
causes. In fact, environmental factors might be responsible for ASD manifestation, by
modulating through epigenetic mechanisms already existing genetic factors (Kleijer et
al., 2017). Prenatal exposure to maternal infection (Atladéttir et al., 2010; Zerbo et al.,
2013), to sodium valproate (VPA) (Christensen et al., 2013) and other toxins increase
the risk of having a child with ASD. Exposure to mutagens and toxins can lead to

problems during child development causing unbalanced brain connectivity.

Clinically it is referred to as autism spectrum disorder, since the severity and degree
of functional impairment is really variable among affected individuals (Burgeron et al.,
2015). ASD is typically diagnosed within the first three years of life and affects about
1 % of the population (Varghese, 2017). Nowadays the prevalence of autism is higher
than previous estimates (Centers for disease control and prevention 2016 estimates:
16.8 in 1000 children) due to the increased ability in diagnosing younger children
(Nassar et al., 2009; Parner et al., 2008).

ASD affects more males than females; this is especially true among individuals with a
normal intelligence quotient (>5 males/1 female affected) and the ratio becomes
more balanced among ASD individuals with intellectual disability (ID) (2 males/1

female affected - Miles et al., 2005).

Autistic disorder was first described by the psychiatrist Leo Kanner in 1943 (Kanner,
1943). The two ASD core symptoms recently defined in the DSM-5 (American
Psychiatric Association, 2013) are: (i) social interaction deficits (ii) repetitive, ritualistic
and stereotyped behaviors. During the first year of life ASD infants are often described
as “quiet babies”, they do not babble or use any other communicative vocalizations.
They fail to develop interest and attachment to their primary caregivers. Later, they
eventually develop attachment to their parents, but have little interest in other
children and people unknown to them. Older children may prefer to play alone and

often do not point things out or use eye contact to share the pleasure of seeing
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something with another person. Adults are awkward in their social initiations and
greetings and they have difficulty in casual social settings. They might show
impairments in the social aspect of communication; this includes eye contact and
showing interest in the opinions of other people. In autistic patients, often the use of
language is limited to the communication of needs or to provide information, but
rarely to exchange information, chat or socialize (Ruttler & Schopler, 1987; Kim, 2015).
The second diagnostic criterion are restricted, repetitive, and stereotyped patterns of
behavior and interests. Children with ASD can demonstrate atypical behaviors in a
variety of areas, including peculiar mannerisms, unusual attachments to objects,
obsessions, compulsions, self-injurious behaviors, and stereotypes. Children with
autism ask the same question repeatedly, regardless of the reply that is given, or

engage in highly repetitive, perseverative games (Ruttler & Schopler, 1987; Kim, 2015).

ASD is often associated with other psychiatric and medical conditions including motor
control difficulties, attention deficit and hyperactivity disorder (ADHD), anxiety, sleep
disorders, FXS, tuberous sclerosis, Angelman syndrome, Rett's syndrome and others.
Epilepsy is highly associated to ASD (Muhle et al., 2004). The presence of cognitive
impairments is not a defining criterion for ASD (Gillberg et al., 2010), considering that
cognitive abilities in ASD patients range from non-verbal-children with severe mental
disability and self-injury (Gillberg & Coleman, 2000; Muhle et al., 2004) to college
students with an above average 1Q, despite poor social skills (Baron-Cohen et al.,

2001).

No therapy is currently available for ASD and present pharmacological treatments do
not address the core ASD behaviors, but target comorbid conditions such as seizures,
anxiety and ADHD (Gillberg, 1991; Doyle & McDougle, 2012; Varghese, 2017).
Different pathways may converge at the molecular, cellular, and systemic level; each
of these levels can, thus, provide hints for the identification of drug targets and

treatment strategies.
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1.5.2 Risk-genes in autism spectrum disorder

A growing number of genes have been associated to ASD, whose mutations are
predicted to impair the following molecular pathways: (i) chromatin remodeling and
regulation of transcription, (ii) protein translational regulation, and above all (iii)
neurodevelopment, (iv) neurotransmission and (v) synaptic function (Burgeron, 2016).
Based on the different pathways associated with ASD, two main observations can be
made regarding the shared properties of ASD-risk genes. First, these mutations seem
to affect neuronal development and network formation. Second, they impair or alter
synaptic development, function and plasticity (Courchesne & Pierce, 2005; Just et al.,
2007).

Examples of relevant proteins, involved in chromatin remodeling and transcription,
are: two X-linked genes, MECP2 and FMR1, involved in autism ‘secondary’ to Rett and
Fragile X syndromes, respectively. MECP2 and other transcription factors, such as
CHD8 and CTNNB1, contribute to brain development and function and are risk-genes
for ASD (Burgeron, 2015; Kim, 2014).

Many proteins encoded by ASD-risk genes participate in different aspects of neuronal
transmission, such as glutamatergic (for example NR2B) and GABAergic (for example,
GABAAa receptor subunit a3 and GABAa receptor subunit $3) transmission (Burgeron
2015).

Neurexins (NRXNs) and neuroligins (NLGNs) are synaptic cell-adhesion molecules that
connect pre-synaptic boutons to post-synaptic terminals, mediating essential signaling
between pre- and post-synaptic specializations. This signaling is central to the brain’s
ability to process information. In humans, alterations in genes encoding neurexins or
neuroligins have been involved in ASD, linking synaptic cell adhesion to cognition and
its disorders (Stidhof, 2008). The first evidence that NLGN-NRXN complexes are
relevant in ASD was obtained from a study in 2003, identifying mutations in the X-

linked genes encoding NLGN3 and NLGN4 in siblings with autism (Jamain et al., 2003).
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The positioning of cell-adhesion molecules and NT receptors at the synapse involves a
complex architecture of post-synaptic proteins, including scaffolding proteins,
signaling molecules and the actin cytoskeleton (Burgeron, 2015). Many of these
proteins are encoded by ASD-risk genes; an example is provided by mutations in

members of the SHANK gene family (SHANK1, SHANK2, and SHANK3).

As previously explained, actin remodeling is essential in developmental processes and
is also involved in signal transduction and neuronal activity. Among ASD-risk genes,
there is a notable number of genes encoding proteins involved in actin dynamics. In
Finnish families with ASD it was found a link between autism and DISC1 (Kilpinen et
al., 2008), a scaffold protein abundant in dendritic spines (Kirkpatrick et al., 2006).
Another gene that has been linked to ASD is diaphanous 3 (Vorstman et al., 2011), a
nucleation factor interacting with profilin. Cordon-bleau, another actin nucleation
factor (Ahuja et al., 2007), has also been proposed as a candidate gene in a unique
ASD case (Griswold et al., 2012). Lastly, PFN2 was found to bind to the WAVE
regulatory complex, and one of its main components is CyFIP1. CYFIP1 is an mRNA
translation regulator in association with FMRP (Napoli et al., 2008) and has been
shown to be involved in several neuropsychiatric disorders including ASD and
schizophrenia (De Rubeis et al., 2013); moreover genomic deletions affecting the
expression of CYFIP1 have been found in ASD patients also carrying mutations in the
SHANK2 gene (Leblond et al., 2012) and are associated to ASD phenotypes in patients
with the Prader-Willi syndrome (Bittel et al., 2006).Furthermore, it was hypothesized
that an alteration of the expression level of the FMRP-EIF4E-CYFIP1 complex creates
an imbalance in the level of many synaptic proteins that are associated with ASD
(Burgeron, 2015).

Therefore, taking into consideration PFN2 interaction with CyFIP1 in the WAVE

complex, it was hypothesized that PFN2 could be an autism susceptibility gene.
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1.6 Mouse models

In this work three different mouse models have been used:

e Pfn2”
o  Pfn1f¥4!pfn27/;Nes-Crecre/"t

o Pfn1™fx:pfn27;Camk2a-Creere/"t
1.6.1 Pfn27- mouse model

The Pfn27- mouse was generated by heterologous gene transfer. The B-galacto-
sidase/neomycin ('geo') cassette was inserted, by homologous recombination, into
the coding region of exon 3 of the Pfn2 gene, thereby disrupting the gene expression

(Pilo Boyl et al., 2007) (Fig 1.16).
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Figure 1.16 | The Pfn2/-mouse model. Scheme of the gene targeting strategy in which the
geo (B-galactosidase/neomycin) cassette was inserted into exon 3 of Pfn2 gene. The result
is the complete loss of PFN2 expression (figure from Pilo Boyl et al., 2007).

The Pfn27- mouse model is viable and has an unaltered brain morphology (regular
cortical layering, normal organization of the hippocampus and architecture of the
cerebellum). The Pfn27" mouse does not show associative learning and memory
deficits but has hyperactivity and increased novelty-seeking behavior in response to

changes in the environment. The main physiological problem observed in the Pfn27
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mouse is hyperactivity of glutamatergic neurons due to loss of regulation of
glutamatergic vesicle exocytosis, because of altered fast actin polymerization

dynamics (Pilo Boyl et al., 2007).
1.6.2 Pfn1/%¢.:pfn2/-;Nes-Cre*/** mouse model

This conditional profilin double ko mouse model, Pfn1/%!pfn27-:Nes-Cre¥*t, was
generated in order to study the function of both PFN1 and PFN2 during the embryonic
development of the CNS. In this mouse line, the deletion of Pfn2 occurs already in the
germ line, whereas a brain specific mid-embryonic deletion of Pfn1 was obtained
crossing the Pfn1 %/"t:Nes-Cre®"t background, which was already heterozygous for
Pfn1 and carried a transgenic Cre recombinase under the control of the rat nestin
minimal promoter (Tronche et al., 1999; Kullmann et al., 2011; Kullmann et al., 2012),
with the Pfn1™ background to introduce the Pfn1 floxed allele in the final mouse
genotype.

The intermediate filament protein NESTIN (neuroepithelial stem cell protein) is the
major cytoskeletal protein expressed by NPCs in the mammalian CNS, the radial glia
cells. Therefore, in this Pfn1f¥/dl:Nes-Crec®"t background, one Pfn1 allele is deleted
already in the germ line, while the deletion of the second allele occurs only in neuronal

and astroglial cells, starting from ~E9.5, at the onset of brain development.
1.6.3 Pfn1™/%;pfn27/-;Camk2a-Cre*’** mouse model

The second conditional profilin double ko mouse model,
Pfn1/%/fx:pfn27-:Camk2a-Cre®", was generated in order to study the function of both
PFN1 and PFN2 in the adult brain. As described above, the deletion of Pfn2 is complete
since germ line, while the deletion of Pfn1 is again temporally and tissue-specifically
regulated. In this mouse model Pfn1 is specifically deleted in the adult forebrain. To
obtain this, the Camk2a-Cre transgene was used, expressing the Cre recombinase
under the control of the Ca?'/calmodulin-dependent protein kinase Il-a. partial

promoter (Minichiello et al., 1999).
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CAMKIla, is highly expressed throughout the forebrain, while hindbrain regions
express the lowest levels (Burgin et al., 1990). In particular, the Camk2a-Cre transgene
is active in the pyramidal neurons of the CA and in the granular neurons of the DG of
the hippocampus, in the principal neurons of the cortex and in the medium spiny
neurons of the striatum (Minichiello et al., 1999; Liu & Murray, 2012).

In this double ko line, therefore, the deletion of Pfnl1 occurs in the forebrain,
specifically in the excitatory neurons of cortex and hippocampus starting from P18.5

(post-natal day 18.5).
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Results

2.1 A novel molecular pathway in autism spectrum
disorder is associated with profilin 2 and actin dynamics in pre-

synaptic terminals

It was previously shown that PFN2 has an essential role in restraining vesicle
exocytosis during synapse depolarization. Consistent with this function, Pfn27- mice
exhibit hyper-excitability at the physiological and behavioral level (Pilo Boyl et al.,
2007). Furthermore, it was observed that Pfn2 loss in mice caused spontaneous
epileptic seizures and affected their breeding behavior, reminding of features typical
of an autistic-like phenotype. Therefore, it was investigated weather PFN2 loss could
cause autistic-like behavior in mice and the understanding of its etiology was deeply

explored.
2.1.1 Protein expression of PFN2 in the Pfn2 ko mouse line

Many brain regions have been shown to be involved in autistic-like behavior, but it is
generally accepted that the hippocampus and the cortex are central in higher brain
functions. Therefore, in all this work these two brain regions have been the focus of
our studies. Since in ASD often gene dosage appears to play an important role, the
effect of gene dosage on PFN2 protein levels in the hippocampus and cortex of the
Pfn2 ko mouse line was studied. Total protein lysates were prepared from wt, Pfn2*
and Pfn27 tissues and PFN2 levels evaluated by western blot analysis. The calibration
of the protein of interest was obtained by Coomassie staining on the membranes (as
explained in chapter 4.2.6.4) and the resulting PFN2 levels were normalized to the wt
control. PFN2 in both hippocampal and cortical lysates was halved in heterozygous
mice and was not detectable in ko mice (Fig. 2.1 A-B). Therefore, the western blot
analysis confirms that the protein levels in hippocampus and cortex follow the gene

dosage in the mouse model.
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Figure 2.1 | PFN2 protein expression is halved in Pfn2*/- mice and undetectable in Pfn27-
mice. A,B Top. Relative quantification of PFN2 protein levels in hippocampal (A) and cortical
(B) total lysates from the three indicated genotypes normalized to the wt levels. A,B
Bottom. Western blot images of hippocampal (A) and cortical (B) lysates from the same
genotypes probed with anti-PFN2 (rb3003) antibody. Coomassie staining of the membranes
(not shown) was used to calibrate the PFN2 signals. n=1 per genotype.

2.1.2 Loss of PFN2 increased basal excitatory synaptic transmission in the

hippocampus

To study if PFN2 loss would affect basal excitatory synaptic transmission also in the
hippocampus, similarly to what was shown in other excitatory circuits (Pilo Boyl et al.,
2007), input-output (I-O) curves were recorded from the CA3-CA1 synapse in acute
hippocampal brain slices of wt and Pfn27- mice, aged between P16 and P21.

A stimulation electrode was placed in the Schaffer collaterals in the CA3 region,
whereas the sum of post synaptic responses (fEPSP) was recorded in the stratum
radiatum of the CA1 region. The amount of activated fibers was indicated by the size
of the fiber volley (FV) peak. In the I-O graph is reported the intensity of the post-
synaptic response upon activation of pre-synaptic neurons with increasing stimulus

intensities that were set to obtain 0.05, 0.1, 0.15, 0.2, and 0.25 mV fiber volley peak.

48



Results

Picrotoxin (PTX), an inhibitor of GABAA receptors, was added to the bath solution of
the hippocampal slice in order to isolate excitatory inputs.

Both wt and Pfn27" mice showed increasing response to the increasing stimulation
intensity. However, the 1-O relation was significantly enhanced in Pfn2”" mice
compared to wt animals. In fact, while the I-O relation in wildtypes is well interpolated
by a linear regression, the I-O relation in mutant mice is better described by a
polynomial regression. In addition, Pfn27- mice show higher responses to increasing
stimulation intensities, as also demonstrated by the significant increase of the fEPSP
slope at 0.25 mV (Fig 2.2 A). No differences were observed in the excitability of the
Shaffer collaterals, meaning that the stimulation intensity applied to evoke the same

FV in the two genotypes did not differ (Fig 2.2 B).
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Figure 2.2 | Pfn27- mice show increased basal glutamatergic neurotransmission. A. The
graph shows fEPSP slopes (mean + SEM, with the slope of the fEPSP being a directly
proportional measure of the strength of the post-synaptic response) upon activation of pre-
synaptic neurons with increasing stimulus intensities that were set to obtain 0.05, 0.1, 0.15,
0.2, and 0.25 mV FV peak. I-O relationship in CA3-CA1 synapses is linear in wt mice while it
follows a polynomial relationship in Pfn27- mice. Synaptic transmission is significantly
enhanced in Pfn27- mice at higher stimulus intensity (two-tailed t-test, P=0.0164). Inset:
Representative superimposed sample traces of an input-output experiment from a wt and
a Pfn27" slice. B. Graph of the average FV intensity obtained at each stimulus intensity for
wt and Pfn27 slices. The stimulus intensities required to generate the different FV
amplitudes do not differ in Pfn27- mice compared to controls. wt n=15 slices/6 mice; Pfn27"
n=13 slices/7 mice. *P<0.05.

The input-output relationship is a measure of synaptic transmission and the
experiment shown in Fig 2.2 demonstrates that loss of PFN2 results in increased

glutamatergic transmission.
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2.1.3 Loss of PFN2 increases pre-synaptic vesicle release probability

Since loss of PFN2 resulted in increased excitatory basal neurotransmission, additional
experiments were performed to analyze functional pre-synaptic changes. Paired-pulse
facilitation (PPF) was studied on acute hippocampal slices with extracellular field
recordings. In PPF experiments two consecutive stimuli are given to the Schaffer
collaterals with a definite time interval of 40 ms and post-synaptic responses are
recorded in the CA1 area. The term facilitation refers to the effect of Ca?* ions,
accumulated in pre-synaptic terminals following the first stimulus, which facilitate
vesicle exocytosis upon a second one. For this reason, alterations in PPF reflect

changes in vesicle release probability.

A B .- Figure 2.3 | Pre-synaptic vesicle
wt Pfn2" | release probability in excitatory
RS _V"—V\/' 5 I synapses is increased in Pfn2’-
 Joamy ; mice. A. Sample traces of PPFin a wt

20ms & 21 (left) and Pfn2”- (right) slice. B. The

paired-pulse ratio (PPR) with an
inter-stimulus interval of 40 ms was
significantly reduced in Pfn2”7- mice
(by 40 %) compared to wt controls
(P=0.0102). wt n=15 slices/6 mice;
Pfn27- n=9 slices/5 mice. Two-tailed
t-test, ** P<0.01

A measure of PPF is the paired-pulse ratio (PPR), calculated dividing the slope value of
the second fEPSP by the one of the first fEPSP. PPR values for Pfn2”- mice were 40 %
lower than in control littermates, indicating a higher vesicle release probability (Fig

2.3).

Therefore, the higher excitatory transmission of Pfn2”- mice can be related to

increased release probability of vesicles from the pre-synapse.
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2.1.4 Loss of PFN2 increases AP-independent synaptic transmission

In order to support this conclusion, pre-synaptic physiology was further analyzed via
patch-clamp recordings, by measuring miniature excitatory post-synaptic currents
(mEPSC) in CA1 pyramidal neurons.

mPSC are caused by spontaneous (AP-independent) vesicle fusion in the pre-synapse.
Their isolation is obtained by bath application of tetrodotoxin (TTX), a voltage gated
Na*-channel blocker. Furthermore, the recording efficiency of mPSCs is increased by
blocking potassium channels. With this approach stochastic excitatory vesicle
exocytosis events at the active zone of afferent CA3 neurons can be measured from
single CA1 patch-clamped neurons.

The frequency and the amplitudes of mEPSC events are normally evaluated. The
frequency reflects the vesicle release probability, the amount of functional synapses
and the number of release sites. On the other hand, the amplitude is a measurement
of the strength of the synapse, reflecting the amount of functional AMPA receptors on

the post-synaptic membrane.
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Figure 2.4 | Pfn27/- mice show increased excitatory synaptic vesicle release. A. Percentage
cumulative distributions of inter-event intervals of mEPSCs recorded from CA1 pyramidal
neurons of Pfn27- and wt control cells. The graph indicates that Pfn27 neurons have an
increased frequency of mMEPSCs compared to wt control mice (P=0.001), as shown by the
increased percentage of smaller (left shift) inter-event intervals in the cumulative
distribution. In the inset, sample traces of mEPSC recordings from wt (left) and Pfn27
(right) cells. B. Percentage cumulative frequency distributions of mEPSC amplitudes show
a mild decrease of events amplitude in Pfn2” mice (P=0.025). wt n=7 cells/4 mice; Pfn27
n=8 cells/3 mice. Kolmogorov-Smirnov (KS), ¥P<0.05 ,***P<0.001.
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mEPSCs were significantly more frequent in Pfn27- mice compared to wt controls, as
shown by the leftward shift of the cumulative curve (Fig 2.4 A); a mild reduction in

mEPSC amplitude was also observed in ko mice (Fig 2.4 B).

The higher frequency of mEPSCs is in line with the PPR findings. Since in a previous
work it was shown that in the hippocampus synaptic density is not altered in Pfn27-
mice, while docked vesicles are increased (Pilo Boyl et al., 2007), this change in mEPSC
frequency points to an increased pre-synaptic vesicle release probability, resulting in

an excessive glutamatergic transmission onto CA1 pyramidal neurons.
2.1.5 Reduced inhibitory transmission in Pfn2”" mice

An imbalance between excitatory and inhibitory transmission has been proposed as a
cause of ASD. For this reason, the effects of PFN2 loss on inhibitory transmission were

also investigated.

On acute hippocampal slices miniature inhibitory post-synaptic currents (mIPSC) were
measured with patch-clamp recordings on CA1 pyramidal neurons. mIPSC were
isolated by excluding excitatory transmission with NBQX, a blocker of AMPA and KA
receptors.

As for mEPSC recordings, the frequency and the amplitudes of mIPSC events were
evaluated. In this case, while the inter-event interval distribution of mIPSCs of Pfn27-
mice did not differ from control, indicating that the number of inhibitory synapses and
the mechanisms of GABA release are unaltered in Pfn27 mice (Fig 2.5 A), the
amplitudes of mIPSCs were significantly smaller (leftward shift of the percentage
cumulative distribution) in Pfn2”" mice compared to wt littermate controls (Fig 2.5 B).
The reduced amplitude of mIPSCs suggests a loss of GABAa receptor clustering on the

post-synapse or an alteration in their trafficking dynamics.
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Figure 2.5 | Decrease in the amplitude of mIPSCs points to impaired inhibitory
transmission in Pfn27- mice. A. Percentage cumulative distributions plot of mIPSC
frequencies shows no difference between Pfn2”/- and wt control mice. B. Percentage
cumulative distributions plot of mIPSC amplitudes shows a significant decrease of the
amplitudes in Pfn2/- mice compared to wt control littermates. In the inset, sample mIPSC
traces from wt and Pfn27" cells. wt n=10 cells/3 mice; Pfn27- n=10 cells/4 mice. KS,
***p<0.001.

In order to support this novel finding, I-O curves for inhibitory transmission in single
cells with the patch-clamp technique were then recorded. Evoked IPSCs were
measured in response to increasing extracellular stimulations, applied ~100 um away
from the soma of the recorded CA1 pyramidal cell. I-O curves revealed a decreased
response in Pfn2”- mice compared to wt controls over a range of stimulus intensities

(Fig 2.6 A).

Inthe end, the PPR of two evoked IPSCs with a 40 ms interval was calculated to exclude
possible defects in pre-synaptic release mechanisms in inhibitory neurons. With the
small number of cells analyzed no significant difference was detected in the PPR
between wt and Pfn27- animals (Fig 2.6 B), although a tendential PPR increase could
suggest either a diminished number of inhibitory synapses on CA1 neurons or altered

vesicle exocytosis dynamics in GABAergic neurons.
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Figure 2.6 | Evoked IPSCs recordings show reduced inhibitory transmission in Pfn27- mice.
I-O relationship shows a significant decrease of the inhibitory synaptic transmission in
Pfn27- pyramidal cells compared to wt controls (two-tailed t-test on the angular coefficients
of the individual cells linear regressions, P=0.048). Evoked IPSCs were measured as a
function of the stimulus strength in patch-clamped CA1 pyramidal cells in acute
hippocampal slices. The extracellular stimulation was produced by an electrode positioned
in proximity (~100 um) of the recorded cell. In the inset, representative traces of evoked
IPSCs in wt and Pfn27- neurons. wt n=5 cells/3 mice; Pfn27- n=5 cells/3 mice. B. Paired-pulse
ratio, a measurement of pre-synaptic NT release probability, shows no significant
difference between wt (0.85+0.07) and Pfn27- (1.06+0.03) mice. wt n=5 cells/3 mice; Pfn27-
n=5 cells/3 mice. Two-tailed t-test, * P<0.05.

In any case, the reduced amplitudes of the evoked IPSCs and the smaller amplitudes
of mIPSCs suggest that, in mice, PFN2 is relevant for the appropriate GABA receptors-
mediated inhibitory transmission in hippocampal pyramidal neurons. Therefore, loss
of Pfn2 in mice reduces GABAergic transmission, contributing to the excitation to

inhibition ratio increase.

2.1.6 Infantile mortality and shorter life expectancy of Pfn2”/- mice

Since the electrophysiological properties of Pfn2 ko neurons in the hippocampus
support the hypothesis of an autistic-like phenotype, a phenotypic analysis was

undertaken on the mutant mice.

Risk of premature mortality has been reported in autism (Hirvikoski et al, 2016). The
risk of premature mortality has been estimated to be two-fold to ten-fold higher in
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ASD patients. The higher mortality rate in ASD is related to the presence of comorbid
medical conditions, rather than ASD per se (Bilder et al., 2013). One possible cause is
epilepsy, the most frequent medical disorder associated with autism and affecting one
third of autistic individuals (Muhle et al., 2004). About 30 % of Pfn2”- mice showed
spontaneous seizures, which appeared to be related to increased sensitivity to
stressful events or loud stimuli. At weaning age (P21-P25), the expected Mendelian
ratio of 25 % mutant mice from heterozygote matings was altered, with only 20 %
Pfn27 animals present (Fig 2.7 A) and a proportional increase of wt and Pfn2*" mice,
suggesting a loss of mutants before weaning. When pups were genotyped at P7, the
results matched the expected 25 % Mendelian ratio, confirming a small mortality rate
of ~15 % of Pfn27~ animals between P7 and P25 (Fig 2.7 B). Survival and life expectancy
of Pfn27- mice was further investigated through a standard survival analysis over the
span of a mouse life. The Kaplan-Meier plot showed significantly increased mortality
of Pfn27- mice between 7 and 13 months, with the median survival halved compared
to wt controls (Fig 2.7 C). Interestingly, heterozygote mice displayed an intermediate
phenotype, significantly different from wt controls, indicating a gene dosage effect of
Pfn2 function on longevity. As a consequence, life expectancy (average life span) of
Pfn2 mutants and heterozygotes was significantly reduced compared to wt controls

(Fig 2.7 C, bar graph inset).
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Figure 2.7 | Reduced survival before weaning and shorter life expectancy of Pfn2/- mice.
A. In the offspring of Pfn2*/- matings, fewer Pfn27/- and proportionally increased wt and
Pfn2*/- mice were found than expected from Mendelian ratio (dashed gray line, 25 %, and
dotted gray line, 50 %) at weaning (P21-P25). n=47 wt, n=97 Pfn2*-, and n=38 Pfn2"/
genotyped animals from 24 litters. B. Pre-weaning loss of Pfn27- pups. Offspring were
genotyped at P7 and followed until weaning (P25): 14 % of Pfn2/- mice were lost in this
period but no wt and Pfn2*/- mice. n=76 wt, n=178 Pfn2*/-, n=75 Pfn2/- P8 animals. C.
Kaplan-Meier plot of survival data of mice shows higher mortality rate of Pfn27/- mice
between 7 and 13 months of age with an intermediate phenotype for Pfn2*- mice (Peto-
Prentice generalized Wilcoxon test: Pfn27- vs. wt, P<0.001; Pfn2*/- vs. wt, P=0.001). The
median survival (dotted line in the graph) is 10 months for Pfn27/- mice, 14 months for
Pfn2*/- and 19 months for wt controls. In inset, life expectancy (average life span, in
months) for each genotype (two-tailed t-test: Pfn27- vs. wt mice, P<0.0001; Pfn2*" vs. wt
mice, P=0.0008). n=69 wt, n=78 Pfn2*/-, n=101 Pfn2”7- animals. **P<0.01, ***P<0.001.
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2.1.7 Impaired maternal and social behavior of Pfn27- mice

General cage behavior of Pfn27- mice appeared evidently altered, with mutant mice
ignoring other mice in the cage and spending more time alone. In addition, Pfn27
males lacked aggressive behavior towards other males and breedings with Pfn27
females resulted in a frequent loss of their litters. Therefore, two main aspects of

social behavior were studied in detail: maternal behavior and social interactions.

Table 2.1 Maternal Behavior

Genotype Number of Litter Father
Mother Father litters survival cohabitation
Pfn2/- Wt 7 0% X
Pfn2/- Pfn2*/- 5 0% X
Pfn2/- Pfn27- 3 0% X
Pfn2/- Wt 5 100 % v
Pfn27- Pfn2* 3 100 % v
Pfn27- Pfn27- 7 45 % v

Maternal behavior was found severely affected in Pfn2 mutants. Nest building was
almost absent in Pfn2”/- females (Fig 2.8 A) and when Pfn27- mothers were allowed to
foster alone their litters, all pups were lost irrespectively of the pups’ genotype (Table
2.1, top half). Interestingly, with the cohabitation of a Pfn2*/-or wt father, all litters of
Pfn2"- mothers survived, while only about half of them survived when both parents

were Pfn2 mutants (Table 2.1, bottom half).

In association to the fostering deficit also the pup retrieval behavior was severely
compromised: when asked to retrieve P7 pups dispersed in the cage, wt mothers
quickly started to retrieve the first pup, and within 7 minutes the entire litter was
collected into the nest (Fig 2.8 B); instead, Pfn27- mothers never retrieved a single pup
within the allowed experimental time (30 min). It is possible that the maternal
behavior deficit of Pfn27/- mothers was arising from the stress produced by the novel
social context created by the pups, since with helping wt or heterozygous males litter
survival was rescued, pointing to normal lactation and rearing abilities. Since Pfn2”-
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fathers could only partially compensate the behavioral impairment of the mothers,
this points to a robust and gender-independent social interaction deficit, which was

further investigated.
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Figure 2.8 | Maternal behavior is impaired in Pfn2”/- mice. A. Example of nests from wt
control and Pfn2”/- mothers, as indicated. The Pfn2 mutant mothers do not build a proper
nest, leaving the nesting material and pups sparsely distributed in the cage. B. Maternal
behavior: pup retrieval by Pfn2”/- females is completely missing within the experimental
time of 30 min, while on average wt control females retrieve the first pup within 1 min and
the entire litter in about 7 min. n=5 wt and n=7 Pfn2/ females. One-tailed t-test, ***
P<0.001
To assess sociability in males in a non-aversive context, the social Interaction paradigm
in the 3-chambered maze (Moy et al.,, 2007) was performed. The sociability is
characterized by the tendency of a mouse to spend time interacting with a novel
mouse. In this test a mouse is placed in the central compartment of a 3-chambered
test box and the time spent in the two lateral compartments, one containing an
unfamiliar mouse and the other being empty, is measured. The unfamiliar mouse is
placed within a small wire enclosure, to allow exposure to visual, auditory, olfactory
and some tactile stimuli, while preventing aggressive interactions. When social
interaction between the adult test mouse and a stranger juvenile was assessed, Pfn27/-
mice showed reduced sociability. By number of visits, Pfn27/- mice showed no
significant preference between the social interaction (SI) zone and the empty zone (Fig
2.9 A). Although Pfn27- mice still spent more time in the Sl zone, like wt controls (Fig

2.9 B), the average visit duration to the stranger mouse was tendentially reduced

compared to wt controls (Fig 2.9 C), as well as the average sniffing time (Fig 2.9 D).
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Figure 2.9 | Social behavior is impaired in Pfn2”- mice. A. The number of visits of Pfn2/"
mice to the Sl (Social Interaction) and the Empty zone showed no significant preference
(P=0.4683) while wt control mice showed a significant preference for the S| zone
(P=0.0098), indicating social interaction impairment in mutant mice. In this experiment
heterozygous mice performed similarly to mutant mice. B. All tested genotypes spent more
time in the Sl zone than in the Empty zone, although Pfn27/- mice showed the least interest.
C. On average Pfn2 mutant mice spent less time per visit in the Sl zone compared to wt
mice. Heterozygous mice displayed an intermediate performance. D. Sniffing in the Sl zone
was also reduced in Pfn2 mutant and heterozygote mice compared to wt controls. n=8 wt,
n=7 Pfn2*" and n=9 Pfn27/-. Two-tailed t-test, *P<0.05, **P<0.01, ***P<0.001.
Social deficits in autism may appear as inappropriate or indiscriminate approaches to
strangers, rather than a complete lack in social approach (Loveland et al., 2001). For
this reason, the qualitative interaction of Pfn2”- mice with the stranger juvenile mouse
was evaluated and appeared different from control mice. Direct nose contacts
between Pfn2”/- mice and the stranger mouse were rare, with the mutant mice mostly
exploring the metal enclosure and its surroundings, rather than the mouse itself. This
finding is in agreement with the previously reported novelty-seeking behavior of

Pfn27- mice (Pilo Boyl et al, 2007). Again, heterozygous mice showed an intermediate

phenotype in this test, suggesting a gene dosage effect of the mutation.
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2.1.8 Increased stereotypic behavior in Pfn2”/-mice

Autistic individuals often maintain rigid habits and frequently show a strong insistence
on sameness and are upset when their routine is changed (Frith, 1991; Hollander et
al., 2003). Ritualistic and repetitive behavior, together with resistance to changes, is
in fact the other core symptom of autism. Animal models of autism exhibit
spontaneous motor and stereotypic behaviors (Peca et al, 2011; Schmeisser et al,
2012). Therefore, an array of stereotypic behaviors in Pfn2 mutant mice was assessed.
Pfn27- animals showed significantly higher occurrence of circling, jerking, and wall
leaning stereotypies compared to Pfn2* and wt control mice, indicating a stronger
susceptibility to repetitive behavior. In this context, no significant differences were

observed for self-grooming and digging (Fig 2.10).
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Figure 2.10 | Stereotypic and repetitive behavior is increased in Pfn2”/- mice. Five
stereotypic behaviors were measured after transfer in a novel cage environment. Circling
(P=0.0442), wall leaning (P=0.0273) and jerking (P=0.0015) were increased in Pfn27- mice
compared to wt controls, grooming and digging were not changed. n=10 wt, n=11 Pfn2*"
and n=15 Pfn27- mice. Two-tailed t-test, *P<0.05, **P<0.01.
The Y- and T-maze have been frequently used to asses spatial working memory and
repetitive behaviors. Mice are usually driven by exploratory needs and strategically
explore different parts of the surrounding when placed in a novel environment (Chang,
Cole & Costa, 2017). In this study the Y-maze setting was used, which provides a more
natural turning angle compared to the T-maze (Lainiola et al., 2014). To estimate the
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resistance to changes and as a measurement of insistence on the sameness, the
returns into the same arm (SAR) were evaluated compared to the spontaneous
alternation (SPA) of the entries into the three arms. Pfn2”- mice displayed decreased
SPA (Fig 2.11 A) and whereas no control mouse ever returned to the same arm, about
50 % of the tested Pfn2”- mice showed this behavior (Fig 2.11 B). Pfn2”- mutants also
showed a marked deficit in decision making, as suggested by the longer latency to

initiate exploration (Fig 2.11 C).
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Figure 2.11 |Insistence on sameness is increased in Pfn2”/- mice. The Y-maze test was used
to explore repetitive behavior. A. Spontaneous alternation (SPA) exploration strategy is
diminished in Pfn27/- mice compared to wt controls (P=0.0159). B. Same arm return (SAR)
exploration is performed by 50 % of the Pfn27/- mice (P=0.0122), indicative of a repetitive
behavior in the mutants. C. Latency to start exploring the maze by entering the first arm is
higher in Pfn27- animals compared to wt controls (P=0.0409). n=11 wt, n=10 Pfn2”- animals.
Two-tailed t-test, *P<0.05.

These data point to increased repetitive behavior and resistance to changes in the

mutant mice.
2.1.9 Altered vocalization pattern in Pfn2/- pups

Excessive crying has been frequently reported in infants that were later diagnosed

with ASD. In newborn mice the crying behavior is an important type of communication
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triggered by the separation distress and aimed at eliciting retrieval behavior by the
mother. Rodents’ communication mainly occurs through ultrasound vocalizations
(USVs). Accordingly, in order to obtain the mother’s attention, young mouse pups emit
high frequency vocalization calls in the 30-110 MHz ultrasonic frequency range when
separated from the nest. In 5-7 days old Pfn2”- pups separated from the mother it was
observed increased number of ultrasonic vocalizations compared to wt controls (Fig
2.12 A), similarly to what has been observed in other mouse models of autism
(Scattoni et al, 2009; Tsai et al, 2012). Detailed analysis of the USV traces, revealed a
more monotonous vocalization pattern in Pfn2”/ pups, with long (20-90 ms),
sometimes interrupted calls in the lower range of US frequencies (<70-75 kHz) and
rather flat in frequency modulation (example in Fig 2.12 B). Pfn2”7- male and female
pups showed a 5 times median increase of this type of ‘flat calls’ compared to wt
control littermates (Fig 2.12 C). In Pfn2 mutants the ‘flat calls’ were often intense (<-
50 dB, darker gray tone) and arranged in particularly long trains of uniformly spaced
calls (regular inter-call interval of 150+10 ms). Pfn2”- pups exhibited significantly
higher number of long trains composed of more than 10 ‘flat calls’ compared to wt
control littermates (Fig 2.12 D). Moreover, about 50 % of Pfn2 mutant pups exhibited
one or more trains of more than 20 ‘flat calls’, while none of the control mice showed
this behavior. Vocalization patterns are usually complex, with 2-4 closely spaced calls
(inter-call interval <50 ms) arranged in a “group”, showing frequency variations and
harmonics. It was observed increased “group” size and duration in both Pfn2”/ males
and females compared to wt control littermates (Fig 2.12 E-F), further strengthening
a ‘despair calling’ phenotype.

In summary, male and female Pfn2”/- pups showed increased number and monotony
of US vocalizations, suggesting a higher level of despair similar to persistent crying of

ASD diagnosed infants.
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Figure 2.12 | The ultrasonic vocalization pattern is altered in Pfn2"- pups. A. Box plot of
the total number of US calls from P5-P7 Pfn2”- and wt control pups separated from the nest
in 5 min recording time. The median (horizontal black line in the box) for Pfn2 mutant pups
is about 3 times higher compared to wt controls (Rank-sum test, P=0.0390 for males and
P=0.0066 for females). B. Graphic representation of two sample flat call traces from Pfn27"
pups, one continuous and one interrupted. Note the quite uniform frequency below 70 kHz
and the length (90-100 ms). C. Box plot of the number of flat calls from Pfn27- and wt
control pups in 5 min recording time. The median for Pfn2 mutant pups is about 5 times
higher compared to controls (Rank-sum test, P=0.0231 for males; P=0.0037 for females). D.
The number of trains with more than 10 flat calls per mouse is strongly increased in Pfn2
mutants compared to wt controls (Rank-sum test, P= 0.0062 for males; P=0.0120 for
females). E. The average size of the group of calls (number of shorter calls with inter-call
time <50 ms) is increased in Pfn27/- compared to wt control pups (t-test, P=0.0087 for males;
P=0.0298 for females). F. The average duration of the group of calls is increased in Pfn2"-
compared to wt control pups (t-test, P=0.0351 for males; P=0.0542 for females). n=16 wt
and n=11 Pfn27/- males, n=13 wt and n=12 Pfn2"/- females. *P<0.05, **P<0.01.
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2.1.10 Motor and coordination defects in Pfn2”/- mice

In addition to the core symptoms, impaired motor coordination is a hallmark of ASD
(Fournier et al, 2010). Pfn2”- mice showed mild but significant impairment of motor
performance and coordination upon daily handling. Additionally, Pfn2”- mice showed
from early age (P10) the characteristic coordination deficit of clamping the hind legs

when picked up by the tail instead of spreading them out (Supplementary Fig 7.1).

The basic motor performance was tested with a fixed rotation speed RotaRod
paradigm, while coordination and motor learning were assessed by constantly
increasing the rotation speed. In older Pfn2 mutants motor performance and
coordination were significantly impaired (Fig 2.13 A-B), while motor learning appeared
unaffected, in agreement with previous results obtained with different learning
paradigms (Pilo Boyl et al., 2007). A mild gene dosage effect was observed in Pfn2*
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animals only on the first trial/day. Motor impairment of Pfn2”/" mice was age-
dependent since younger mutant mice did not show significant deficits on the
RotaRod (Fig 2.13 C-D). Coordination skills were further addressed with the Hanging
test, which requires both muscle strength and coordination between the legs and the
body. The Hanging test performance was impaired in both young (Fig 2.14 A) and older
Pfn2 mutant mice (Fig 2.14 B). In the group of older mice, the Pfn2*/- animals showed
again a gene dosage-dependent intermediate phenotype. To discriminate between
muscle strength and coordination, it was measured the grip strength of the forelimbs
only and of all four limbs. Both Pfn27- and Pfn2*- mice showed about 20 % less pulling
strength with their forelegs (Fig 2.14 C, left). However, grip strength with all four legs
was reduced only in Pfn2 mutant mice (Fig 2.14 C, right), while Pfn2*/- animals were
indistinguishable from wt controls. The coordination deficit in Pfn2”- mice reproduces

another common trait observed in a significant number of ASD patients.

Figure 2.13 | Motor performance and coordination decreases with age in Pfn2/- mice. A.
6-8 months old Pfn27/- mice showed lower performance on a RotaRod (constant speed, 3
rom) than wt controls (two-way ANOVA with repeated measures, genotype effect
F(2,25)=19.09, P<0.0001; Tukey’s post-hoc test for Pfn27/- vs wt control: Trial 1, P=0.0001;
Trial 2. P=0.0001; Trial 3, P=0.0004; and Trial 4, P=0.0487). Pfn2*/- mice showed a motor
deficit only in Trial 1 (P=0.0425). B. 6-8 months old Pfn2”/- mice showed lower performance
on a RotaRod in an accelerated rotation paradigm (3-30 rpm in 300 s); (two-way ANOVA
with repeated measures, genotype effect F(2,25)=6.285, P=0.0061; Tukey’s post-hoc test
for Pfn27- vs wt control: Day 2, P<0.0001; Day 3, P=0.0224; Day 6, P=0.0693). Notably,
motor learning remained unaffected (Day effect F(4,100)=22.68, P<0.0001). C. In young
mice (3-5 months) no significant differences were seen in Pfn27/-, Pfn2*/- and wildtype mice
in the performance at constant speed, as well as D. in the accelerated Rotarod mode.
Represented data are the average of the best of 3 performances of the day. Old mice, n=9
wt and Pfn27, n=10 Pfn2*/; young mice n=11 per genotype. *P<0.05, **P<0.01,
***P<0.001.
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Figure 2.14 | Limbs coordination and grip strength are reduced in Pfn27/- mice. A. In the
Hanging test young (3-5 months) Pfn27- mice showed strong deficits compared to wt
controls (t-test, P=0.0004) and Pfn2*/- mice (t-test, P=0.0018). B. Older mice (6-8 months)
performed in general less well than young mice, but Pfn2”/- mutants again displayed
significant coordination impairment compared to wt controls (t-test, P=0.0103) and to
Pfn2*/- mice (t-test, P=0.0207). Heterozygous mice showed an age dependent loss of
coordination ability. C. Grip strength with the forelegs was significantly reduced in Pfn2"/
mice (t-test, P<0.0001) as well as in Pfn2*/- mice (t-test, P<0.0001) compared to wt controls.
When all 4 paws were used, only Pfn27/-mice were found impaired (t-test, P=0.0003), while
Pfn2*- mice performed similarly to wt controls (t-test, P=0.0002 Pfn2+/- vs. Pfn2"- mice).
Same animals as in figure 2.13 were used. *P<0.05, **P<0.01, ***P<0.001.

2.2 Distinct functions of profilin 1 and profilin 2 during

embryonic brain development

The brain specific single ko of Pfn1 (Pfn1™/f*:Nes-Cre /") highlighted the critical role
of PFN1 in radial migration of CGNs but not in other aspects of cerebellar
development, such as tangential migration, neuron proliferation or Bergmann glia
morphology (Kullmann et al., 2011; Kullmann et al., 2012). On the contrary, the single
Pfn2 ko did not uncover any specific function of PFN2 during brain development, since
brain morphology appeared unaltered in adult Pfn27- mice (Pilo Boyl et al., 2007). In

this second part of the thesis a conditional Pfn17-;Pfn27- CNS double ko mouse line
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was employed in order to investigate the specific and common functions of the two

PFN isoforms in the development of the embryonic mouse brain.

2.2.1 PFN1 and PFN2 expression patterns differ during embryonic and

postnatal brain development and in the adult brain

The brain expression levels of PFN1 and PFN2 were evaluated, by western blotting, in
wt animals aged between embryonic day 10.5 and postnatal day 60. For E10.5 and
E12.5 embryos the entire head was used, while from E15.5 up to P60 only the cortex
was dissected. To facilitate the data visualization, the calibrated PFN1 and PFN2

protein levels at the different ages were normalized to the respective value at P1.
2.51
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Figure 2.15 | PFN1 and PFN2 protein expression patterns differ during embryonic-
postnatal brain development and in the adult brain. Relative quantification of PFN1 and
PFN2 protein amounts in wt brains at different embryonic and adult ages normalized to
post-natal day 1 (P1). PFN1 showed a different expression pattern compared to PFN2,
appearing to be mostly needed during early embryonic brain development. On the
contrary, PFN2 appears to be mostly required after birth, particularly at the time of
synaptogenesis, and also in adulthood. n=3 samples per age. Error bars represent s.e.m.
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PFN1 showed an inverse expression pattern compared to PFN2 (Fig 2.15). PFN1
expression was highest during earliest embryonic stages (E10.5 - E12.5), also as a result
of the non-neuronal tissue contribution. Its expression remained stable from later
embryonic stages (E15.5 - E18.5) until birth, pointing to its need during embryonic
brain development. After birth PFN1 expression constantly decreased to lastly reach
the lowest levels in adulthood (P60). On the contrary, PFN2 expression was lowest
during brain patterning (E10.5), but constantly increased during embryonic brain
development (E12.5 - E15.5 - E18.5 - P1) to peak at synaptogenesis (P7-P21). PFN2
expression pattern indicates its requirement for synaptic physiology and synaptic
plasticity because, unlike PFN1, its expression stabilizes on quite high levels in

adulthood.
2.2.2 Profilin mutants to study embryonic brain development

The differential expression pattern of the two profilins and the diverse phenotype of
the single Pfn1 and Pfn2 ko mouse models pose many questions on PFNs specific and
redundant functions during brain development.

In this section of the thesis, to understand whether brain development could still be
preserved in absence of more than two Pfn alleles, a Pfn1™/?!.pfn27/;Nes-Crece/"t
brain-specific double ko mouse line was generated. In this mouse model, while the
deletion of Pfn2 was systemic, complete deletion of Pfn1 occurred only in NPCs (i.e.
radial glia) starting around E9.5 (Zimmermann et al., 1994). This mid-embryonic CNS-
Pfn1 and germ line-Pfn2 concomitant deletion resulted in embryonic lethality,
therefore embryos at different gestational stages after the double deletion occurred

were analyzed, specifically at E11.5, E14.5, and E16.5.

The genotypes listed in table 2.2, expressing a different allele dosage of Pfn1 and Pfn2,

were analyzed.
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Table 2.2 Pfn1-Pfn2 mutants for the study of the developmental function of profilins

Genotype Given name Pfn allele dosage
Pfn1/%/wt.pfn2*/*:Nes-Cre"/"t Wt 4 Pfn alleles
Pfn1/%/del-pfn27/-:Nes-Cre"?/"t Pfn1*;Pfn27- 1 Pfn1 allele
Pfn1f%/del.pfn2*/-:Nes-Crere/wt Pfn17;Pfn2*" 1 Pfn2 allele
Pfn1fX/del.-pfn 2/ :Nes-Crece/t Pfn17;Pfn27 0 Pfn alleles

Deletion of Pfn1 should occur around E9.5 (Zimmermann et al., 1994), for this reason
the earliest developmental stage analyzed was E11.5, expecting a consistent loss of
PFN1. Therefore, the expression level of PFN1, as well as of PFN2, was analyzed in
E11.5 wt and profilin mutant embryos. At this developmental stage it was not possible
to isolate the brain, therefore to obtain an evaluation of the protein content
specifically for the cerebral region, the entire head of the embryo was separated from
the rest of the body and total tissue lysates were prepared from the four different
genotypes: wt, Pfn1*;Pfn2/, Pfn17;Pfn2* and Pfn17;Pfn27-. Consequently, a
complete loss of PFN1 was not expected, due to the high contribution of PFN1 from

non-neuronal tissue.

In figure 2.16 A and B are reported the relative expression levels of PFN1 and PFN2,
respectively, in the different mutant embryos normalized to the wildtype levels. At
E11.5, PFN1 expression was lowered to ~40 % in Pfn1*";Pfn27- embryos, bearing one
Pfn1 allele in the CNS, and to approximately 25 % in Pfn17:;Pfn2*- embryos and to a
similar level in Pfn17;Pfn2”embryos, the latter two genotypes with a CNS conditional
deletion of Pfn1 (Fig 2.16 A). The residual PFN1 signal still visible in the CNS-restricted
Pfn1 ko embryos likely derives from the cartilage, skin and other tissues present in the
embryo head.

PFN2 expression in E11.5 embryos was reduced to ~40 % in Pfn17-;Pfn2* embryos,
carrying only one allele of Pfn2, and was completely missing in Pfn2 ko embryos (Fig

2.16 B), as expected in a complete ko model.
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Figure 2.16 | PFN1 and PFN2 protein expression in E11.5 mutant embryos reflects the
genotype. Top. Normalized relative quantification graphs of PFN1 (A) and PFN2 (B) protein
levels of E11.5 embryo heads from different genotypes. Top A. The PFN1 protein signals
from mutant embryos were normalized to the wt. PFN1 levels were reduced to 39 % in
Pfn1*-;Pfn27- (Pfn1-flx;Nes-Cre) embryos (P=0.010), expressing only one allele of Pfni;
while Pfn17/-;Pfn2*-(P=0.003) and Pfn17;Pfn27- (Pfni-flx;Nes-Cre) embryos (P=0.005), not
expressing any Pfn1 allele, have even lower PFN1 levels. The residual PFN1 signal still visible
in Pfn1 ko embryos derives from the contribution of the other tissues which are part of the
embryo head. Top B. PFN2 protein signals from mutant embryos were normalized to the
wt. PFN2 levels were reduced to 42 % in Pfnl1”/;Pfn2*- (Pfnl-flx;Nes-Cre) embryos
(P=0.036), expressing only a single allele of Pfn2; while no PFN2 expression was detected
in Pfn1*/;Pfn27- and Pfn17/-;Pfn2” (Pfni-flx;Nes-Cre) embryos, not containing any allele of
Pfn2. Bottom. Below the graphs are shown the western blots for PFN1 (A) and PFN2 (B).
n=3 embryos per genotype. Error bars represent s.e.m. One-way ANOVA - Dunnett's test,
*P<0.05, **P<0.01.

2.2.3 Morphological and histological studies of profilin mutant embryos

At E11.5 the Pfn17/;Pfn27- double ko embryos were not distinguishable from wt
littermates in their external appreance (Fig 2.17 A). At later developmental stages,
E14.5 (Fig 2.17 B) and E16.5 (Fig 2.17 C)., the head was smaller in size and at E16.5 the
cerebral cortex had a translucent appearance, suggesting a defect in cortical
development. Pfn17/;Pfn2”- double ko embryos did not show any other obvious

alteration and no difference was observed in their body size compared to wildtypes.
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A wt  Pfn1”;Pfn2”" P wt Pfn1”";Pfn2”" - Pfn1”";Pfn2”"
E11.5 E 14.5 E 16.5

Figure 2.17 | wt and Pfn17/;Pfn27/- (Pfni-flx;Nes-Cre) mutant embryos at different
developmental stages. Bright field images of wt and Pfn17/;Pfn27- embryos at A. E11.5, B.
E14.5 and C. E16.5. Scale bar: 2 mm.

2.3.4 PFN1 and PFN2 have distinct roles in brain development and in the

formation of the cortical layers

Coronal and sagittal sections from the embryos were stained with hematoxylin and
eosin (H&E) for histological analysis and with antibodies against specific proteins in
order to obtain information regarding the functions of PFN1 and PFN2 during

embryonic development.
Analysis of the embryos at E11.5

Sagittal H&E sections from E11.5 Pfn17/;Pfn2”- embryos were compared to sections
from wt littermates, matching as many body structures as possible. As observed in
figure 2.18, at E11.5 the development of the double mutant embryo was not visibly
altered compared to wildtype; in fact, forebrain, midbrain and hindbrain vesicles were

clearly observed also in Pfn17;Pfn27- embryos.
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wt Pfn1”/";Pfn2”"

Figure 2.18 | Sagittal sections of E11.5 wt and Pfn17-;Pfn2/- (Pfn1-flx;Nes-Cre) embryos
stained with H&E. A-B (left). Schematic representations of two different section planes of
the entire embryo. A-B (right). Corresponding embryonic H&E stained sections. In the wt
image different brain regions are indicated: Fb, forebrain (red in A-C); Mb, midbrain (green
in A-C); Hb, hindbrain (violet in A-C). Scale bar: 1 mm.

Analysis of the embryos at E14.5

Since no morphological alteration could be detected at E11.5 in Pfn17-;Pfn27-embryos,
detailed studies were performed at later stages of development. In addition to the
double mutant, also intermediate genotypes expressing a single allele of either Pfn1

or Pfn2 were analyzed.

Sagittal sections from wt, Pfn1*";Pfn27-, Pfn17;Pfn2* and Pfn1”/;Pfn27- embryos at
E14.5 were stained with hematoxylin and eosin (Fig 2.19). Comparable sections were
chosen based on topographic array of oral cavities and craniofacial features. Relevant
structures (forebrain, midbrain and hindbrain) are labeled in the schemes for

orientation and to facilitate comparison.

72



Results

Compared to the development and morphology of E14.5 control brain (Fig 2.19 A-l),
the brain structure of Pfn1*;Pfn27-embryos (Fig 2.19 A-ll), with only one Pfn1 allele,
was not altered. Interestingly, the structure of the forebrain appeared compromised,
instead, in Pfn17/-;Pfn2*- embryos (Fig 2.19 A-1Il) expressing a single allele of Pfn2, with
the cortical layers in the isocortex being not fully established (Fig 2.19 B, compare |
and Ill). All brain structures, forebrain, midbrain and hindbrain, were impaired in

Pfn1”"; Pfn2”- double ko embryos (Fig 2.19 A-1V).

A . an1+/ ';anZ'/ ) anl'/ ';an2+/ ) anl'/ ';anZ'/ )
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B wt Pfn1*’;Pfn2”" Pfn1”";Pfn2"/" Pfn17";pfn2”

Figure 2.19 | Sagittal sections of E14.5 embryo heads stained with H&E. A (top-left).
Schematic position of the section plane used for the comparison between different
genotypes. A (top-right). H&E stained sections from four different genotypes. A (bottom-
right). Schematic representations of the CNS regions found in the genotypes, specified on
top: transparency indicates reduction or loss of the region. Pfn17/-;Pfn2"- (Pfni-flx;Nes-Cre)
embryos heads showed severe morphological malformation, none of the different brain
regions was recognizable and the whole head appeared compressed and collapsed, due to
the absence of the internal brain structures (A-IV). In the wt image different brain regions
are indicated: Cx, cortex; Fb, forebrain; Mb: midbrain; Hb, Hindbrain; Sp, spinal cord. Scale
bar: 1 mm. B. Higher magnification of the anterior cortical region, also defined in the text
as isocortex. Scale bar: 200 pum.

For confirmation, the morphology of E14.5 Pfn17-;Pfn2”- double mutant embryos was

compared to controls also in coronal sections (Supplementary Fig 7.2). And the severe
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impairment in the formation of all the three main brain regions (forebrain, midbrain

and hindbrain) was confirmed.
Analysis of the embryos at E16.5

Morphological studies were extended to E16.5 embryonic heads. Sagittal (Fig 2.20)
and coronal (Supplementary Fig 7.3) sections from control and mutant heads were
compared to study the evolution of the developmental defects. Comparable sections

were chosen with the same approach as for E14.5 studies.

Pfn1*/;pfn2"" Pfn1”/";Pfn2*""

Pfn1”:Pfn2*/" Pfn1”;Pfn2”"

Figure 2.20 | Sagittal sections of E16.5 embryo heads stained with H&E. A (top-left).
Schematic position of the section plane used for the comparison between different
genotypes. A (top-right). H&E stained sections from four different genotypes. A (bottom-
right). Schematic representations of the CNS regions found in the genotypes, specified on
top: transparency indicates reduction or loss of the region. Pfn17;Pfn2”- (Pfni-flx;Nes-Cre)
embryo heads showed severe morphological malformation, none of the different brain
regions was recognizable (A-IV). In the wt image different brain regions are indicated: Cx,
cortex; Fb, forebrain; Mb, midbrain; Hb, Hindbrain; Th, thalamus; Ht, hypothalamus; Sp,
spinal cord. Scale bar: 1 mm. B. Higher magnification of the anterior cortical region, also
defined in the text as isocortex. In Pfn17;Pfn27- (Pfni-flx;Nes-Cre) embryos, the arrow
points to the region where the isocortex should have been located (B-IV). Scale bar: 200
um.
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Similarly to E14.5, the brain structure of E16.5 Pfn1*-;Pfn2”- embryos (Fig 2.20 A-l),
expressing a single Pfnl allele, was comparable to controls and not altered (small
differences are due to a not perfect sagittal cut). In the Pfn17;Pfn2*- (Fig 2.20 A-Ill)
and Pfn17;Pfn2” (Fig 2.20 A-IV) brains the defects which could already be observed
at E14.5 became more evident. The structure of the prosencephalon in Pfn17/;Pfn2*"
embryos, expressing a single Pfn2 allele, was collapsed and smaller in size (Fig 2.20 A-
l11), and cells were not aligning in the typical layered structure of the isocortex as in
control animals (Fig 2.20 B, compare | and Ill). In the Pfn17/-;Pfn2”- double mutant
embryos the brain structure was completely missing leaving an empty cavity
underneath the skull (Fig 2.20 A-1V, and cf. Fig 2.17 C); indeed, no isocortex could be
identified (Fig 2.20 B-1V).

Coronal sections, of chosen planes, from wt and Pfn17;Pfn2”- double mutant E16.5
embryonic heads were also compared for morphology (Supplementary Fig 7.3),

confirming the absence of the brain structures in the double mutant.

In conclusion, the expression of one Pfn1 allele is sufficient to ensure proper brain
development; on the contrary, with the expression of one Pfn2 allele the development
of the forebrain, in particular the isocortex, is compromised. Lastly, without any

profilin allele no brain structure develops.
2.2.5 Loss of PFN1 or both profilins causes alterations in cell proliferation

The previous morphological studies highlighted a gross defect in brain development
of Pfn17;Pfn2”- double ko embryos. The complete lack of brain tissue observed at
E16.5 might be due to impaired cell proliferation or neuronal differentiation during
early developmental stages. To distinguish between the two biological processes, the
presence of the first differentiated neurons on the pial surface of the brain and cell
proliferation in the ventricular zone (VZ) were studied in E11.5 embryos using specific

markers.
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B-11l tubulin is a widely used neuronal marker. It is a tubulin involved in differentiation
of neuronal cell types; its expression accumulates in cell bodies, dendrites, axons and
axonal terminations of mature and immature neurons (Roskams et al., 1998; Lee et al,
1990).

Histone H3 is one of the five histone proteins involved in chromatin structure of
eukaryotic cells. Phosphorylation of serine in position 10 on H3 (pH3) is coupled to
chromosome condensation during mitosis and therefore commonly serves as a

proliferation marker (Kim et al., 2017; Elmaci et al., 2018).

DAPI pH3 B-111 Tubulin Merge

Pfn1”/";Pfn2*/ Pfn1*/;Pfn2”"

Pfn1”;Pfn27/"

Figure 2.21 | Altered VZ organization in the forebrain of Pfn17/-;Pfn2”- (Pfn1-fix;Nes-Cre)
E11.5 embryos. Immunofluorescence staining on matched cryo-sections from wt,
Pfn1*;Pfn27, Pfn17/-;Pfn2*- and Pfn17-;Pfn27- embryos. In the merge picture: in blue is
shown the DAPI staining, in green pH3 and in red B-1ll Tubulin. The VZ of wt and Pfn1*";Pfn2
/- embryos is composed by a layer of pH3+ cells linearly organized. Contrarily, in the VZ of
Pfn17;Pfn2*- and Pfn1”/;Pfn27/- embryos, where PFN1 is not expressed, misalignment is
observed, as well as ectopic pH3 expression. Scale bar: 20 um.
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Immunofluorescence staining of R-Ill tubulin and pH3 was performed on cryo-sections
from wt, Pfn1*";Pfn27", Pfn17;Pfn2*~ and Pfn17-;Pfn27- embryos at the developmental
stage E11.5 (Supplementary Fig 7.4). From each embryo two different regions were
analyzed in detail: the pallium located in the forebrain (Fig. 2.21), which later gives rise
to the cortical structures; and the superior colliculus, lying on the roof of the midbrain
(Supplementary Fig 7.5).

In the forebrain no difference was observed in the -1l tubulin staining. In both wt and
mutant embryos a layer of newly differentiated B-I1l tubulin-positive neurons could be
found in the mantle zone of the pallium. Instead, in the VZ of the pallium an alteration
could be detected in the pH3 staining. In control and Pfn1*;Pfn27- embryos a single
layer of well-ordered and aligned pH3-positive cells was visible, whereas in Pfn1 ko
embryos (Pfn1”/;Pfn2*~ and Pfn17-;Pfn27") pH3-positive cells were not linearly
organized and were ectopically expressed in other layers (Fig 2.21). The increased
pH3-positive cell number and their ectopic expression was more pronounced in in

Pfn17;Pfn2” double ko embryos.

A gquantitative analysis showed that the number of pH3-positive cells is significantly
higher in Pfn17-;Pfn27- double ko embryos (Fig 2.22 A). Indeed, the majority of cells, in
double ko embryos, appeared to have condensed chromatin, while in control embryos
a significant number of cells with polarized, segregating chromosomes was detected,
as shown by the quantitative analysis of mitotic figures (2.22 B). In wt control embryos,
19.4 % of pH3-positive cells in the VZ showed segregating chromosomes, while in
Pfn17;Pfn27- embryos only 9.5 % were counted.

The same result was observed in the VZ of the superior colliculus in the roof of the
midbrain. Also, in this region, the number of pH3-positive cells was significantly higher
in Pfn17;Pfn27 double ko embryos (Fig 2.23 A). Moreover, in control embryos 17.5 %
of pH3-positive cells in the VZ displayed segregating chromosomes, while in

Pfn17-;Pfn27- double ko embryos only 10.8 % were found (2.23 B).
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Figure 2.22 |Increased cell proliferation and altered cell cycle progression in the forebrain
of Pfn1”/-;Pfn2"/- (Pfn1-fIx;Nes-Cre) embryos. A. In the VZ of the forebrain the density of
pH3+ cells (n. cells/100 pm) is increased in Pfn17/;Pfn2”- (14.17 + 0.89) compared to wt
(8.91 + 0.20) embryos (P<0.001). B. The percentage of pH3+ cells with segregating
chromatids is decreased in Pfn17;Pfn27- (9.5 + 1.87) compared to wt (19.42 + 3.40)
embryos (P=0.016). On the right, sample images of condensed (top) and segregating
(bottom) chromatids are shown. n=3 embryos per genotype. Error bars represent s.e.m.
Two-tailed t-test, *P<0.05, ***P<0.001
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Figure 2.23 | Increased cell proliferation and altered cell cycle progression in the midbrain
of Pfn17/;Pfn27- (Pfnl-flx;Nes-Cre) embryos. A. In the VZ of the midbrain the density of
pH3+ cells (n. cells/100 pm) is increased in Pfn17;Pfn27/- (14.05 + 0.73) compared to wt
(9.50 + 0.40) embryos (P<0.001). B. The percentage of pH3+ cells with segregating
chromatids is decreased in Pfn17/-;Pfn27- (10.81 + 1.45) compared to wt (17.52 + 2.29)
embryos (P=0.021). On the right, sample images of condensed (top) and segregating
(bottom) chromatids are shown. n=3 embryos per genotype. Error bars represent s.e.m.
Two-tailed t-test, *P<0.05, ***P<0.001.
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Additionally, phosphorylated H3 levels were measured in total protein extracts
obtained from E11.5 embryonic heads of the four genotypes shown in
immunofluorescence. In embryos lacking PFN1, and in particular in Pfn17;Pfn2"
double mutants, a significant increase of pH3 levels was observed (Fig 2.24 A),
supporting the data from immunostaining. This result was further strengthened by
studying a different marker, the TPX2 microtubule nucleation factor. TPX2 is a major
spindle assembly factor required for normal assembly of mitotic spindles, through the
activation of the Aurora A kinase (Wei et al., 2015). It is specifically needed in the G2/M
cell cycle transition; therefore, it labels cells entering mitosis. The expression of TPX2
was significantly increased in Pfn17;Pfn2”7- double ko embryos and it was also higher

in Pfn17;Pfn2*- embryos (Fig 2.24 B), interestingly the two genotypes lacking PFN1.
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Figure 2.24 | Increased proliferation in Pfn17-;Pfn2” (Pfni-flx;Nes-Cre) embryos. A.
Normalized relative quantification of pH3 signals from protein extracts of E11.5 embryo
heads showed significantly increased levels of histone H3 phosphorylation in Pfn17;Pfn27-
double mutants (2.31 + 0.29) compared to wt (1.00 £ 0.25) (P=0.004). Modest but not
significant increase was also observed in Pfn1*/;Pfn27/-(1.37 + 0.13, P=0.428) and
Pfni17/;Pfn2* (1.58 + 0.12, P=0.178) embryos. B. Normalized relative quantification of TPX2
signals from protein extracts of E11.5 embryo heads showed significantly increased levels
of TPX2 in Pfn17;Pfn2”/- double mutants (1.78 + 0.15) compared to wt (1.00 + 0.09)
(P=0.025). While no difference was detected in Pfn1*;Pfn27- embryos (1.01 + 0.07,
P=0.999) carrying only one Pfn1 allele, a modest but not significant increase was detected
in Pfn17/;Pfn2*- embryos (1.47 + 0.22, P=0.114) carrying only one Pfn2 allele. Bottom.
Below the graphs are shown the western blots for H3 -pSer10 (A) and TPX2 (B). n=3
embryos per genotype. Error bars represent s.e.m. One-way ANOVA - Dunnett's test,
*P<0.05, **P<0.01.
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These experiments suggest the presence of an increased number of cells in the G2/M
phase of mitosis in Pfn17/;Pfn27" double ko embryos. Furthermore, in Pfn17/-;Pfn27
double ko embryos and Pfn17;Pfn2*- embryos, both expressing no PFN1, cells in
G2/M phase were observed ectopically in the region comprehended between the VZ

and the pial surface or in close proximity to the pial surface (in the neuronal cell layer).
2.2.6 Cell cycle progression is regulated by profilins

The increased number of cells entering mitosis observed in Pfn17;Pfn27- double ko

embryos could be due to alterations in cell cycle progression.

The entry of eukaryotic cells into mitosis (M phase) is regulated by the activation of
the Cdc2 kinase (also called cyclin-dependent kinase 1, CDK1). The activation of this
kinase is regulated first by dephosphorylation on threonine 14/tyrosine 15 and
subsequently by phosphorylation on threonine 161 (Norbury et al., 1991; Desai et al.,
1992). Given the importance of this kinase in the regulation of cell cycle progression,
levels of CDK1 phosphorylated on tyrosine 15 (CDK1-pTyrl5) were determined by

semi-quantitative western blot.

E11.5 brains lacking both profilins showed significantly higher levels of CDK1-pTyrl5
(~50 % increase, Fig 2.25 A). Levels of CDK1 phosphorylated on threonine 161 were
accordingly reduced by 30 % in double ko embryos, although without reaching
statistical significance (Fig 2.25 B). No significant alterations were detected in the

other genotypes.

The decreased levels of CDK1 phosphorylated on Thrl61 and especially the higher
phosphorylation of CDK1 on Thy15 indicate that in Pfn17-;Pfn27- double ko embryos

NPCs are impaired to enter the M phase and progress in the cell cycle.
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Figure 2.25 | Cell cycle progression is impaired in Pfn17/;Pfn2”/ (Pfni-fix;Nes-Cre)
embryos. A, B. Top. Normalized relative quantification graphs of protein levels of the Cdc2-
dependent kinase 2 (CDK1) phosphorylated in position Thy15 (CDK1-pThy15, A) and Thr161
(CDK1-pThr161, B) from different genotypes of E11.5 embryo heads. The CDK1-pThy15
signals showed significantly increased levels of phospho-protein in Pfn17-;Pfn27/-(1.53 +
0.05, P=0.002) embryos, while no change was detected in Pfn1*-;Pfn27- (0.92 + 0.02,
P=0.805) and Pfnl”7; Pfn2*- (1.13 + 0.12, P=0.481) embryos. Conversely, a reduced
expression of CDK1-pThr161 was observed in Pfn17;Pfn27- (0.69 + 0.04, P=0.735) embryos.
The CDK1-pThrl61 signals showed no significant difference in the levels of phospho-protein
in Pfn1*";Pfn27- (0.85 + 0.03, P=0.935) and Pfn17;Pfn2*-(1.17 + 0.37, P=0.0911) embryos.
Bottom. Below the graphs are shown the western blots for CDK1-pThy15 (A) and CDK2-
pThrl61 (B). n=3 embryos per genotype. Error bars represent s.e.m. One-way ANOVA -
Dunnett's test, **P<0.01.

2.3 Functions of profilin 1 and profilin 2 in adult brain

Previous studies performed on Pfn1 single mutant (Pfn1™fx:-Camk2a-Cre¥**) have
shown that deletion of Pfn1 in adult mouse brain did not result in alterations of neither
neuronal architecture nor pre-synaptic or post-synaptic physiology. In the same
studies it was also demonstrated that PFN1 is dispensable for synapse density and
morphology (Gorlich et al., 2012). In parallel, studies on Pfn2 single mutant mice
(Pfn27") have demonstrated the existence of a pre-synaptic function of PFN2 (Pilo Boyl
et al., 2007). In contrast to the studies on single mutant mouse models of either Pfn1
or Pfn2, different in vitro studies suggested the existence of post-synaptic functions
for profilins in spine morphology and dynamics (Ackermann & Matus, 2003;
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Lamprecht et al., 2006). These discrepancies suggest that, in the adult brain, a certain
degree of functional overlap might exist among the two profilin isoforms, therefore
this last section of the work provides an insight on PFN1 and PFN2 functions in the
adult forebrain employing the Pfn1™/f*.pfn27-;Camk2a-Cre®*t double mutant mouse

model.

2.3.1 Profilin mutants for the study of the function of the proteins in the

adult brain

In Pfn1/f%.pfn27/-:Camk2a-Cre/*t double ko mouse the deletion of Pfn1 takes place
in the excitatory neurons of cortex and hippocampus starting at ~“P18, whereas the
deletion of Pfn2 occurs already in germ line. Pfn1™/;pfn27";Camk2a-Cre’*t were

viable and showed an autistic-like behavior similar to Pfn27- mice (observations).

The genotypes listed in table 2.3, expressing a different allele dosage of Pfn1 and Pfn2,

were analyzed.

Table 2.2 Pfn1-Pfn2 mutants for the study of profilins function in the adult brain

Genotype Given name Pfn allele dosage
Pfn 1"t pfn2w¥wt.Camk2a-Cre"”"t | Wt 4 Pfn alleles
Pfn1/%/wt-pfn 27/ :Camk2a-Cree/wt Pfn1*";Pfn27 1 Pfn1 allele
Pfn1/%/fx:pfn2*/-:Camk2a-Crere/wt Pfn17;Pfn2*" 1 Pfn2 allele
Pfn1/%/fx-pfn27/-:Camk2a-Cree/"t Pfn17/;Pfn27 0 Pfn alleles

Since the deletion of Pfn1 is achieved by a Cre/LoxP system, it was essential to analyze
PFN1 loss in the cortex and hippocampus of the mutant mice, these being the tissues
where the CAMKIlla is highest expressed.

Total tissue lysates were prepared from wt (Pfn1“Y“::Camk2a-Cre"Y") and Pfn1”
(Pfn1™/f%;Camk2a-Cre /") mice at different ages (P21, P24, P28, P45 and P70) and
western blots were performed. The calibrated PFN1 protein levels were normalized

against the respective age-matched wildtype (Fig 2.26).
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In the cortex of Pfn17-animals, PFN1 levels were reduced by 25 % at P24 and by 80 %

at P28; starting from P45, PFN1 expression was reduced to 10 % and remained stable

(Fig 2.26 A). In the hippocampus of Pfn17- animals, PFN1 protein levels appeared

unchanged at P21 but heavily decreased by 84 % at P28, reaching already a stable

plateau of expression between P28 and P45 (Fig 2.26 B). The expression of PFN1 in

cortex and hippocampus reached a slightly different plateau level possibly because of

the different composition of cell types that do not express Camk2a, for example

inhibitory neurons and glial cells.
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Figure 2.26 | PFN1 protein deletion in Pfn1”/- (Pfni-flx;Camk2a-Cre) mice. A, B. Top.
Quantification of cortical (A) and hippocampal (B) PFN1 protein levels of conditional Pfn1-
/~ mice compared to age-matched wt mice. Each Pfn17/- sample was normalized to its own
age-matched wt, but to facilitate the understanding of the figure only one wt bar is shown.
PFN1 protein levels in the cortex of Pfn17- mice were reduced by 25 % at P21 (0.74), already
by 80 % at P24 (0.20) and P28 (0.24), and plateaued at P45 (0.11) as seen by a similar level
at P70 (0.13). In the hippocampus of Pfn17- mice PFN1 protein levels appeared unchanged
at P21 (0.94) but were decreased by 84 % at P24 (0.14), and plateaued between P28 (0.09)
and P48 (0.07), appearing unchanged at P70 (0.06). PFN1 residual levels appear slightly
different in cortex and hippocampus possibly because of the different composition of cell
types that do not express CAMKIla. Bottom. Below the graphs are shown the western blots
of cortical (A) and hippocampal (B) samples probed with antibody against PFN1. n=1 sample

per genotype.

PFN1 is therefore efficiently deleted from the cortical and hippocampal region of

Pfn17- mice between P28 and P45, consequently all biochemical and morphological
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analyses were performed starting with mice aged between P80 - P90 (young) and in

P360 (old) animals.

To make sure that both PFN isoforms were lost in double ko mice at the time of the

analysis, their expression was evaluated by western blot on total cortical lysates from

P80-P90 mice. In figure 2.27 A and B are reported the relative expression levels of

PFN1 and PFN2, respectively, in the different mutant mice (Pfn1*";Pfn27,

Pfn1”/;Pfn2*- and Pfn1”/";Pfn27") compared to the wildtype.

A

- -
o N
LaJ

=
o
al s

Norm. PFN1 expression
P o
S [-;]
2 1 . 1

et
(Y
al

e
=}

—t—i

* %

PFN1

wt Pfn1*"  Pfni1” Pfn1’
PfnZ? Pfn2*" Pfn2"
— — ~

B
1.2=
S 10 gy
a o
S 084
x L
a
o~ 0.6
E #_:*
Vs
O: 0.4= /
£
[=]
= 0.2+ //
0.0 L] L] IA L]
wt Pfn1*-  Pfn1’ Pfn1’-
Pfn2”" Pfn2*" Pfn2/
PFN2

Figure 2.27 | Reduced PFN1 and PFN2 protein expression in P80-P90 mutant mice. A, B.
Top. Normalized relative quantification graphs of PFN1 (A) and PFN2 (B) protein levels in
the cortex of mice from the indicated genotypes. PFN1 signals from mutant mice were
normalized against the wt (1.00 + 0.24) and a progressive reduction of protein expression
was measured in Pfn1*/;Pfn27- (0.25 + 0.09, P=0.002), Pfn17/-;Pfn2*-(0.11 + 0.05, P<0.001)
and Pfn17-;Pfn2- (Pfni-flx;Camk2a-Cre) (0.08 + 0.03, P<0.001) mice. PFN2 signals from
mutant mice were normalized against the wt (1.00 + 0.29) and a reduction of protein
expression was measured according to the genotype in Pfn1*-;Pfn27/- (0.00 + 0.00),
Pfni17;Pfn2*-(0.50 + 0.16, P<0.001) and Pfn17-;Pfn27- (Pfni-flx;Camk2a-Cre) (0.00 % 0.00)
mice. Bottom. Below the graphs are shown the western blots for PFN1 (A) and PFN2 (B).
n=3 cortices per genotype. Error bars represent s.e.m. One-way ANOVA - Dunnett's test,
**p<0.01, ***P<0.001.

As expected, PFN1 expression was reduced in Pfn1*;Pfn27-, Pfn17/";Pfn2*" and

Pfn17;Pfn27- mice. The residual PFN1 signal still visible derives likely from glial cells
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and interneurons, which do not express CAMKIIa (Fig 2.27 A). PFN2 expression was

halved in Pfn17/-;Pfn2*- mice and completely missing in Pfn2 ko mice (Fig 2.27 B).

In summary, in Pfn17-;Pfn27- double ko P80-P90 mice, PFN1 expression is lowered to

10 % and is likely missing in all forebrain excitatory neurons, whereas PFN2 is absent.

2.3.2 Impaired actin polymerization and dynamics in Pfn17";Pfn27- mice

G-actin in cells is complexed with monomer binding proteins, such as thymosin-beta 4
and profilins. The neuronal deletion of both profilins could leave large amounts of
uncomplexed G-actin in the cell, which could lead to spontaneous and not controlled
actin filament polymerization. Therefore, it is conceivable that the cell might in turn
downregulate actin expression. For this reason, the total actin content was analyzed,
by western blotting, in total cortical lysates from Pfn17-;Pfn27- P80-90 mice. Relative
quantification of the total actin showed a 50 % reduction in the Pfn1-Pfn2 double ko

mice (Fig 2.28 A).
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Figure 2.28 | Loss of actin expression and reduced actin polymerization in Pfn17/;Pfn2"
(Pfn1-flx;Camk2a-Cre) cortical tissue. A. Relative quantification of the actin content in the
cortex of Pfn17-;Pfn27- mice. Total actin was significantly reduced by 50 % in Pfn17;Pfn27-
(0.29 + 0.04) cortical lysates compared to wt (0.63 + 0.09) mice (P=0.014). n=4 cortices per
genotype. B. Calculation of the F/G-actin ratio in wt (1.67 + 0.28) and Pfn17/-;Pfn27/- (1.01 +
0.24) cortical lysates revealed a 40 % decrease in the mutant animals (P=0.073). The G-actin
levels in the supernatant and F-actin in the pellet fraction were detected by western
blotting with an antibody against actin. n=3 cortices per genotype. Error bars represent
s.e.m. t-test, *P<0.05.
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The deletion of both profilins in neurons could also likely affect the availability of ATP-
G-actin necessary for actin filament growth and, therefore, imbalance the actin
polymerization to depolymerization rates, which could result in a reduction of the
ratio between F and G actin. In order to investigate changes in the actin polymerization
process, two different subcellular fractions were prepared from the cortical region of
the brain: a Triton X-100 soluble fraction, containing G-actin and a Triton X-100
insoluble fraction, containing F-actin. Equal volumes were run on an SDS-PAGE and
actin levels were identified by western blot. The comparison between wt and
Pfn17-;Pfn2”" mice revealed a 40 % reduction of the F/G actin ratio in double mutants,

although not significant (Fig 2.28 B).

To investigate the physiological relevance of PFN1 and PFN2 in synaptic actin
dynamics, cortical synaptosomes from P80-P90 wt and Pfn1”;Pfn2”" mice were
prepared and analyzed. Synaptosomes are a subcellular fraction prepared from
specific brain tissues by homogenization followed by density gradient fractionation.
Synaptosomes contain the complete pre-synaptic terminal, including mitochondria
and synaptic vesicles, along with the post-synaptic terminal. Because all the molecular
machinery for the release, uptake and storage of the neurotransmitter remains intact,
synaptosomes are considered a good ex vivo system to study molecular mechanisms
of synaptic transmission (Whittaker, 1993; Nicholls & Sihra, 1986; Harrison et al., 1988;
Bai & Witzmann, 2007). Synaptosomes can be stimulated increasing the concentration
of external K*, which induces depolarization in the pre-synaptic terminal mimicking an
action potential. In turn, synaptosomes stimulation triggers neurotransmitter release

and activates pre-synaptic actin dynamics detectable as changes of the F/G-actin ratio.

Previous studies on cortical synaptosomes showed reduced F/G-actin ratio upon KClI
stimulation in Pfn27- mice compared to wt littermates (Pilo Boyl et al., 2007). Similarly,
to these studies, synaptosomes were prepared from cortical tissue of wt and
Pfn17/-;Pfn27- mice and were stimulated for 60 seconds with 20 mM KCl. The F/G-actin

ratios were then measured in not stimulated (0 s) and stimulated (60 s) synaptosomes,
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and the results are shown in the graph in figure 2.29. Under resting conditions (0 s),
no significant difference could be observed in the F/G-actin ratio of wt and
Pfn1”/7;Pfn27- synaptosomes, although a slight reduction was observed in the double
ko, in accordance with the reduction detected in total cortex (Fig 2.28 B). Stimulation
with KCl for 60 s resulted in a significant increase in the F/G-actin ratio in control but

not in double ko synaptosomes, which remained unresponsive (Fig 2.29).
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Figure 2.29 | Impaired actin dynamics in Pfn17-;Pfn27/- (Pfni-flx;Camk2a-Cre) cortical
synaptosomes. F/G-actin ratios were not significantly different in resting cortical
synaptosomes (0 sec); after 60 s stimulation with 20 mM KCI the F/G-actin ratio raised by
about two-fold in the control (P=0.045), while no significant increase was detected in
Pfn17/;Pfn27/- mutant synaptosomes (P=0.999). The G-actin levels in the soluble and F-actin
in the insoluble fraction were detected by western blotting with an antibody against actin.
n=3 cortices per genotype. Error bars represent s.e.m. One-way ANOVA - Dunnett's test,
*P<0.05.

Lack of F-actin polymerization after stimulation of cortical synaptosomes of

Pfn17/;Pfn27- double ko mice demonstrates that loss of both profilin isoforms leads to

impairment of pre-synaptic actin dynamics.

2.3.3 Mild alterations in pre-synaptic but not in the post-synaptic

machinery in Pfn17/-;Pfn27- mice.

Loss of actin and impaired actin polymerization dynamics might lead to changes in the

pre- or post-synaptic machineries of the neurons. To analyze more in detail proteins
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participating in pre-synaptic vesicle exocytosis or being part of the PSD, total cortical

lysates were prepared from wt, Pfn1*";Pfn27", Pfn17/-;Pfn2*", and Pfn17-;Pfn27- mice
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Figure 2.30 | Loss of both profilins causes an alteration of the expression levels of specific
pre-synaptic proteins. Normalized relative quantification graphs of different pre-synaptic
proteins levels in the cortex of mice from the indicated genotypes. In Pfnl1”/;Pfn27
(Pfni1-flx;,Camk2a-Cre) mice, it was detected a significant increase in the levels of
synaptophysin (P=0.047) and in the levels of VAMP2 (P=0.021), two vesicular proteins that
positively regulate vesicle exocytosis. Instead MUNC18, a CAZ protein negatively regulating
vesicle exocytosis, was reduced in the absence of PFN1 (P=0.026). No other significant
alterations in the pre-synaptic machinery could be detected. n=3 cortices per genotype.
Error bars represent s.e.m.*P<0.05. One-way ANOVA - Dunnett's test, *P<0.05.
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aged from P80 to P90. The analysis was extended also to the single profilin allele
genotypes, expressing either one Pfn1 allele or one Pfn2 allele, with the aim of possibly
distinguishing the specific functions of both profilins. First, levels of different pre-
synaptic proteins involved in the process of vesicle docking and priming through the
formation of the SNARE complex were analyzed. In Pfn17-;Pfn2”- double ko cortices,
the levels of two vesicular proteins, synaptophysin and VAMP2, involved in positive
regulation of SV exocytosis, were found slightly increased (Fig 2.30). Instead MUNC18
a constituent of the CAZ (cytomatrix active zone), which works as inhibitor of SV
exocytosis, was found decreased, strongly correlating with PFN1 loss. Other pre-
synaptic proteins involved in different steps of SV exocytosis (synapsin 1a/1b, synapsin
2a, synaptotagmin) or in SV re-uptake (dynamin 1) were not found altered in any

mutant genotype (Fig 2.30).

Next, proteins of the PSD were analyzed, and no relevant alteration was found, except
for a significant decrease in the levels of GLUR1 in Pfn17;Pfn2*" mice which was not

in agreement with the Pfn17;Pfn27 double ko (Fig 2.31).
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Figure 2.31 | Post-synaptic machinery is not affected by the loss of both profilins.
Normalized relative quantification graphs of different post-synaptic proteins levels in the
cortex of mice from the indicated genotype. No relevant alterations in the post-synaptic
machinery could be detected in profilin mutants, except for a decrease in the levels of
GLUR1 in Pfn17;Pfn2*/- (Pfn1-flx;Camk2a-Cre) mice (P=0.035), which was not confirmed in
double ko mice. n=3 cortices per genotype. Error bars represent s.e.m. One-way ANOVA -
Dunnett's test, *P<0.05.
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2.3.4 Cortical organization and layering are disrupted by the loss of

PFN2 or both profilin isoforms.

The reduced total actin and F-actin levels as well as the impaired actin dynamics shown
in Pfn17;Pfn27- double ko mice starting from P80 could affect structural integrity and
survival of the neurons at later time points. A convenient brain region to study this
possibility is the cortex, where neurons are organized in six distinguishable layers
connected by well-established dendritic arborizations (Fig 2.32). Structural losses in
this context would lead to alterations in the well-ordered cortical organization and/or

in neuronal connectivity.
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Figure 2.32 | Schematic
representation of the
layered cortical struc-
ture. The 6 cortical
layers |-Vl are compo-
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nal subtypes. Neurons
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arborization morpholo-
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To analyze the contribution of PFN1 and PFN2 to this structure, Golgi stainings were
performed on wt, Pfn1*/;Pfn27", Pfn17-;Pfn2*and Pfn17/";Pfn2”-animals aged between

P80 and P90, approximately 2 months after losing PFN1 in cortical excitatory neurons.

The Golgi staining technique allows to randomly stain neurons with a brownish colour;
therefore, it is useful to visualize their complete anatomical features, such as the cell

body and the entire dendritic arborization including dendritic spines and possibly the
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thin axons. The use of this technique allows to detect alterations in the connectivity

of neurons from the different layers and, in part, their density within the layers.

The Golgi staining revealed important changes in the cortical morphology of Pfn1*"
;Pfn27 and Pfn17;Pfn2”7- mice, whereas the cortical structure of Pfn17-;Pfn2*- animals,
lacking PFN1 but still expressing a single Pfn2 allele, was not altered compared to
controls (Fig. 2.33, Supplementary Fig 7.6). Specifically, a mild alteration could be
identified in Pfn1*";Pfn2”" mice, with the cortex appearing less densely populated by
neurons compared to the wt control, showing less organized cortical layers, and

altered dendritic arborization (Fig 2.33 B).

wt Pfn1*/:pfn2”" Pfn1”";Pfn2*/" Pfn1” :Pfn2”"
. B . ~ ’ o4 ¢

= i

Figure 2.33 | Altered cortical layering and dendritic arborization in Pfn1*/;Pfn27- and
Pfn17/;Pfn2”/- (Pfnl-flx;Camk2a-Cre) mice. Sample overview images of the cortex in
matched coronal slices from Golgi-stained brains of wt, Pfn1*;Pfn27-, Pfn17-;Pfn2*/- and
Pfn17-;Pfn27-P80-P90 mice. The observed defects correlate with the loss of PFN2. Neurons
appeared less dense and cortical layers were less organized and defined in Pfn1*";Pfn27"
mice; also, the dendritic arborization appeared simplified (B). Pfn17/-;Pfn27- double ko mice
showed an even stronger disruption of the cortical structure: layer VI was almost
completely missing, apical branches from layer V-IV neurons appeared shorter and less
complex. Layers Il and Il neurons lost completely their dendritic branching and the typical
layered cortical organization is barely visible (D). Mice with one Pfn2 allele (C) appeared
comparable to wt mice (A). Scale bar: 100 um.
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Striking and severe impairments were seen in the cortical structure of Pfn17:;Pfn2""
double ko mice (Fig 2.33 D):
e The structure of neurons from layers ll-lll was completely collapsed, these
neurons lost most of their dendritic arborizations (see also Fig 2.34).
e Apical branches from neurons in layers IV and V appeared shorter and less
complex compared to control.

e The multiform layer (VI) was almost completely missing.

Figure 2.34 | Collapsed structure of
Layer Il and lll cortical neurons in
Pfn17/;Pfn27- (Pfni-flx;Camk2a-Cre)
mice. Sample images of cortical layer
[I-1Il neurons in matched coronal
slices from Golgi-stained brains of wt
and Pfn17-;Pfn27-adult P80-P90 mice.
Pfn17/;Pfn27- neurons were
branchless and only the cell soma
was visible. Scale bar: 40 um.

Wt Pfn1”;pfn2”"

The loss of both PFN1 and PFN2 heavily affected the layering of the neurons in the
cerebral cortex as well as their branching, with different severity depending on their
position: neurons in the top layers (lI-11l) almost completely lost dendritic arborization
(Fig 2.34), neurons in deeper layers (IV-V) showed reduced dendritic length and
branching complexity and neurons from layer VI almost totally disappeared (Fig 2.33
D). In addition, while a single Pfn2 allele completely rescued the double ko phenotype
(Fig 2.33 C), the expression of only one Pfn1 allele was not able to fully rescue the
double ko phenotype (Fig 2.33 B): in fact, in the cortex, a disruption of the ordered
neuronal layering structure can be observed, as well as a simplified dendritic

arborization (see also the next session).
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2.3.5 Loss of both profilin isoforms leads to reduced branching

complexity of cortical and hippocampal pyramidal neurons

In order to confirm the observation that loss of both profilins was heavily affecting
neuronal branching, a quantitative approach to study the dendritic arborization of
profilins ko neurons was employed. The random labelling of neurons in the Golgi
staining is an advantage, since it allows to trace single neurons in the cortical or
hippocampal network in all their anatomical features, including dendritic arborization
(Risher et al. 2014; Hee Won Kang et al., 2017).

A branching analysis was performed focusing on layer V pyramidal neurons of the
cortex, since the morphological features of those neurons are well studied and,
although these neurons appeared severely affected in Pfn17:;Pfn27- double ko mice,
the dendritic structures were still visible and quantifiable. The branching analysis was
carried out manually and it was performed on the four different genotypes shown in
Fig 2.33.

The dendritic tree of a pyramidal neuron is formed by two distinct domains: the basal
and the apical dendrites, which descend from the base and the apex of the triangular
soma, respectively. Basal and apical dendrites of different orders were traced and
analyzed per number and length.

Layer V neurons typically have a single apical primary (1ry) dendrite with secondary
(2ry), tertiary (3ry) and quaternary (4ry) branches. The branching analysis on the apical
arborization was performed on the length of the unique 1ry branch (Supplementary
Fig 7.7) and on the number and length of 2ry and 3ry branches (Fig 2.35). Moreover,
in Pfn17;Pfn2”- double ko neurons no 4ry apical branches were observed
(Supplementary Fig 7.8). Since layer V neurons have many basal 1ry dendrites, for the
basal arborization the complete analysis was performed only on 1ry and 2ry branches
(Fig 2.36), because no 3ry branches were found in Pfn17;Pfn2”- double ko neurons

(Supplementary Fig 7.9).
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As shown in figure 2.35, in Pfn17;Pfn2”7" mice the apical dendritic arbor was strongly

affected in the number and length of the branches compared to wt controls. Mice

lacking PFN2 and with only one functional Pfn1 allele showed a similar, although

intermediate, phenotype to double ko mice. In particular:

The length of the single apical 1lry dendrite resulted almost halved in
Pfn17;Pfn27 mice and significantly reduced in Pfn1*/;Pfn2”- mice compared to
controls (Supplementary Fig 7.7).

The number of apical 2ry dendrites was found significantly reduced in
Pfn17;Pfn27- double ko mice and to a lesser extent in Pfn1*;Pfn2”- animals
compared to wildtypes (Fig 2.35 A). The length of the apical 2ry dendrites
followed a similar trend (Fig 2.35 C).

Dendrites of 3ry order were also significantly less numerous (Fig 2.35 B) and
shorter (Fig 2.35 D) in Pfn17;Pfn2”" double ko mice as well as in Pfn1*";Pfn27
mice compared to controls.

Apical 4ry dendrites were not observed at all in profilin double ko mice and
their number was also severely affected in Pfn1*/;Pfn2”" mice (Supplementary

Fig 7.8).

94



Results

Apical
dendrites

A :
124 —F
3 '
5 8 5 e
g ] g ]
© 9 o . N S
S 4- 5 4- L *%
2 J 2 i *kk ,T
0 T 0 ' \ l/
wt wt P_fn1+/' anl'/' an1'/'
P2’ P2 pfn2”
Length of apical dendrites
C 100+ D 100+
(| [ - s T 804
‘% d *kk / “:':'. 1
g 60 g 60
£ ] o £ ]
g 40 / Hkk 8 40 b e
- 4 *kk
[ <y _ U o
N 204 / % M 204 §
] %, i NN ] B

’ o anlz*/' pfnlz’/' anlz'/‘ wt an'f/‘ anlz‘/' Pfn1”"
P2’ pfn2*" P2’ pfn2”  pfn2"" P2’
Figure 2.35 | Layer V cortical pyramidal neurons of Pfn17-;Pfn2”- (Pfn1-flx;Camk2a-Cre)
mice display reduced apical branching and dendrite length. On the top, from left to right,
a schematic structure of a layer V cortical pyramidal neuron is depicted and then follow
high magnification sample images of Golgi stained layer V cortical neurons in coronal brain
slices of wt, Pfn1*/;Pfn27-, Pfn17/-;Pfn2*-and Pfn17/";Pfn27- P80-P90 mice. Scale bar: 40 um.
A, B. Bar graphs representing the average number (N) of 2ry (A) and 3ry (B) dendritic
branches of layer V cortical neurons from control and profilin mutant mice. C, D. Bar graphs
representing the average length (L) of 2ry (C) and 3ry (D) dendritic branches of layer V
cortical neurons in control and profilin mutant mice. Dotted lines indicate the wt level in
each graph. A strong reduction of complexity and length was observed in Pfn17-;Pfn2"
double ko mice and a surprisingly similar phenotype resulted in Pfn1*/;Pfn27- mice, bearing
only one Pfnl allele. n=2 mice per genotype and a total of 60 cells per genotype were
analyzed. Error bars represent s.e.m. One-way ANOVA - Dunnett's test, **P<0.01,

***p<0.001.
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The analysis of the basal dendrites revealed a similar branching defect in Pfn17/-;Pfn27

double ko mice as well as, with minor severity, in Pfn1*-;Pfn27 mice (Fig 2.36). On the

other hand, animals with only one functional copy of Pfn2 showed only a modest

phenotype affecting principally the number of 2ry (Fig 2.36 B) and 3ry branches

(Supplementary Fig 7.9). Specifically:

The number of basal 1ry dendrites was found significantly reduced in
Pfn17;Pfn27- double ko mice as well as, strikingly similarly, in Pfn1*";Pfn27
animals (Fig 2.36 A). The length of the basal 1ry dendrites was reduced to
almost one third in Pfn17/-;Pfn27- double ko animals compared to controls and
was significantly decreased in Pfn1*;Pfn27- mice. A small, albeit significant,
length reduction was also observed in Pfn17-;Pfn2*/- mice (Fig 2.36 C).

Basal 2ry dendrites were severely affected in number (Fig 2.36 B) and length
(Fig 2.36 D) in Pfn17-;Pfn27- double ko mice. Also, in Pfn1*";Pfn27" mice 2ry
dendrites were significantly less numerous (Fig 2.36 B) and shorter (Fig 2.36 D).
Interestingly, in the basal arborization, even Pfn17;Pfn2*- showed an
important reduction in the number of 2ry dendrites (Fig 2.36 B).

Basal 3ry dendrites were not observed at all in Pfn17-;Pfn27- profilin double ko
mice and their number was also severely affected in Pfn1*/";Pfn2” mice, bearing
only one Pfnl allele. The number of 3ry dendrites was also halved in
Pfn17;Pfn2*- animals, expressing only one Pfn2 allele, compared to wt

(Supplementary Fig 7.9).

Loss of both profilin isoforms affected the dendritic length and resulted in a

dramatically reduced branching complexity of pyramidal neurons in layer V of the

cortex. Surprisingly, the expression of only one allele of Pfn2 could in most aspects

maintain neuronal morphology comparable to the wt condition, while the

expression of one allele of Pfn1 had only partial rescuing capacity.
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Figure 2.36 | Layer V cortical pyramidal neurons of Pfn1”/-;Pfn2"/- (Pfn1-fIx;Camk2a-Cre)
mice display reduced basal branching and dendrite length. On the top, from left to right,
a schematic structure of a layer V cortical pyramidal neuron is depicted, and then follow
high magnification sample images of Golgi stained layer V cortical neurons in coronal brain
slices of wt, Pfn1*/-;Pfn27, Pfn17-;Pfn2*/- and Pfn17-;Pfn27-P80-P90 mice. Scale bar: 40 pm.
A, B. Bar graphs representing the average number (N) of 1ry (A) and 2ry (B) dendritic
branches of layer V cortical neurons in control and profilin mutant mice. C, D. Bar graphs
representing the average length (L) of 1ry (C) and 2ry (D) dendritic branches of layer V
cortical neurons in control and profilin mutant mice. Dotted lines indicate the wt levels. A
strong reduction of complexity was observed in Pfn17/;Pfn27- double ko mice and a
surprisingly similar phenotype resulted in Pfn1*°;Pfn27- mice, bearing only one Pfn1 allele.
Differently from apical dendrites, in basal dendrites an intermediate phenotype was
observed also for Pfn17/-;Pfn2*- mice, bearing a single Pfn2 allele. n=2 mice per genotype
and a total of 60 cells per genotype were analyzed. Error bars represent s.e.m. One-way
ANOVA - Dunnett's test, *P<0.05, ***P<0.001.
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The CA1 region of the hippocampus is also of great interest for higher behavior.
Unfortunately, due to the dense apical and basal branching of the wt mice, it was not
possible to perform a quantitative analysis in this area. Nevertheless, even just by
visual inspection the dendritic complexity of CA1 pyramidal neurons appeared heavily
affected in Pfn17;Pfn27- double ko mice; in these mice only the 1ry apical and basal
branches could be observed, while higher order branches were completely lost (Fig
2.37 D). In Pfn1*/;Pfn2/ mice was also possible to observe a reduced apical and basal
branching complexity compared to wt; in particular both basal and apical branches
of higher order appeared affected rather than branches of lower order (Fig 2.37 B). On
the contrary, Pfn17/-;Pfn2* animals did not show any visible impairment in the apical
and basal branching of CA1 pyramidal neurons, resembling the wildtype condition (Fig

2.37C).

wt Pfn1*/";Pfn2"" Pfn1”":Pfn2*/ Pfn1”";pfn2”"

Figure 2.37 | CA1 pyramidal neurons of Pfni1”/;Pfn27/- (Pfni-fIx;Camk2a-Cre) mice
displayed reduced apical and basal branching complexity. Schematic representation of a
CA1 neuron followed by sample images of the CA1 hippocampal region in matched coronal
slices from Golgi-stained brains of wt, Pfn1*-;Pfn27-, Pfn17-;Pfn2*- and Pfn17-;Pfn2”- P80-
P90 mice. In profilins double ko mice, CA1l pyramidal neurons appeared to have an
extremely simplified basal and apical arborization, with 2ry branches being not visible (D).
Intermediate situation can be observed in mice with one Pfn1 allele (B). Mice with one Pfn2
allele (C) appeared comparable to wt mice (A). Scale bar: 40 um.

In conclusion, loss of both profilins resulted in a dramatic loss in the branching
complexity of CA1 pyramidal neurons. Similarly, to the cortical pyramidal neurons, the
expression of only one allele of Pfn2, but not of Pfnl, could maintain the wt

morphology.
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2.3.6 Deletion of both profilin isoforms reduces pyramidal neurons

density in the CA1 hippocampal region

To study whether PFN1 or PFN2 have a role in pyramidal neurons survival, cell density
was evaluated in the CA1 hippocampal area of P80-P90 mutant and control mice.
Excitatory glutamatergic neurons were labelled with an antibody recognizing
neurogranin (NRGN). Neurogranin labels cell bodies and dendrites of glutamatergic
neurons and mostly functions in spines, where it sequesters the Ca?* sensor
calmodulin, releasing it when phosphorylated by the protein kinase C (Petersen &

Gerges, 2013; Zhong & Gerges, 2015).
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Figure 2.38 | Loss of PFN1 and PFN2 causes a reduction of glutamatergic neurons density
in the hippocampal CA1 region. Bar graph representing the NRGN* cell density (n. cells/0.1
mm?) in the CA1 region of the hippocampus from the different indicated genotypes. A clear
significant decrease was observed in Pfn17;Pfn2”/- (Pfni-flx;Camk2a-Cre) double ko
(P=0.001), as well as an intermediate reduction in the animals with either one functional
Pfn1 (P=0.052) or Pfn2 (P=0.040) allele. n=3 mice per genotype, n=3 slices per mouse (left
and right hemisphere). Error bars represent s.e.m. One-way ANOVA - Dunnett's test,
*P<0.05, **P<0.01.

The cell density was evaluated in wt, Pfn1*:;Pfn27", Pfn17;Pfn2* and Pfn1”";Pfn2"
mice (Supplementary Fig 7.10 - overview images of NGRN IF stainings) and resulted

significantly reduced in Pfn17/;Pfn2”- double ko mice as well as, less strongly, in
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animals with only one functional allele of Pfn1 (Pfn1*-;Pfn27") or Pfn2 (Pfn17";Pfn2*"),

however in the first one without reaching significance (Fig 2.38).

2.3.7 Apoptosis might contribute to cell loss in the hippocampus of

Pfn17-;Pfn2”- double ko mice

The decreased number of glutamatergic neurons in the CA1 region of Pfn17-;Pfn27"
double ko mice could be due to apoptosis, caused by the progressive decrease of
synaptic transmission consequent to dendrite loss. In order to investigate whether
apoptosis contributes to the cell loss observed in the CA1 hippocampal area, co-
immunofluorescence staining of NRGN and cleaved caspase 3 (CASP3) was performed
on brain sections of wt and Pfn17-;Pfn27- mice. The cleaved caspase 3 is an enzyme
that is only expressed in apoptotic cells. Caspase 3 is synthesized as an inactive pro-
enzyme of 34 kDa, which is processed in cells undergoing apoptosis by extrinsic and
intrinsic pathways. The cleaved isoform of caspase 3 consists of two subunits (of 17
and 12 kDa), which associate to form the active enzyme. Upon activation, the cleaved
caspase 3 proteolytically cleaves and activates other caspases and degrades proteins

within the cell (EImore, 2007).

DRAQS CASP-3 NRGN Merge
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Figure 2.39 | Apoptosis in the hippocampus of Pfn17-;Pfn2”- (Pfn1-fIx;Camk2a-Cre) mice.
IF co-staining of NRGN and CASP3 in the CA1 hippocampal region of Pfn17/-;Pfn27 mice.
Nuclei are labelled with DRAQS5 (blue), CASP3 and NRGN are labelled in green and red,
respectively. CASP3* cells were observed within the pyramidal cell layer (A) and in the
stratum oriens (B) of Pfn17/-;Pfn27- mice but were negative to NRGN. Scale bars: 5 pm.

B - Pfn1”";Pfn2”"
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A few cells labelled with CASP3 were found in Pfn17;Pfn27- mice, whereas in wt mice
no apoptotic cell was detected. CASP3" cells found in the pyramidal layer and in the
stratum oriens of Pfn17/";Pfn27- hippocampi might not be glutamatergic neurons, since

they were not labeled with neurogranin (Fig 2.39).

2.3.8 Disrupted cortical layering and reduced branching of hippocampal

pyramidal neurons in old Pfn17/-;Pfn27- mice

Given the already strong phenotype observed in P80-P90 mice, after two months from
the loss of both profilins (reduced complexity of the dendritic arborization of
pyramidal neurons), it appeared interesting to study how the phenotype of double ko

mice would evolve with aging.

wt | Pfn1”";pfn2"" wt Pfn1”";pfn2""

Figure 2.40 | Disrupted cortical and hippocampal organization in 1-year old Pfn17/;Pfn2"-
(Pfn1-fIx;Camk2a-Cre) mice. Sample images of the cortico-hippocampal region in Golgi-
stained matched coronal brain slices from wt and Pfn17/;Pfn2”7- 1-year old mice. An
overview of the entire region in one hemisphere (A), a magnification of the cortex (B), and
a magnification of the hippocampal organization (CA1 region) (C) are shown. In
Pfn17;Pfn27- double ko mice cortical layering appeared altered with the upper layers (lI-11)
lost and cell density strongly reduced in cortex and hippocampus; hippocampal neuronal
branching was also evidently affected. Scale bars: 500 um (A); 100 um (B) and 40 pum (C).
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Double Pfn ko mice frequently displayed epileptic seizures (personal observations) and
were housed single-caged in order to limit their occurrence. In these conditions they
could survive until old age. Therefore, brains from 12 months old wt and Pfn17;Pfn2”
animals could be examined by Golgi staining.

In Pfn17-;Pfn27- double ko mice the top layers of the cortex (Il and Ill), which at P80-
P90 were occupied by the branchless cell bodies of the neurons, were almost empty
having lost most of the cells (Fig 2.40 A - B). The cortical layering was less defined
compared to wt (Fig 2.40 B), also due to the reduced cell number. In the CA1 region of
the hippocampus, Pfn1”/;Pfn27- pyramidal neurons were very sparse and showed
severely reduced branching, indeed only primary basal and apical dendrites could be

observed (Fig 2.40 C).

In double ko mice the aging worsened the phenotype of the disrupted cortical
organization and the reduced branching complexity of pyramidal neurons observed in

younger animals.
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3.1 A novel molecular pathway in autism spectrum disorder

is associated with profilin 2

In the first part of the thesis (chapter 2.1) has been reported evidence suggesting that
deficiency of Pfn2 in mouse could produce an autistic-like phenotype. The autistic-like
behavior comprises core (social impairment and repetitive behavior) and comorbid
(seizures - communication - motor and coordination deficits) symptoms of ASD. The
Pfn2 ko mouse model recapitulates all hallmarks of autism spectrum disorder, without
affecting learning capabilities (Pilo Boyl et al., 2007). As already mentioned in the
introduction, it was previously demonstrated that PFN2 is required for fast actin
polymerization in the pre-synaptic terminals, in order to restrain glutamatergic
vesicles exocytosis during sustained depolarization and to regulate excitatory pre-
synaptic physiology (Pilo Boyl et al., 2007). In this work the neuronal acting binding
protein profilin 2 was identified as a novel genetic cause for ASD; and it is supported
the hypothesis that an increased excitation/inhibition (E/I) ratio in several neuronal

circuits can be one cause of autism.

The PFN2 gene is encoded in a genomic locus, the region 3925-27, recently linked to
autism spectrum disorders (AUTS2) (Auranen et al., 2002). Studies in ASD subjects with
Northern European ancestors living in the USA provided an additional linkage of ASD
to the 3g25-27 region. The detailed clinical examination of all the family members
revealed a broad diagnosis including infantile autism, Asperger syndrome, and
developmental dysphasia (Coon et al., 2005). Therefore, given PFN2 role in autistic-
like behavior in mice, it was investigated whether gene mutations in PFN2 could be
found in human patients with ASD.

Different parts of the PFN2 locus (coding regions, exon-intron junctions and partial 3’
UTR) were sequenced in affected and healthy subject groups of the Finnish family
cohort, but no specific SNV or indel correlating with the autistic syndrome was

identified. Even though it was not found a direct link between PFN2 and ASD, it is

105



Discussion

possible that ASD-causing mutations are in PFN2 promoter or intronic regulatory
regions. Also, in a recent whole exome sequencing study on USA families with ASD
(lossifov et al., 2014) no single SNV, indel, or CNV was found in the PFN2 gene and
similar results were obtained on a European study group (Thomas Bourgeron,
personal communication). Anyway, the heterogeneity of autism symptoms is related
to the heterogeneity of the genetic factors that constitute it. Only a minority of ASD
can be attributed to a single gene specific mutation or CNVs, therefore it is possible
that specific SNP variants of PFN2 in combination with variants in other genes might

prime subjects to the autistic syndrome.
3.1.1 Lack of Pfn2 produces an autistic-like behavior in the mouse model

ASD-like phenotypes in Pfn2 ko animals are addressed by performing behavioral
assays. Maternal behavior was severely affected in Pfn2 ko mothers; indeed, the nest
building and pup retrieval behaviors were severely compromised. Qualitative and
guantitative impairments in social interactions were exhibited by Pfn2 ko mice, as
demonstrated by the altered social approach to the stranger mouse in the 3-
chambered test. Social deficits in autism often appear as inappropriate or
indiscriminate approaches to strangers; in this regard, the Pfn2 ko mice were often
avoiding nose to nose contacts and were also lacking aggressive intention movements,
attack or escape behaviors.

Mice display social communication mechanisms, which could be tested by
quantitative measures of ultrasound vocalization (USV) emitted by pups removed
from the nest and parental retrieval of the pups (Crawley, 2007). In our Pfn2 mouse
model, the impaired parental retrieval of separated pups and the increased number
and monotony of USVs by Pfn2”/" pups demonstrated the presence of deficits in
communicative interactions. Similarly, to what has already been observed in other
mouse models of autism, the elevated pitch of autistic infants cries and the higher
intensity of USV calls of pups might be functionally related (Roy et al., 2012; Tsai et al.,
2012; Young et al., 2010).
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Repetitive and ritualistic behaviors are considered a hallmark for ASD. Furthermore,
autistic individuals often maintain rigid habits and frequently show a strong insistence
on sameness and resistance to change routine (Frith, 1991; Hollander et al., 2003;
Crawley, 2007). Pfn2”- animals showed higher occurrence of stereotyped behaviors,
such as circling - jerking - wall leaning. No significant variation was observed in self-
grooming and digging, most likely because animals showed a lack of interest in
themselves and their surroundings. Pfn27- animals showed also increased resistance
to changes as demonstrated in the Y-maze task. In fact, animals with increased
repetitive tendencies usually exhibit in this task a higher number of repetitive entries
into the same arm (Favre et al., 2015; Kirsten et al., 2012; Naviaux et al., 2014; Xue et
al., 2016), as also demonstrated by Pfn27- mice.

In humans it was suggested that motor deficits may occur even before communicative
or social deficiencies, implying that impaired motor behavior may constitute an ASD
feature (Adrien et al., 1993; Baranek 1999; Teitelbaum et al., 2004; Leary & Hill, 1996;
Nayate et al., 2005; Fournier et al., 2010). Moreover, motor coordination
abnormalities have been reported in mice models for ASD (Crawley, 2007).
Accordingly, in our Pfn2 ko mouse model coordination and motor deficits were also

observed.

3.1.2 The autistic-like phenotype of the Pfn2 ko mouse model is linked to

an imbalanced excitation-inhibition (E/I) ratio of neuronal activity

Previously it was shown that the mouse model lacking the actin binding protein PFN2
exhibits an alteration of synaptic activity, due to increased glutamatergic transmission
in the cortico-striatal pathway (Pilo Boyl et al., 2007). Similarly, PCs in Pfn2 ko mutant
mice receive increased glutamatergic inputs from parallel fibers (unpublished data).
Here it is shown that loss of PFN2 results in increased glutamatergic as well as
decreased GABAergic transmission in the Schaffer collaterals. The three mentioned

different neuronal circuits mediate social, stereotypic and motor behaviors, which
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were found impaired in the Pfn2 ko mouse model. The Pfn2 ko mouse model also
shows spontaneous audiogenic epileptic seizures, possibly induced by a
hypersensitivity to sensory stimuli, implying again increased glutamatergic
transmission. Several clinical studies indicate that ASD and epilepsy frequently co-
occur specifically, it was observed that epilepsy occurs in 20-25 % of ASD patients
(Canitano, 2007). Commonly the prevalence of epilepsy among all children is
estimated at 2-3 %, compared to ~30 % in autism (Tuchman & Rapin, 2002).
Furthermore, 50-70 % of autistic children have ongoing “sharp spike” activity
documented in sleeping EEG or magnetoencephalography recordings (Lewine et al.,
1999; Wheless et al.,, 2002), suggesting that children with ASD have noisy
(hyperexcitable) and unstable cortical networks.

The transfer of the information in the brain relies on a functional balance between
excitatory and inhibitory networks. At the level of individual neurons, this balance
involves the maintenance of the appropriate ratio of excitatory versus inhibitory
inputs (Megias et al., 2001; Gao & Penzes, 2015). Glutamatergic synapses excite other
glutamatergic neurons and inhibitory neurons, which in turn inhibit excitatory neurons
and other GABAergic neurons. Therefore, the maintenance of the circuit E/I ratio is
critical for the normal brain development and for its regular functioning (Nelson &
Valakh, 2015; Lee et al., 2017).

A widely accepted hypothesis on the etiology of ASD proposes that there is excitatory-
inhibitory imbalance in brain neural circuits (Hussman et al., 2001; Rubenstein &
Merzenich, 2003). This theory provided a potential explanation for the frequent
observation of reduced GABAergic signaling (Cellot & Cherubini, 2014) and decreased
density of cortical GABA receptors in the brains of autistic patients as well as their
propensity to develop epilepsy (Nelson & Valakh, 2015; Bozzi et al., 2018).

In mouse models, both upregulation and suppression of inhibitory synaptic
transmission has been detected (Isshiki et al., 2014). Since inhibition is known to
contribute to sharpening the selectivity of excitatory responses in many brain areas

(Nelson & Valakh, 2015), the breakdown of inhibitory signaling and/or the increased
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excitatory neurotransmission have been proposed to be related to ASD and epilepsy
(Bozzi et al., 2018). In the past several mouse models of ASD with an increased E/I
ratio, due to either an enhanced glutamatergic or an impaired GABAergic activity, have
been studied. The knockout of Gabarb3 (Delorey et al., 1998; Sinkkonen et al., 2003),
Cntnap2 (Pefagarikano et al., 2011) and Fmr1 (Bozzi et al., 2018) represent examples
of mouse models of ASD with an impaired GABAergic neurotransmission; on the
contrary, knockout mouse models for Eeif4-bp2 (Gkogkas et al., 2013), Irsp53 (Chung
et al.,, 2015) and Syngapl (Ozkan et al.,, 2014) show increased glutamatergic
neurotransmission. It is interesting to observe that IRSp53 has been proposed as an
indirect link to actin within post-synaptic terminals and that SYNGAP1 is a RAS-GTPase
activating protein critical for proper synapse function.

On the other side of the spectrum are the autism mouse models with decreased E/I
ratio (i.e. Nrxnla - Etherton et al., 2009, Nign3 (R451C) - Tabuchi et al., 2007; Nign3
(R704C) - Etherton et al., 2011, Shank2 - Schmeisser et al., 2012, Shank3 - Bozdagi et
al., 2010/Peca et al., 2011, and others), which show strong cognitive impairment in
addition to the autistic-like phenotype. Recent findings by Filice et al. (2016) suggest
that the shift of E/I balance towards enhanced inhibition might represent a common
feature of some mouse models of ASD that are not necessarily associated with
epilepsy comorbidity (Bozzi et al., 2018), but are associated to ID (Nelson & Valakh,
2015). On the contrary, autism with normal or increased intellectual capacity might be
associated to increased E/I ratio. This hypothesis suggests that pharmacological
treatments leading to restoration of E/I balance might represent an effective
therapeutic strategy for ASD-epilepsy comorbidity.

Our mouse model shows that PFN2 contributes to an autistic phenotype by shifting
the E/I balance towards an enhanced excitation, at least in the hippocampus. Learning
and memory were not affected in the Pfn2 ko mouse model (Pilo Boyl et al., 2007),

suggesting that increased E/I ratio as a cause of ASD is uncoupled from ID.
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3.2 Functions of profilins during brain development

The actin cytoskeleton plays crucial roles during brain development and in the
establishment of functional neuronal circuits. Alterations in the organization and
dynamics of the actin cytoskeleton, due to altered expression patterns of specific
ABPs, are linked to various neurodegenerative diseases (Hoogenraad et al., 2004;
Maloney & Bamburg 2007).

In the second part of this study, precisely in chapter 2.2, the
Pfn1f%/del-pfn 27/ :Nes-Cre<®"* mouse line was used to investigate how lack of PFN1 and

PFN2 could affect mouse brain development.
3.2.1 PFN1-specific and PFN2-redundant functions in brain development

The mammalian cortex is a critical brain area responsible for higher brain functions
including attention, memory, language, cognition and sensory perception. The
cerebral cortex is a particularly demanding structure because of the intricate pattern
and interplay of cell proliferation and neuronal migration that is required during its
development. The precise assembly of the brain in general, and specifically of the
cortex, is an essential step during embryonic development (Mao et al., 2019). Previous
publications (Bellenchi et al., 2007; Feng et al., 2000; Pan et al., 2015) and the current
study on the Pfn17/;Pfn2”/- double ko mouse line provide evidence that proteins
affecting actin filament dynamics are valid candidates in diverse neurological and
mental disorders, including epilepsy, schizophrenia, autism and ID (Su et al., 2011; Pan
et al., 2015; Jayaraman et al., 2018; Mao et al., 2019).

As already discussed in the introduction, PFN1 and PFN2 play different roles during
brain development with PFN1 seeming to play a more prominent role, although no
single profilin appears to be essential. To dissect any functional overlap between the
two isoforms and to find out whether the function of PFN2 during embryonic
development was hidden by the presence of PFN1, studies on embryos lacking both

profilins or either expressing one allele of Pfn1 or Pfn2 were performed. For this
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purpose, it was first evaluated the protein expression of PFN1 and PFN2 in mouse
brain, from embryonic to adult age. Interestingly, it was shown that PFN1 expression
is highest during embryonic brain development and constantly decreases from P1 to
reach the lowest levels in adulthood. On the contrary, PFN2 expression steadily
increases during brain development reaching its maximum at P7, when
synaptogenesis starts. These observations imply that PFN1 is more important for
embryonic brain development rather than adult brain physiology; while PFN2 appears
to be mostly required during postnatal neuronal development and function.

It is well established that PFN1 and PFN2 are key players in the regulation of actin
polymerization. Given the critical importance of the actin cytoskeleton in various
cellular functions, particularly neuronal morphology and motility, it is not surprising
that genetic ablation of both Pfn1 and Pfn2 genes in the CNS of mice at mid-embryonic
developmental stage caused profound alterations in brain structure. Specifically, in
Pfn17;Pfn27- double ko embryos it was not possible to observe a formed brain
underneath the skull at E16.5. This work shows that PFN1 is the only profilin isoform
needed and sufficient to maintain a proper brain development, since the expression
of only one allele of Pfn1 completely restored the disrupted brain development
observed in the Pfn17:;Pfn27- double ko animals. On the other hand, the expression of
only one allele of Pfn2 helped little to restore brain development. In conclusion, PFN2
shows only a partial overlapping function with PFN1, probably in sustaining cell
proliferation. However, in this study, it was not clarified whether the partial recovery
in brain development observed in Pfn17-;Pfn2*- embryos was due to a not sufficient
expression of PFN2 during embryonic development or to mostly distinct roles of the

two profilin isoforms.
3.2.3 Profilins regulate cell cycle progression during development

The cell cycle of eukaryotic cells can be divided into two major phases: interphase,
during which the cell grows and the DNA is duplicated (S-phase); and mitosis (M-
phase), where the nucleus and cytoplasm divide. Two gap phases, G1 and G2, are
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executed before and after S-phase, respectively. G1 phase is a critical stage, allowing
responses to extracellular cues that induce either commitment to finish G1 and enter
S-phase or withdrawal from the cell cycle (GO) to embark on a differentiation (post-
mitotic) pathway. The end of G1 phase is also involved in the control of DNA integrity
before the onset of DNA replication. During G2 phase, the cell checks that the DNA
replication is properly performed and controls the genomic integrity before cell
division starts. The transition from one phase of the cell cycle to the next is controlled
by cyclin—CDK (cyclin-dependent kinase) complexes which ensure that all phases of

the cell cycle are processed in the correct order (Dehay et al., 2007).

The entry of eukaryotic cells into mitosis is regulated by Cdc2 kinase (CDK1) activation.
The activation of CDK1 is a process controlled by several steps including
dephosphorylation of the kinase on Tyrl5 and Thr14, cyclin B1 binding and
phosphorylation of Thr161 (Atherton-Fessler et al., 1994). However, the first one is
the main and critical regulatory step for CDK1 activation and progression into mitosis
(Norbury et al., 1991). Specifically, phosphorylation on Tyrl5 and Thr14, carried out
respectively by Weel and Myt1 protein kinases, results in inhibition of CDK1 activity
(Wells et al., 1999; McGowan et al. 1993), whereas the activation of the CDK1 kinase
is caused by dephosphorylation of Tyrl5 and Thrl4 by the CDC25 class of

phosphatases (Atherton-Fessler et al., 1994; Hunter et al., 1995).

In this study the mitotic progression was examined by monitoring the
dephosphorylation of CDK1 on Thy15; the higher level of phosphorylation of the CDK1
in mouse embryos lacking Pfn1 and Pfn2 was considered a hallmark of a block during
the G2/M transition of the cell cycle.

Interestingly, in Pfn17/-;Pfn27- double ko embryos it was also found a higher expression
of TPX2, a marker for cells in phase G2/M of the cell cycle, and of phosphorylated H3,
a mitotic cell-marker, which together with the presence in the VZ of the double ko

embryos of nuclei with preferentially condensed chromatin rather than polarized
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segregating chromosomes, further proves the existence of a higher number of cells
with delayed or arrested mitotic progression.

Moreover, since embryos with one allele of Pfn1 resemble the wildtype condition,
(with a low expression of TPX2 and pH3) whereas embryos with one allele of Pfn2
show a similar phenotype to the double ko embryos (with a high expression of TPX2
and pH3), it is conceivable that PFN1 is necessary and sufficient for proper cell
proliferation in the developing mouse brain, while PFN2 is dispensable and not
capable of compensating PFN1 functions. Further analysis on spindles in the
Pfn17;Pfn27- double ko and in Pfn1*:;Pfn27- embryos, expressing only one allele of
Pfni, is required to confirm that PFN1 in addition to its role during cytokinesis
(Bottcher et al.,2009) might also have a role in spindle formation. The analysis should
be performed on embryos aged between E11.5, when Pfn1 deletion starts and E14.5,
when, as indicated by the H&E stainings the loss of cells is already evident. It would be
interesting not only to evaluate the reduction in the proliferation rate at further stages
of the development, but also to assess the levels of the Wee kinase, which is degraded
with the activation, via dephosphorylation, of the CDK1 kinase (Watanabe et al., 2004;
Okamoto & Sagata, 2007).

At early stages of mouse corticogenesis, the neuroepithelial cells mainly adopt
symmetric cell division to expand the neuroepithelial plane, thereby promoting
enlargement of the ventricle surface. As development proceeds, neuronal stem cells
are progressively biased toward asymmetric division, in order to differentiate into
progenitor cells and post-mitotic neurons (Lian & Scheen et al., 2015). The actin
cytoskeleton participates to the cell cycle progression (Lian & Scheen et al., 2015;
Olson et al., 1995; Cappello et al., 2006; Woodhead et al., 2006; Katayama et al., 2011;
Ercan-Sencicek et al., 2015). Specifically, actin filaments are essential to set the
orientation of the cleavage plane (Cowan & Hyman 2004), regulating in this way the
progression through phase M and ensuring the completion of cytokinesis (Heng & Koh,

2010).
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Our study elegantly shows the existence of an actin-checkpoint that precedes or
accompanies the well-known checkpoint for spindle assembly during G2/M transition.
The existence of this actin-checkpoint, which might be evolutionarily conserved, has
been already postulated in different organisms. In Saccharomyces cerevisiae, a role
for actin in the establishment of an oriented spindle, early during cell cycle was
identified (Theesfeld et al., 1991). Specifically, a mitotic checkpoint that monitors the
integrity of the actin cytoskeleton and delays sister chromatid separation and
cytokinesis has been described during yeast fission (Theesfeld et al., 1991). In
Schizosaccharomyces pombe, cells treated in G2 with latrunculin B, to induce actin
depolymerization, showed misoriented spindles and as a consequence delayed
entering mitosis (Rupes et al., 2001; Gachet et al., 2001).

Furthermore, in a different study was shown that the mitotic delay is imposed by the
stress-activated MAP kinase, which has been reported to function as an actin-
checkpoint at the G2/M phase (Gachet et al., 2001). In a study from 2007 a role of
actin to regulate mitosis has been postulated in primary mammalian cells (Lee & Song,
2007). Specifically, it was proven that disruption of the actin cytoskeleton, using the
actin polymerization inhibitor cytochalasin D, leads to cytokinesis failure due to a
defectin the F-actin cable ring at the cleavage furrow; in addition, it was demonstrated
that the mammalian primary cells treated with cytochalasin D showed a delayed
activation of CDK1, causing a block during cell cycle progression (Lee & Song, 2007 ;

Lian et al., 2015).

Diverse mouse models with defective development of the cerebral cortex have shown
that, apart from cell migration, cell proliferation and cell cycle progression are critical
and determinant steps during development (Woodhead et al., 2006; Bellenchi et al.,
2007; Katayama et al., 2011; Lian et al., 2012).

An example of the importance of cytoskeleton in proliferation is provided by FLNA.
FLNA as a scaffolding protein, plays an important role in embryonic development by

linking adhesion proteins and membrane receptors to the actin cytoskeleton (Lian &
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Sheen, 2015). In E15/E18.5 FInA knockout embryos, loss of FInA causes a decrease of
the proliferation rate of NPCs and a decline in neuronal progenitor pool size; in this
mouse model, the drop in the progenitor population was attributable to a prolonged
cell cycle duration, as demonstrated by the increased inhibitory phosphorylation of
CDK1 (Lian et al., 2012). Therefore, similarly to our Pfn17-;Pfn27- double ko embryos,
the increased inhibitory phosphorylation on CDK1 would prolong the cell cycle,

because of an impairment in actin filament rearrangement (Lian & Sheen, 2015).

3.3 Functions of profilins in the adult brain

In chapter 2.3 of this work the Pfn1™f%:Pfn27/-:Camk2a-Cre¥*t mouse model was
used to investigate the functions of the two profilin isoforms in adult - already formed
- brain circuits. In this double ko line the PFN1 deletion occurs starting from P18 in the
forebrain, among others in excitatory neurons of the cortex and hippocampus.
Pfn17°;Pfn27 double ko mice are viable, therefore the analysis was performed on P80-

P90 and 1-year old mice.
3.3.1 Profilins functions in the regulation of pyramidal neuron branching

The unique stereotypic architecture of individual neuronal subtypes is fundamental to
their ability to integrate into functional neuronal circuits and dictates the extent and
quality of information flow across the neural network. Functional integration of
neuronal activity is achieved through the projection of elaborately branched dendritic
trees into multiple target areas. Neurons develop arbors with branching morphologies
that are characteristic for each subtype (Pai & Moore, 2018) and their position in the
brain, which then influence the firing pattern of the neuron itself (Dong et al., 2015;
Lanoue & Cooper, 2018). Since it is well-known that the dendritic structure and

arborization have a profound impact on the processing of neuronal information
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(Arikkath, 2012), layer V pyramidal neurons in the cortex and CA1 pyramidal neurons
in the hippocampus have been extensively studied in this work. Pyramidal neurons in
the cortex and hippocampus have a characteristic morphology with distinct large
apical dendritic arbors and shorter basal dendrites. The apical primary dendrite
departs from the apex of the triangular soma and in the cortex is directed towards the
pial surface, while many basal primary dendrites depart from the base of the soma.

Moreover, primary apical and basal dendrites are further ramified (Spruston, 2008).

In this work, it has been shown that loss of both PFNs strongly affects and impairs
branching complexity of cortical and hippocampal pyramidal neurons; indeed in the
double ko, after less than 2 months from the deletion of both profilins, the structure
of pyramidal neurons appears very simplified with only the primary branch left and all
higher order branches lost. Pyramidal neurons are usually covered with thousands of
dendritic spines, that constitute the postsynaptic site for most excitatory
glutamatergic synapses. The number of spines represents a minimum estimate of the
number of excitatory synaptic inputs onto a neuron, which varies considerably in
different regions and species (Spruston, 2008). Pfn1”";Pfn2”- double ko mice, losing
the higher order dendrites, showed only primary branches with not so many visible
dendritic spines. From a detailed branching analysis performed on the pyramidal
cortical neurons, it resulted that Pfn1*-;Pfn2”- mice, only expressing one allele of Pfn1
and no Pfn2, also show a comparably severe reduction of apical and basal branching.
Instead, Pfn17°;Pfn2* mice, expressing only one allele of Pfn2 and completely lacking

Pfn1, show only mild reduction of higher order basal and apical dendrites.

Previous in vitro studies from Michaelsen showed that the RNAi-mediated knockdown
of PFN2 in mature pyramidal neurons affects both the number of dendrites and spine
density (Michaelsen et al., 2010). The reduced dendritic complexity and the spine
density could be totally rescued by overexpression of PFN2; whereas the expression
of exogenous PFN1 could only partially compensate for spine density but not for

dendritic complexity. Therefore, in Michaelsen study it was hypothesized a specific
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function for PFN2 in stabilizing dendrite architecture and a redundant function of the
two profilin isoforms in maintaining dendritic spines (Michaelsen et al., 2010). In
accordance, our study seems to confirm, also in vivo, that the expression of only one
allele of Pfn2 could sufficiently preserve the dendritic complexity avoiding the massive
branching loss observed in Pfn17;Pfn27- double ko mice. On the contrary, the
expression of only one allele of Pfn1 was only able to partially compensate for the
dendritic loss. And since the loss of PFN1 was evident starting from P28, when the
dendritic architecture of the neurons is already formed, our findings seem to indicate
that, in vivo, PFN2 plays a crucial role in the maintenance of dendritic structure in
mature cortical and hippocampal pyramidal neurons, exerting PFN1-indipendent or
PFN1-redundant functions. Anyway, current findings do not allow us to say that the
maintenance of dendritic arborization can be exclusively attributable to PFN2, since
no post-synaptic defect, neither physiological nor behavioral, could be detected in
Pfn27" mice. Moreover, ultrastructural analysis in the stratum radiatum of the CA1
region of Pfn27- mice revealed unchanged synaptic morphology and density (Pilo Boyl
et al., 2007), possibly indicating normal higher order branching. On the other hand, it
is important to consider that PFN2 is the highest PFN isoform expressed in the brain.
Specifically, PFN2 accounts for the 0.15 % of the total protein of the brain, whereas
PFN1 only represents the 0.05 % (Witke et al., 1998). Moreover, PFN2 expression
peaks at P7-P14, when the process of synaptogenesis takes place, during which many
new synaptic contacts are built and neuronal connectivity is established.

Therefore, it is conceivable that loss of PFN2 alone is only sufficient to induce the
dendritic phenotype, without long-term consequences. Or is it possible that the
reduced arborization of neurons is evident when no allele of profilins or one allele of
Pfn1 are expressed.

To understand whether the maintenance of the branching and of the dendritic spines
on higher order branches is specifically related to Pfn2 gene function or to a PFN1-

PFN2 protein dosage-dependent effect, detailed branching analysis should be
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performed on Pfn2”" mice at three months of age and on Pfn17°;Pfn27 double ko mice

at P21-P24, before the loss of PFN1 expression.

Beyond PFNs, also the depletion of other ABPs negatively affect dendritic branching
(Lanoue & Cooper, 2019). For example, loss of Cobl, a WH2 nucleation factor which
accelerates actin filament formation, disrupts dendrite branching (Gao et al., 1999).
Ena/VASP promotes profilin-catalyzed actin polymerization, thereby increasing
filopodia activity and enhancing neurite growth and branching (Lanoue & Cooper,
2019; Kalil & Dent, 2014; Lebrand et al., 2004); its loss also disrupts dendrite branching
(Gao et al., 1999). ARP2/3 complex activation requires the binding of WASP, a
nucleation promoting factor. WASP overexpression in cultured hippocampal neurons
results in an increased number of dendritic branches, whereas the block of the WASP-
ARP2/3 interaction leads to a reduction in distal branching (Nakamura et al., 2011;

Lanoue & Cooper, 2019).

3.3.2 Profilins dosage affects neuronal survival in the CA1 hippocampal

region

Pyramidal neuron density was evaluated in the CA1l hippocampal region and was
found significantly reduced in profilins double ko mice; a certain degree of reduction
was also observed in mice expressing one allele of either Pfn1 or Pfn2.

One of the most studied causes of cell death is apoptosis. In Pfn17/-:Pfn27- double ko
hippocampi signs of ongoing apoptosis, expression of cleaved CASP3, were not
detected in pyramidal neurons (neurogranin-positive cells), but in cells not expressing
neurogranin. In this work, the specific cell-type of the neurogranin-negative cell
undergoing apoptosis was not further studied. In conclusion, the exact reasons of
pyramidal cell loss are yet to be determined. A possible hypothesis is that the
apoptotic non-glutamatergic cells are inhibitory neurons. Interneurons should not be
affected by the ko of Pfn1, given that PFN1 is deleted only in CAMKIla-expressing cells,

therefore only excitatory neurons of the hippocampus (Minichiello et al., 1999). On
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the other hand, PFN2 is expressed in a subset of inhibitory neurons in different brain
regions, hippocampus included (Liemersdorf, 2016). Therefore, the observed
apoptosis of interneurons in double ko hippocampi could be the result of the loss of
PFN2.

An alternative hypothesis is that some other type of cell-death mechanism occurs in
excitatory neurons. Following the developmental period, postmitotic neurons are
required to be long-lived in order to maintain functional brain circuits. But aberrant
neuronal cell death, a phenomenon which contributes to acute and chronic
neurodegenerative disease, can occur. In neurodegenerative disorders, several
observations support the idea that cell death is only a secondary event and that the
loss of synaptic connectivity better reflects the manifestation of the pathological
symptoms (Gasic & Nicotera , 2003; Vanderhaeghen & Cheng, 2010). Commonly,
when widespread synaptic dysfunction impairs neuronal connectivity, the progressive
damage of the neural network is eventually followed by neuronal loss (Gasic &
Nicotera, 2003).

Since the actin cytoskeleton plays a crucial role in cell shape and structure, as well as
for gap junctions with the nurturing astrocytes, the depletion of PFNs, important
regulators of actin filament polymerization, could interfere with the maintenance of a
healthy cell shape and with the access to nutrient supply.

Moreover, cell death is, usually, not a “cell autonomous” event but is often triggered
by interactions with neighboring neuronal or glial cells. Loss of neurons could occur as
a result of loss of synaptic contacts, dendrites, axons or other surrounding neurons.
This degeneration can occur to neurons either downstream (anterograde) or
upstream (retrograde) of a dead neuron. Thus, anterograde transneuronal
degeneration results from loss of synaptic inputs into neurons, while retrograde
transneuronal degeneration results from loss of synaptic outputs (Fricker et al., 2018).
Therefore, the observed neuronal loss could be the consequence of less synaptic
inputs onto the neurons, due to the reduced dendritic branching observed in PFNs

double ko mice.
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4.1. Mouse experiments

Mice were socially housed with a standard 12 h light/dark cycle at 22 °C and 50-55%
humidity, with free access to water and food pellets. Animals were kept according to
European animal welfare regulations. Animal experiments were performed according

to LANUV permissions AZ 84-02.04.2013.A223 and AZ 84-02.04.2017.A088.

4.2 Molecular Biology

4.2.1 Genomic DNA extraction from embryos

The developmental role of PFN1 and PFN2 was studied. At this purpose, it was
necessary to set precise time mating between the animals, in order to obtain embryos
at defined developmental stages. Two females (with the genotype: Pfn1™/f*.pfn2+-
;Nes-Cre"”"') were placed O/N in a cage with a male (with the genotype:
Pfn1w¥d!.pfn2*/;Nes-Cre®*!), and the morning after existence of the mating was
determined by presence of a vaginal plug. The day of identification of the vaginal plug
was set as E0.5 (number 0.5 of embryonic day of development). Three different
developmental stages were analyzed: E11.5 - E14.5 - E16.5. The solutions used for the

DNA analysis are listed in chapter 5.2.2.

To determine the genotype of the embryos, 1 mm tail biopsy was used. The tissue
was boiled in 1x TENT buffer (80 ul for 1 mm biopsy) for 10 min at 98°C. The proteins
of the biopsy were then digested in TENT buffer supplemented with 0.5 pg/ul
proteinase K at 55°C O/N. The proteinase K is then inactivated at 98°C for 10 min. The
different incubation steps were performed in a PTC100 Thermal Cycler. Later, the
samples were vortexed and pipetted in order to break the remaining tail fragments,
which were then spinned down 2 min at maximum speed. 1 ul of the supernatant was

used for the genotyping PCR.
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4.2.2 Genomic DNA extraction from mice

Mouse tail biopsies of approximately 3-4 nm were collected from 15-21 days-old pups.
The tail biopsy was placed in 1.5 ml Eppendorf with 200 ul of DNA extraction buffer
containing 0.5 pg/ul proteinase K. In this buffer the proteins of the tissue were
digested O/N at 56°C. After this long incubation time the samples were shortly mixed
and half volume (100 pl) of saturated NaCl solution was added. Then, the tubes were
shaken vigorously for 1 min and centrifuged at 14000 rpm for 14 min at room
temperature (RT). Approximately 200 ul of supernatant was picked up and transferred
in a new tube containing ~2.5 volumes (500 pl) of ethanol. The ethanol caused the
precipitation of the DNA as a floccule, which was further spinned down at 14000 rpm
for 2 min. The supernatant was removed, using a Pasteur pipette, and the pellet was
dried out at 37°C for a few minutes. The DNA was resuspended in 200 ul of Milli-Q
water by mixing at 37°C for 30 min. For a genotyping PCR 1 pL of this solution was

used.

4.2.3 Polymerase chain reaction (PCR)

The PCR is an evolutionary technique, originally developed in 1983 by the American
biochemist Kary Mullis. It is used to amplify (make many copies) of small target
sections of DNA. This method it is often employed to detect the presence or the

absence of a specific gene (Mullis & Falona, 1987).

The denaturation at 94°-98°C of the genomic template for 30 sec-2 min leads to the
separation of the dsDNA (double strand DNA) into ssDNA (single strand DNA). Specific
sequences of oligonucleotides (~18-25 nucleotide long), also known as primers, have
a complementary sequence to the ssDNA templates and therefore can anneal to them
for 15-90 sec at the temperature of ~55-65°C. Primers are chosen in pairs, with one
being 5°-3" (sense/forward) direction and the other one 3’-5’ (antisense/reverse)
direction compared to the DNA template. Once the primers interact to the ssDNA

template in presence of the Taq polymerase new fragments of DNA can be
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polymerized. The Taq polymerase (isolated from the archaea bacterium Thermus
aquaticus) is enzyme which elongates the primers in the 5’-3’ direction at a
temperature ranging from 68°-72°C, by catalyzing the incorporation of free dNTPs
(deoxynucleotides) at the 3" — OH of the primer. To allow the tag polymerase to work
efficiently, divalent ions are provided by adding MgCl, in the reaction buffer. The
entire process of denaturation, annealing and elongation is repeated for 25-35 cycles,
in order to amplify the DNA exponentially. A final extension step of 3-10 min is usually
done to ensure that the new fragments of DNA generated are full length. Usually
annealing and elongation time and temperature can be adapted in dependence of the
melting temperature of the primers and the amplicon size.

In this work of thesis, the PCR was used to determine the genotypes of mouse

embryos, pups and adults.

4.2.3.1 The Pfn1 PCR

The Pfn1 PCR was used to determine whether embryos and mice had a floxed, deleted,
or wildtype allele for Pfn1. Specific PCR mix preparation protocol (see table 4.1) and
PCR conditions (see table 4.2) were adopted. For the reaction 1 pl of genomic DNA

was added to 19 ul of PCR mix.

Table 4.1 - Pfn1 genotyping PCR mix.

Reagent Concentration Amount (pl)
Milli-Q H,0 11.9
PCR-flexi-buffer (5x) 5x 4

MgClI2 (25 mM) 25 mM 1.2

dNTPs (10 mM) 10 mM 0.4
546/789 (20 uM) 20 uM 0.2

546/752 (20 uM) 20 uM 1

Taq polymerase (5 u/ul) 5ul 0.3

The couple of primers n.569/n.789 (listed in chapter 5.1.1 — table 5.1) were used in
order to amplify a fragment of 306 bp in the Pfn1-wt allele and/or a fragment of 370
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in the Pfnl-floxed allele; instead primers n. 546/n. 789 were employed to identify a

fragment of 500 bp in the Pfn1-deleted allele.

Table 4.2 - Pfn1 genotyping PCR conditions.

Temperature Time

98 °C 2 min

96 °C 30 sec

60 °C 60 sec 35 cycles
72 °C 30 sec

72 °C 5 min

4.2.3.2 The Pfn2 PCR

In the Pfn2 PCR the couple of primers (listed in chapter 5.1.1 - table 5.1) n. 229/n.422,

identifying the Pfn2-wt allele (266 bp) and the couple of primers n.229/n423,

identifying the Pfn2-ko allele (200 bp), were used. The following PCR mix preparation

protocol (see table 4.3) and PCR conditions (see table 4.4) were adopted. For the

reaction 1 pl of genomic DNA was added to 19 pl of PCR mix.

Table 4.3 - Pfn2 genotyping PCR mix.

Reagent Concentration Amount (ul)
Milli-Q H,0 11.1
PCR-flexi-buffer (5x) 5x 4

MgClI2 (25 mM) 25 mM 1.2

dNTPs (10 mM) 10 mM 0.4

229/422 (20 uM) 20 uM 1

229/423 (20 pMm) 20 uM 1

Taq polymerase (5 u/pul) 5ul 0.3
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Table 4.4 - Pfn2 genotyping PCR conditions.

Temperature Time

98 °C 2 min

96 °C 30 sec

55°C 75 sec 35 cycles
72 °C 30 sec

72 °C 5 min

4.2.3.3 The Nes-Cre PCR

The Nes-Cre PCR was used to determine whether the embryos had a Cre recombinase,

under the control of the Nestin Cre promoter, inserted in their genome. Specific PCR

mix preparation protocol (see table 4.5 - table 5.1) and PCR conditions (see table 4.6)

were used.

Primers n. 355/n. 617 (listed in chapter 5.1.1 - table 5.1) were used to amplify a

fragment of 450 bp in the Nestin-wt allele, whereas the couple of primers n. 355/n.749

was employed to identify a fragment of almost 300 bp in the Nestin-cre mutant allele.

For the reaction 1 pl of genomic DNA was added to 19 pl of PCR mix.

Table 4.5 — Nes-Cre genotyping PCR mix.

Reagent Concentration Amount (pl)
Milli-Q H,0 12.2
PCR-flexi-buffer (5x) 5x 4

MgClI2 (25 mM) 25 mM 1.2

dNTPs (10 mM) 10 mM 0.4
386/618 (20 uM) 20 uM 0.5

386/387 (20 uM) 20 uM 0.5

Taq polymerase (5 u/ul) 5ul 0.2
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Table 4.6 — Nes-Cre genotyping PCR conditions.

Temperature Time

98 °C 2 min

96 °C 30 sec

58 °C 30 sec 30 cycles
72 °C 40 sec

72 °C 5 min

4.2.3.4 The Camk2a-Cre PCR

The Camk2a-Cre PCR was used to determine whether the mice had a Cre recombinase,
under the Camk2a promoter inserted in their genome. Specific PCR mix preparation
protocol (see table 4.8) and PCR conditions (see table 4.7) were used. 1 ul of genomic
DNA was added to 19 pl of PCR mix.

Primers n. 386/n. 618 (listed in chapter 5.1.1 - table 5.1) were used in order to amplify
afragment of 438 bp in the Camk2a-wt allele; the couple of primers n. 386/n.387 were

employed to identify a fragment of 800 bp in the Camk2a-cre mutant allele.

Table 4.7 — Camk2a-Cre genotyping PCR mix.

Reagent Concentration Amount (pl)
Milli-Q H,0 12.2
PCR-flexi-buffer (5x) 5x 4

MgCI2 (25 mM) 25 mM 1.2

dNTPs (10 mM) 10 mM 0.4

386/618 (20 uM) 20 uM 0.5

386/387 (20 uMm) 20 uM 0.5

Taq polymerase (5 u/pul) 5ul 0.2
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Table 4.8 — Camk2a-Cre genotyping PCR conditions.

Temperature Time

98 °C 2 min

96 °C 30 sec

58 °C 30 sec 30 cycles
72 °C 40 sec

72 °C 5 min

4.2.4 Agarose Gel electrophoresis

Nucleic acid samples (DNA or RNA) can be visualized using agarose gel electrophoresis,
a common technique in molecular biology. In electrophoresis molecules are
electrically pushed through the pores of an agarose gel, being separated according to
their size. The nucleic acids due to their highly rich composition in phosphate residues
become negatively charged. Therefore, when nucleic acid undergoes to an electric
field (in the gel electrophoresis apparatus), they run toward the cathode (positive
pole). Molecules travel through the pores of the agarose gel at a speed that is inversely
related to their length. The gels are prepared with different percentages of agarose
(1.5 %-2.5 % agarose in 1x TAE buffer), according to the size of the DNA fragments,
which need to be identified. To allow the detection of the samples, ethidium bromide
was added to gel solution (3 ul from 10 mg/ml stock solution in 100 ml gel solution).
This compound is able to intercalate through the base pairs of the nucleic acid and
fluoresces under UV light.

Proper amount of agarose powder was added in boiling 1x TAE, until the powder
appeared completely melted and the solution homogenous. Then the gel solution was
poured into a running chamber and after it polymerized samples were loaded into the
combs. Gels were run at 90V for ~20 min.

Samples from the Pfn1 (Fig 4.1), Nes (Fig 4.2 A) and Camk2a PCRs (Fig 4.2 B) were run
on a gel of 1.5 % agarose, instead samples from the Pfn2 PCR (Fig 4.3) were loaded on

a 2 % agarose gel.
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Pfni Pfni + Ctrl + Ctrl - Ctrl
fix/wt  fix/del  fix/wt  flx/del
306 bp ey
370 bp — —
A
Nes-Cre  Nes-Cre + Ctrl - Ctrl
wt/wt cre/wt cre/wt
450 bp
300 bp
Camklla-Cre Camklla-Cre + Ctrl - Ctrl
wt/wt cre/wt  cre/wt
800 bp —
438 bp S e
Pfn2 Pfn2 Pfn2 + Ctrl - Ctrl
+/+ +/- -/- +/+
2660P | m  — R
200 bp O ee—

4.3 Biochemistry

4.3.1 Mouse brain tissue dissection

Figure 4.1 | Pfnl genotyping
results. The couple of primers
n.569/n.789 was used to amplify
a fragment of 306 bp in the
Pfni-wt allele and/or a fragment
of 370 in the Pfnl-floxed allele;

the couple of primers
n.546/n.789 resulted in a
fragment of 500 bp that

identifies the deleted allele for
Pfnl-deleted allele.

Figure 4.2 | Nes-Cre and
Camk2a-Cre genotyping results.
A. Nestin-Cre PCR: the
combination of primers n.
355/n.617 resulted in a wt band
for Nes of 450 bp; the Nes-Cre
allele at 300 bp resulted from
the combination of primers
n.355/n749. B. Camk2a-Cre
PCR: the combination of primers
n. 386/n.618 resulted in a wt
band for Camk2a of 438 bp; the
Camk2a-cre allele at 800 bp
resulted from the combination
of primers n.386/n387.

Figure 4.3 | Pfn2 genotyping
results. The combination of
primers n. 229/n.422 resulted in
a Pfn2-wt band of 266 bp. The
primers n.229/n423 were used
to identify the Pfn2-ko allele of
200 bp.

Mice aged between P80-P90 were anesthetized with isoflurane and decapitated. The

head was placed on ice and the brain was quickly removed from the skull. After being
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washed in ice-cold PBS, the following mouse tissues were dissected: olfactory bulbs,
cortex, hippocampus, striatum, midbrain and cerebellum. Tissues were either directly
used or stored at -80°C after being frozen in liquid N». Solutions used for biochemistry

are listed in chapter 5.2.3.
4.3.2 Protein isolation from tissue

Brain tissues (fresh or frozen) placed in a glass/teflon douncer in a solution of 2x SDS
loading buffer were electrically homogenized at ~600 rpm. In adult mice, 1 ml of 2x
SDS was used for one cortical hemisphere, instead 200 pl for both hippocampi. For
embryos of different embryonic ages, different amounts of 2X SDS loading buffer were
used depending on the size of the tissue to lyse. The homogenized solution was then
transferred on Eppendorf tube and boiled at 99°C for 10 min, vortexing them for 15
sec every 2 min to ensure the lysis and denaturation of the proteins. The lysates, after

being settled down at RT, were stored at -20°C.
4.3.2.1 Analysis of the G- and F-actin content from tissue

Half part of a cortical hemisphere was placed in a glass/teflon douncer in 1 ml solution
of 1x PHEM buffer supplemented with 1% TritonX-100 and electrically homogenized
at ~600 rpm. The PHEM total cortical lysates were ultracentrifugated for 30 min at
100000g. To the 85-90% of the supernatant (900 pl), representing the G-actin fraction,
was added 200 pl of 5x SDS loading buffer, in order to reach a 1x SDS final
concentration. The remaining 10-15 % of supernatant is discarded to avoid
contamination from the pellet fraction, containing F-actin; the remaining part of the
supernatant is used to quantify the protein concentration (chapter 4.2.4). The pellet
was well dried and then mechanically resuspended in a volume of 1 ml of 1x SDS (equal
volume to the initial PHEM buffer solution). The two fractions were then boiled at 99°C
for 10 min, vortexing them for 15 sec every 2 min. The lysates, after being settled

down at RT, were stored at -20°C. To determine the G-actin and F-actin respective
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amounts, equal amounts (5 pg) of the fractions were run on 10 % SDS-PAGE (chapter:
4.2.5) and blotted on a membrane as described in chapter 4.2.6. The western blot
against actin was performed (chapter: 4.2.6) and the ratio between F/G actin was

evaluated.
4.3.3 Preparation and stimulation of functional synaptosomes

Functional synaptosomes were prepared as described by Nagy and Delgado-Escueta
in 1984 (Nagy & Delgado-Escueta, 1984) from P80-P90 mice. The solutions used for
synaptosomal preparation are listed in chapter 5.2.3.1. Mouse brain was dissected on
ice and one cortical hemisphere was homogenized in ice-cold homogenizing buffer in
a glass-Teflon douncer at 250 rpm for 10 to 15 strokes. The homogenized suspension
was then transferred in 14 ml snap-cap tube and centrifuged for 10 min at 3000 g at
4°C, to remove nuclei and cell debris. The supernatant, a mixture of cytoplasmic
proteins and synaptosomes, was poured into a new snap-cap tube and again
centrifuged at 4°C for 15 min at a higher speed (14000 g). The suspension was then
transferred into a 14 ml snap-cap tube and spinned for 10 min at 3000 g at 4 °C. The
supernatant was transferred into a new 14 ml snap-cap tube and spinned at 14000 g
for 12 min at 4 °C. After removing the supernatant, the pellet (composed by the
synaptosomal fraction) was carefully (in order to avoid bubbling) resuspended in 450
ul ice-cold Krebs- Ringer buffer and transferred into a 1.5 ml tube. The synaptosomal
suspension is gently mixed by inversion with 550 ul Percoll (Sigma - final ~40-45 % v/v).
Percoll is composed by colloidal silica particles coated with polyvinylpyrrolidone (PVP),
which gives low viscosity. It is a medium used for density gradient separation and it is
suitable for cells since it is non-toxic. After centrifugation for 2 min at 16000 g and 4°C,
synaptosomes were enriched on the surface of the floating gradient and were
collected by aspirating the underlying solution with a 5 ml syringe with a 21G needle.
The synaptosomal fraction was carefully resuspended in 1 ml ice-cold Krebs-Ringer

buffer and spinned down for 30 sec at 14000 rpm.
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The collected synaptosomes were then resuspended in 400 pl of ice-cold Hepes krebs
buffer and kept on ice. The protein concentration of the sample was evaluated as

mentioned in chapter 4.2.4.
4.3.3.1 Analysis of the G- and F-actin content from synaptosomes

The stimulation of functional cortical synaptosomes was performed at 37°C (the
average body temperature) and with KCl. After being quantified the synaptosomal
suspension was divided into 100 pug aliquots in Hepes-Krebs buffer and equilibrated
for 20 min at 37°C. The samples were stimulated for different time points with 40 mM
KCI. The stimulation was stopped by adding to the suspension an equal volume (200
ul) of ice-cold 2x PHEM buffer supplemented with 2 % Triton X-100. PHEM lysates
were then processed for the G- and F-actin separation with the McRobbie’s assay. The
PHEM synaptosomal lysates were centrifuged at 4°C for 10 min at maximum speed.
The 80 % of the supernatant (300 ul), representing the G-actin fraction, in order to
reach a 1x SDS final concentration. The remaining 20 % of supernatant is discarded to
avoid contamination from the pellet fraction, containing F-actin. The pellet was well
dried and then resuspended in 1.25 volumes respect to the initial PHEM sample
volume of 1x SDS with 0.5 % triton. Samples were denatured (as explained in chapter:
4.2.4) and stored at -20°C. To determine the G-actin and F-actin respective amounts,
equal volumes (10 pl) of the fractions were run on 10 % SDS-PAGE (chapter: 4.2.5) and
blotted on a membrane as described in chapter 4.2.6. The western blot against actin

was performed (chapter: 4.2.6) and the ratio between F/G actin was evaluated.
4.3.4 Protein quantification

Evaluation of protein concentration was obtained by the colorimetric Bradford assay,
based on the Bradford dye-method (Bradford, 1976). The Bradford assay is based on
the color change of the Coomassie blue brilliant G-250 dye in response to different

protein concentration. Coomassie blue brilliant is a dye with a brown color and an
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absorbance of 465 nm, which is able to stain the proteins by binding to the basic and
aromatic amino acid residues. When the dye reagent complexes with the protein,
there is a colour shift from brown to blue and also the absorbance of the bound
protein changes to 595 nm. The shift between the excitation and emission absorption
is measured by a spectrophotometer, which is calibrated by serial dilutions of a protein
(BSA) with a known concentration against a blank (containing only the basic buffer

without any protein).

The procedure for the Bradford assay was performed according to the following steps:
(i) 4 pl of the sample of interest (tissue lysate for protein extraction or synaptosomal
suspension) and 4 ul of the basic buffer (2x SDS lysis buffer, for the preparation of total
protein lysates; or Hepes-Krebs buffer, for the isolation of synaptosomes), used as
blank, were mixed with 1 ul of 5x SDS loading buffer and boiled at 99°C for 3 min and
then cooled down for 5 min. (ii) The sample is then spinned down, in order to collect
the condensed liquid, and diluted 10 times by adding 45 ul of Milli-Q water. (iii) 10 pl
of total protein lysate or 10 ul of lyses buffer (for the blank) was added to 1 ml of
home-made Bradford reagent in a quartz photometer cuvette; the solution was mixed
by inversion. (iv) In order to calculate the protein sample concentration in pug/ul, the
absorbance value of the blank solution is subtracted from the absorbance value of the
sample, which in turn was then divided by the slope of the calibration curve obtained

by defined concentration of BSA.

4.3.5 SDS-polyacrylamide gel electrophoresis

SDS-PAGE (SodiumDodecylSulfate (SDS) Polyacrylamide Gel Electrophoresis (PAGE)
(Laemmli, 1970) is a routine method used to separate proteins according to their
molecular weight. Since proteins separation might be influenced by their
tridimensional structure, it is critical to denature (linearize) the tridimensional

structure and to negatively charge them. At this purpose proteins were exposed to
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high temperatures and treated with SDS, an anionic detergent, and pB-
Mercaptoethanol, a reducing agent.
Acrylamide gels used in the SDS-PAGE are made up of two different phases. The upper

III

part also known as “stacking gel”, which has a concentration of 4 % acrylamide and a
pH of 6.8. The stacking part of the gel with its acidic pH allows to concentrate all the
proteins of the different samples within a line between the first and the second
portion of the gel. The second part of the gel, called “resolving”, has a pH of 8.8 which
allows an optimal migration of the proteins. The percentage of acrylamide in the
resolving gel regulates the dimension of the meshes and it was chosen according to

the size of the protein of interest; in this work resolving gels of 10 % or 15 %

acrylamide were used.

10ug/15ug of the quantified proteins samples were loaded on the gel, together with
5 ul of See Blue Plus2 Pre-Stained Molecular Weight Standard (Invitrogen). Later the
gel was mounted in a running chamber (BioRad) submerged in a 1x running buffer
solution and exposed to a current. The samples ran at constant voltage of 80 V in the
stacking part of the gel. Once samples entered in the resolving gel the voltage was
raised to 140 V. The electrophoresis was stopped when the bromophenol blue front

ran out from the bottom of the gel.

4.3.6 Western blot

Western blot analysis allowed the detection of specific proteins in a mixture of
proteins within a sample. Proteins were separated according to their molecular weight
in an SDS-PAGE and later were transferred onto polyvinylidene difluoride (PVDF)
membrane (Towbin et al., 1979). Proteins of interest were then specifically labelled

and detected on the membrane by using specific antibodies.
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4.3.6.1 Submerged transfer

A submerged transfer was performed to move proteins from an acrylamide gel onto a
PVDF membrane. In this technique is prepared a “transfer sandwich” made up by a
sponge pad, two 3mm Whatman papers, the acrylamide gel, the PVDF membrane
(previously activated in methanol), two more 3 mm Whatman papers and a new
sponge pad. The so formed “transfer sandwich” is placed into a chamber (western
blotting transfer system - BioRad) connected to a current and filled up with cold 1x
transfer buffer. The voltage of 110 V for 1h or 20 V O/N was applied to the chamber,
allowing the transfer of the proteins on the PVDF membrane. During the procedure to
prevent the overheating of the system, the transfer buffer is kept cold by inserting ice-

package in the chamber or by moving the transfer apparatus in a 4°C room.

4.3.6.2 Enhanced chemiluminescence detection reaction

After blotting procedure, the membrane was quickly rinsed in 1x NCP and treated for
30 min at RT with blocking solution, which allows to block the unspecific binding sites
on the membrane. To detect distinct proteins on the PVDF membrane the O/N
incubation at 4°C with specific primary antibodies (see chapter 5.4.1 - table 5.2),
diluted in blocking solution, was performed. Afterwards, membrane was washed 3
times for 15 min at RT with 1x NCP, in order to remove the unbound primary antibody.
The membrane was then incubated for 1 h at RT with the appropriate (mouse or
rabbit) secondary antibody conjugated to the horseradish peroxidase (HRP) diluted
1:2000 in blocking solution. The membrane is again rinsed three times in 1x NCP for
10 min at RT. The membrane was incubated for ~1 min into a 1:1/ ECL solution A: ECL
solution B and a signal proportional to the amount of antibody, which reflect the
amount of protein, was obtained. HRP is an enzyme which catalyzes the oxidation of
the luminol (contained in the ECL solution A) in presence of H,0; (contained in the ECL

solution B). Upon oxidation, luminol emitted a light signal at 450 nm, which could be
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measured by a luminescent image analyzer with a CCD camera (LAS 4000 mini - GE

Healthcare).

4.3.6.3 Densitometric analysis of western blots

The signal emitted from the ECL reaction is proportional to the amount of primary
antibody bound on the membrane and therefore to the amount of protein. The
software Multi Gauge V3.0 (Fujifilm Life Science) was used to quantify the signal
intensity from the protein. For each genotype three or four protein samples from
different mice were used and the same samples were also loaded on different

membranes to confirm the obtained result.

4.3.6.4 Coomassie staining of the membrane

The value obtained from the quantification of the ECL band of the protein of interest
were normalized to minimize the effect from experimental variation or unequal
sample loading or transfer. The normalization can occur against proteins which are
stably expressed in the lysate tissue (like GAPDH or y-tubulin) or against total protein
amount. The expression of a protein used as a standard can vary a lot according to the
tissue and to the developmental stage or the age of the mouse. In order to normalize
properly the amount of protein of interest against the total protein on the PVDF
membrane, a Coomassie staining on the membrane was performed.

The membrane was incubated in a Coomassie staining solution for ~10 min on a shaker
at RT. Membrane then was then rinsed on a shaker at RT with a destaining solution
for ~3 min . Membranes were dried and a picture acquired by scan. The total proteins
were measured by Multi Gauge, as shown in figure 4.4 To normalize, once the signal
from a specific antibody was obtained, it was divided to the respective total protein

signal from the Coomassie staining.
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Figure 4.4 | Coomassie stained PVDF
membrane. Example PVDF membrane
stained with Coomassie. Multi Gauge
software was used to specifically select the
& 2= B S 0 22 & — - area of each lane of proteins (e.g. lanes Al

and A2). An area, displayed in red, in
between the lanes was also chosen as
background. The densitometric analysis was
performed in order to obtain the total
- - - amount of protein probed on the
membrane. To obtain the normalization,
the signal from the antibody was divided to
the total protein signal from its respective
lane.

Al| |A2

4.4 Histology

4.4.1 Dissection and fixation of mouse embryos

Mouse embryos were carefully dissected at different embryonic stages. E11.5
embryos were entirely processed, while only the head was dissected from E14.5 and
E16.5 embryos. Embryos were then cleaned by residual blood and hairs in PBS and
prepared for the paraffin- or the cryo-embedding. In chapter 5.2.4 the composition of
the histological solutions is indicated. For the histological steps during paraffin and
cryo-embedding, depending on the size of the embryo (due to its developmental
stage), different amounts of solutions or incubation time were used (shorter
incubation time for E11.5 embryos). If not differently specified, the incubations were

performed by placing the embryos in tubes on a shaker.

After being dissected the specimens were fixed at 4°C — O/N in a 4 % PFA solution.
Fixative slowly penetrate in the embryo, causing chemical and physical changes that
harden and preserve the tissue from the subsequent processing steps. The treatment

with fixative occurred as soon as possible after dissection to avoid morphological
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distortion and damage due to: (i) tissue drying artefacts; (ii) self-digestion of cells and

tissues; (iii) decomposition of the tissue by microorganisms.

The day after the embryos were washed from the PFA in 1x PBS, 3 times for 30 min

each at 4°C.
4.4.2 Paraffin embedding of mouse embryos

Paraffin is hydrophobic, therefore before penetration of the wax is important to
remove all the water from the sample. The dehydration of the embryo was achieved
by incubating it in a series of increasing concentration of ethanol solutions and finally
in pure absolute ethanol. Since ethanol is soluble in water, with dehydration process
of the water is progressively replaced by ethanol. Progressive dehydration steps are

summarized here:

Solution Number of Incubation
Temperature
washes time

Ethanol 50 % 2 30 min 4°C
Ethanol 70 % 3 1h+O/N 4°C
Ethanol 85 % 2 30 min RT
Ethanol 96 % 2-3 30 min - 1h RT
Ethanol 100 2-3 30 min - 1h RT

At this step of the protocol the water was removed from the sample. Since paraffin
wax and water are not miscible, it was essential to exchange the ethanol in the tissues
with the xylene (which is soluble in both water and wax as well). During this process,
known as clearing, because the sample acquire a clear-transparent appearance, also
the adipose tissue was removed since could constitute a barrier to wax filtration.

Embryos were transferred into glass vials and treated with different dilutions of
ethanol-xylene mix and pure xylene; the following steps were performed under the

chemical hood:
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. Number of Time of
Solution . . Temperature
washes incubation
EtOH 100 %: Xylene (1:1) | 2 30 min RT
EtOH 100 %: Xylene (1:2) | 2 30 min RT
Xylene 3 30 min RT

The embryo was now ready for the paraffin wax infiltration. Paraffin is solid at RT and
can be used only after being melted O/N at 60°C.

The embryo was left O/N in paraffin at 60°C. The following day two more paraffin
changes were done after 30 min of incubation. The embryo was properly orientated
according to the desired cutting plane and embedded into a mold with fresh paraffin.
The dried embryo-paraffin block was attached on an embedding cassette with melt
paraffin. The block was fixed on the microtome (Leica) and prepared for slicing. The

thickness of the cut sections is 6 um.

The cut ribbons were placed on a layer of 10 % EtOH onto super frost slides and
transferred to a heating plate at 35°C. Slides were left on the heating plate until the
sections were completely stretched and the paraffin had turned white. Slices were left
to dry O/N at 37°C and were finally stored at RT. This step is particularly important,
since not properly dried slices will not deparaffinize sufficiently with xylene and won’t

be able to be stained consistently and properly.

4.4.3 Cryo-embedding of mouse embryo

The sucrose cryo-protected tissue freezing method was used to prepare E11.5
embryos for cryo-sectioning. The freezing can cause the distortion of the tissue due to
ice crystals which break cell membranes and produces holes within cells and
extracellular matrix (this is known as “Swiss Cheese” effect). The basic strategies to
prevent crystals formation during freezing are: (i) rapid freezing, in this way water
does not have time to form crystals and remains in a vitreous form that does not
expand when solidified; (ii) use cryo-protectants that disrupt interactions between

water molecules. Cryo-preservation help to prevent ice crystals formation in tissues
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when water freezes and therefore expands. In this protocol, the purpose of treating

embryos with sucrose is to cryo-preserve tissues.

The embryo was fixed with PFA 4 % prior to cryo-preservation, because sucrose
solutions above 10 % are hypertonic and cause water to flow out of cells causing tissue
distortion and shrinkage. After fixation the embryo was properly washed in 1x PBS, as
previously explained. The incubation of the embryo within the sucrose solutions (15
% and 30 %) occurred at 4° and with a gentle nutation to avoid bubbles. When placed
into the new and freshly prepared sucrose solution the embryo was swimming on the
top of it, the incubation was stopped only when the embryo sank to the bottom of the
tube. The cryo-preservation started with incubation in 15 % sucrose solution and
continued with different gradients of 15 % : 30 % sucrose solution ((i) 2:1 15 % sucrose
: 30 % sucrose; (ii) 1:1 15 % sucrose : 30 % sucrose; and (iii) 1:2 15 % sucrose : 30 %
sucrose). The gradient 15 % : 30 % sucrose solution was discarded and replaced with
30 % sucrose solution, the incubation lasted until the embryo dropped to the bottom
of the tube and thereafter O/N.

A container with finely crushed dry ice was prepared. A thin layer of Tissue-Tek OTC
was laid at the bottom of a labeled mold and after lying and orienting the E11.5
embryo was carefully covered with other Tissue-Tek OCT solution. Due to the close
proximity of the crashed dry ice, the embryo was frozen within a couple of minutes
(~5 min). The frozen sample were then placed in an aluminum foil sealed bag below
the fine crushed dry ice for 30 min. The sample could be stored at -80°C for a long

time.

The embryo was sliced at the cryostat at a temperature of -25°C. The slices, 25 um
thick, were lied on super frost slides and dried in the air for 15 min before being stored

at -80°C.
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4.4.4 Vibratome cutting of adult mouse brain for IF

P80-P90 mouse brains used for IF were taken out from the skull, briefly washed in PBS
and then fixed in 4 % PFA for at least 48 hours at 4°C on the rotating wheal, to crosslink
the proteins. The brains were then washed in 1X PBS for 3 times, 30 min each at 4°C.
Sagittal sections of a thickness of 25 um were prepared at a Leica Vibratome VT 1200S.
A razor blade, parallel to the positioned brain, was inserted into the machine. The
brains were embedded in 6 % low melting agarose, in order to have a complete cut of
the slice and to not damage the brain structure. The agarose was removed from the
slices at the end of the cutting procedure, to avoid auto fluorescence problems. To
obtain coronal slices, the cerebellum was cut out and the brain block (embedded in
agarose) was glued on the surface of the vibratome tray. The sections were collected
with a brush in 24-well plates containing cold 1X PBS supplemented with 0.1 % of
sodium azide. The wells were wrapped in plastic and aluminum foil and then stored at

4°C

4.4.5 Staining procedures

Different types of stainings were performed on embryonic or adult brain tissues. In

the following chapter the different staining procedures are described.
4.4.5.1 Hematoxylin & Eosin (H&E) staining on paraffin sections

Before treating slices for H&E the removal of paraffin and re-hydration of the slices
constitute a critical step to obtain an accurate staining. The de-paraffination and re-

hydration took place with the following steps under the chemical hood:

. Number of Time of
Solution . .
washes incubation
Xylene 2 5 min
Ethanol 100% | 1 Dipping
Ethanol 100 % | 1 5 min
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Ethanol 96 % 1 5 min
Ethanol 75 % 1 5 min
Ethanol 50 % 1 5 min
MilliQ - H.0 2 10 min

The use of graded percentage of alcohols to hydrate or dehydrate (later) was done to
minimize the shrinkage-distortion of cells and tissues section during replacement of

alcohol or water.

Hematoxylin and eosin stainings are the most used one in histopathology and
histochemistry laboratories because they provide an overview of tissue structure.
Hematoxylin has a dark blue purple colour and stains the chromatin (nuclear material)
or the DNA within the nucleus. Hematoxylin is a natural dye extracted from the
logwood tree (in Mexico and Central America), which does not have staining ability
unless it is oxidized to hematin. Hematin can stain only when it is combined to a
metallic ion (mordant), which act as a bridge between the stain and the tissue,
enabling staining to take place. The colour of the staining reaction depends on the
type of mordant used, in our case the positively charged potassium alum/ammonium-
hematein complex combines with the negatively charged phosphatase of nuclear DNA
forming the typical blue purple colour of the Mayer’s hematoxylin. Unlike
hematoxylin, eosin Y is an n orange-pink synthetic dye derived from fluorescein, which
reacts unspecifically with eosinophilic molecules in the cytoplasm, connective tissue
and collagen (Fischer et al., 2006; Avwioro et al., 2011). It was preferred to use and
alcohol-based eosin since it is chemically more stable, and it does not contain any
impurities (such as water-soluble salts), which may interfere with dye uptake from the

section.

For a successful result is important to have in the staining jar a proper volume of
staining and washing solutions, at this purpose it is good practice to not completely fill

all the spots of the jar with microscope slides. The incubation time for the two dye-
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solutions were regulated according to the amount of cytoplasm of the tissue (shorter
incubation time in E11.5 compared to E14.5 and E16.5).

After re-hydration slides were incubated for 3 to 5 min in a staining jar containing
Mayer’s hematoxylin under agitation. The reaction of the dye was then stopped by
rinsing the slides one by one under tap water (pH 8.0 — 37°C). The treatment of the
slides with an alkaline solution (in our case tap water) turned the stain of the nuclei
from red to the typical blue colour of the hematoxylin, this process is also known as
blueing.

Slides were then stained with eosin Y for 15-20 min under agitation. Since an alcohol-
based formulation of eosin was used, sections could be rinsed from the excess of eosin
and dehydrated at the same time with 2 changes in 96 % Ethanol (1 min each). Last
dehydration step was done in 100 % ethanol. The rinses with ethanol were always
performed on a shaker, in order to obtain a differential staining on the sections.
Sections were then cleared in xylene twice for 2 min on a shaker. At the end, 3 drops
of mounting medium (entellan) were put on each slide and a glass coverslip was glued

on it.

4.4.5.2 Immunofluorescence (IF)

One way to study localization and function of the endogenous proteins in a tissue is to
label them with the use of a specific primary antibody against the protein of interest
and a secondary fluorescent labelled antibody directed towards the primary one.
During the staining and also afterwards the slices were protected from light. IFs were
performed either on cryo-sections from E11.5 embryo or on vibratome brain sections
from adult mice. In chapter 5.2.4.3 the solutions used during IF experiments are

indicated.
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4.4.5.2.1 IF on cryo-sections

In immunofluorescences on cryo-sections, unless otherwise stated, all the steps were
performed at RT and the washing steps were always done in a staining jar on a shaker,
to ensure a proper amount of washing solution.

The slices, stored at -80°C, were thawed for approximately 5 min. Slices were fixed
once more with 4 % PFA (for 2 min in a staining jar) and twice washed with 1x TBS to
remove the formaldehyde solution. Sections were permeabilized and blocked for non-
specific binding sites for 2 hours with blocking solution (300 pl per section) directly on
the slide in wet chamber. The blocking solution was replaced by 250 ul primary
antibody solution and was incubated O/N at 4°C. Several primary antibodies can be
applied together, in the same mix solution (see chapter 5.4.2 — table 5.3). The day
after, the unbound primary antibody was washed out 3 times for 15 min in 1x TBS-T.
Slices were incubated with the specific secondary antibody (see chapter 5.4.3 — table
5.4) solution for 1 h. The secondary antibody was washed out with 3 washing steps of
10 min in TBS-T. Sections were incubated with the DNA intercalating dye DAPI (1:5000
from 10 ng/ml stock solution) for 5 minutes. Lastly, slides were washed three times
for 5 minutes with TBS and were mounted with mowiol mounting medium containing
5 % of antifading reagent n-propyl-gallate (NPG). The slides were left in the dark O/N

to dry and then imaged at the wide field fluorescence microscope (Zeiss Axiophot).

4.4.5.2.2 IF on vibratome sections

Coronal brain slices from different genotypes (wt and mutants) were observed with a
stereomicroscope and matched, in order to analyze the same plane. Unless otherwise
stated, all the steps were performed at RT. The chosen sections were transferred to
24-well plates, they were fixed once more with 4 % PFA and washed 3 times for 5 min
with PBS in order to bring away the fixative. The auto-fluoresce from the slices was
quenched with 1 h treatment with 50 mM NH4Cl, then after acidicammonium chloride

treatment the slices were washed 3 times for 10 min with PBS to adjust the pH.
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Non-specific binding sites for antibodies were blocked by incubation for 4 h or O/N at
4°C with a blocking solution. The composition of the blocking solution changes
according to the affinity of the antibody for the protein of interest, to the thickness of
the section and according to the level of exposure of the antigen of the protein. For
example, the type and amount of serum (in our case 5-10 % NGS) was low when the
affinity of the antibody is not elevated and was increased when the antibody has a
high background. Instead the concentration of DMSO, an aprotic solvent with the
ability to enhance the permeability of lipid membranes (Notman et al., 2006), was
higher (2 %) when sections are thicker and when the antigen is not easily accessible to
the antibody. At the end of the incubation blocking solution was replaced by O/N
incubation at 4°C with a mixture of combined primary antibodies solution (see chapter
5.4.2 — table 5.3). On the next day, the unbound antibody was washed away with 3
rinses of 15 min. Thereafter, the incubation of the secondary antibody (see chapter
5.4.3 — table 5.4). could start. This secondary antibody incubation last 1 to 2 h,
depending on the efficiency of the primary antibody. The solution of antibody was
then washed away 3 times for 10 min each. To visualize the nuclei of the cells two
different DNA-intercalating dyes with different excitation wavelengths were used,
DRAQS5 and DAPI. Sections were incubated first with DRAQS5 (1:1000) and later with
DAPI (1:5000) for 30 min and 5 min, respectively, since the latter has a higher efficiency
for DNA binding. The left DNA dye was washed out 3 times with TBS, 10 min each.
Sections were then transferred, using a brush, on a microscope slide and mounted
with mowiol mounting media (same as above). Immunofluorescence images were

taken using the LSM 510 Meta confocal microscope.

4.4.6 Golgi staining

Golgi staining technique, based on neurons silver nitrate impregnation, was developed
by Camillo Golgi (1873) and further refined by Santiago Ramon y Cajal. This technique
was useful to provide extensive knowledge of the anatomy of the neural tissue. In this

work the FD Rapid GolgiStain kit (FD NeuroTechnologies), based on the original Golgi-
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Cox method, was used. According to Golgi-Cox method the impregnation of the tissue
in potassium dichromate and silver nitrate, leads to a micro-crystallization of silver
chromate in some neurons generating a brownish color. The Golgi-cox method
comprises the following three steps: (i) specimen impregnation (with mercury chloride
- HgCly instead of silver nitrate, potassium chloride - K,CrO4 and potassium dichromate
- K2Cr20y), (ii) tissue protection and (iii) color development. The technique allows to
randomly stains neurons and to visualize the anatomical features in neurons, such as
dendritic arborization and branching and dendritic spines. The random stain of
neurons is an advantage since it allows to trace single and specific neurons in the

cortical or hippocampal network (Risher et al. 2014; Hee Won Kang et al., 2017).

4.4.6.1 Golgi staining procedure

The technique has several advantages compared to fluorescent based methods. It
allows an easy imaging of the samples at a bright field microscope, and samples can
be stored and used for a longer period (from months to year). However, the analysis
is extremely time-consuming since the information that can be extrapolated and

studied from even a small set of data constitute a large amount.

During the processing it was important to protect the sample from the light. It was
also critical to control the temperature steps of the procedure (4°C or RT), in fact the
overheating of the tissue could cause a weak tissue impregnation of the different
solutions.

Equal volumes of solution A and B were mixed 24 hours prior to use and left unstained
in the dark, in order to produce the impregnation solution. The day after brains were
harvest from a P85/P90 and P360 mice, quickly washed in MIlliQ-H,0 to remove blood
or residual hairs and incubated in 10 ml of impregnation solution each, O/N in the dark
at RT. The impregnation solution was replaced the day after and left for 15 days or 18
days in younger (P80-P90) and older (P360) mice, respectively. After incubation in

solution A and B the brains lost their pinkish and soft appearance and became whitish-
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yellowish and turgid, then brains were transferred into snap-cap filled with 10 ml of
washing solution (solution C) and gently shaked at 4°C in the dark for 72 hours or 84
hours for younger (P80-P90) and older (P360) mice, respectively; solution C was
replaced after the first 24 hours of incubation with some fresh one. It is recommended
to not leave the brains longer in solution C, otherwise the tissue structure becomes
fragile.

250 pl thick coronal slices were cut in PBS using a vibratome and transferred onto
gelatin-coated microscope slides (chapter: 4.3.6.2). Solution C was used to stretch the
slice on the slide; the excess of solution C was aspirated, and sections were dried at
RT - O/N. On the next day slices were placed into a glass staining jar and rinsed in
MilliQ-H;0 twice 2 min each. In the meantime, fresh staining solution was prepared
by mixing 1 part of solution D, 1 part of solution E and two parts of MilliQ-H.O (140 ml
in total). In this staining solution slices were incubated for 10 min on a shaker at RT
and rinsed in MilliQ-H.0 twice, 4 min each. Sections were then dehydrated in 50 %, 75
%, 95 % and absolute ethanol for 1 min each on a shaker. The slices were cleared in
xylene three times, 4 min each, and mounted with Entellan. Sections were dried O/N

under the hood and images acquired in brightfield mode.

4.4.6.2 Preparation of gelatin-coated slides

Golgi sections were placed on gelatin coated slides to ensure their holding during the
staining procedure.

Microscopes slides were coated with a chrome alum gelatin solution. Gelatin was
dissolved in MilliQ water heated to 60 2C, the chromium potassium sulfate was added
to the solution, turning it from a transparent to a pale blue colour. Microscope slides
were dipped into warm gelatin solution (60°C) and then air-dried O/N at RT. The slides

were stored in a dust-free container at RT.
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4.4.6.3 Branching analysis

Golgi staining pictures were acquired in bright field mode at a Zeiss axiophote
microscope. To analyze the morphology of pyramidal neurons of the layer V of the
motor cortex, Z-stack pictures with 20x and 40x objects were taken. Apical dendrites
of 1ry, 2ry, 3ry orders and basal dendritic branches of 1ry, 2ry, 3ry were analyzed per
number and length. The analysis was blind and performed by manual counting. The
obtained data were transferred into an excel sheet and statistical analysis were

performed with GraphPad Prism 8.0.

4.5 Electrophysiology

Depending on the scientific question that was posed two different kinds of recordings
were performed in order to characterize the electrophysiological properties of Pfn27-
mice: extracellular field recordings and patch clamp recordings. Solutions for

electrophysiological recordings are indicated in chapter 5.2.5

4.5.1 Acute hippocampal slice preparation and electrophysiological
setup

Acute hippocampal slices were prepared from P15-P21 animals. Mice were
anesthetized with isoflurane and decapitated. Brains were removed from the skulls
and transferred into ice-cold ACSF gassed with carbogen (95 % 0./ 5 % CO;) for 1 min.
The two hippocampi were dissected and transversally sliced (400 pm) with a
vibratome (Leica VT1200S) in chilled and carbogened ACSF. Slices were then
equilibrated in chambers containing ACSF continuously gassed with carbogen for 30

min at 32 °C and subsequently stored at RT in ACSF.

For all the experiments the hippocampal slices were placed on PDL-coated glass
coverslips in the recording chamber. All recordings were done at RT in a recording

chamber continuously perfused with carbogened ACSF, if needed drugs were added
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to the ACSF. Recordings were obtained using 2-4 MQ borosilicate glass electrodes
(Science Products GB150TF- 8P) equipped with chloride coated silver wires and filled
with different types of solutions, depending on recording performed. All
electrophysiological data were acquired using a Multiclamp 700B amplifier (Axon
Instruments) and digitized on a Digita 1322A (Axon Instruments) controlled by the
software pCLAMP 9.2.

4.5.2 Electrophysiology field recordings

Extracellular field recordings are a way to characterize the functionality of basic
synaptic transmission. These recordings are performed in current-clamp mode that
analyzes how the membrane potential of the cell varies in response to an injected
current and to specific drugs; in this approach, current pulses are injected into the cell
to determine the membrane resistance and therefore its behavior.

In this study extracellular field recordings were carried in the CA3-CA1 synapse of the
hippocampus. In detail, Shaffer collaterals were activated via a stimulation electrode
and post-synaptic responses were recorded in the stratum radiatum (dendritic level)
of the CA1 region. The stimulation and the recording electrode are both filled with
ACSF. The stimulation in the Shaffer collaterals causes a depolarization in the fibers
and the generation of APs, which in turn result in a pre-synaptic glutamate release and
in the activation of the post-synaptic receptors. The influx of ions, due to the opening
of glutamate receptors, cause the depolarization of the post-synaptic membrane and
the generation of EPSPs in the CA1 region.

To analyze excitatory synaptic transmission the extracellular ACSF was supplemented
with 100 pum of PTX, a blocker of GABAA receptors.

To prevent recurrent spontaneous excitation, fEPSP were recorded in acute
hippocampal brain slices disconnecting the Shaffer collaterals with a cut between the
CA1/CA3 region. Shaffer collaterals were then stimulated in the CA3 region and
synaptic responses were recorded in the stratum radiatum of the CA1 region, using
glass microelectrodes filled with ACSF. Before starting the real experiment, free
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recordings were taken for 20 min until fEPSP reached a stable baseline. For each slide
(one experiment) 20 fEPSP were averaged to reduce the electrical noise. All data were
analyzed using Clampfit 10.2 (Molecular Devices), a custom written Matlab routine
(MathWorks) and GraphPad Prism 5 (GraphPad Software). Values are given as means
+ SEM.

4.5.2.1 Input-Output (I-O) curves

The input is the amplitude of the fiber volley, which represents the strength of the AP
arriving from the Schaffer collaterals; whereas the output is defined as the slope of
the resulting fEPSP. In the resulting I-O graphs fiber volley amplitudes of 0.05, 0.1,
0.15, 0.2 and 0.25 mV were evoked and the resulting fEPSC plotted.

4.5.2.2 Paired-Pulse-Facilitation (PPF)

With paired pulse facilitation the pre-synaptic neurotransmitter release was analyzed.
For PPF experiments, Schaffer collaterals were stimulated twice for 0.2 ms with a
stimulus interval of 40 ms and fEPSP were recorded in CA1 region. The ratio of the

slope of the second to the first EPSP was calculated and defined as PPR.
4.5.3 Whole cell recordings

Intracellular recordings are performed in order to study the behavior and the current
flow through synaptic membranes of single cells, according to the whole-cell patch
clamp method invented by Erwin Naher and Bert Sakmann (Hamill et al., 1981). The
glass recording electrode is filled with a specific internal solution that mimics the
intracellular ion-concentration and that is modified according to the specific
experiment which is performed. The fine glass pipette is guided towards the soma of
the CA1 pyramidal cell by constantly applying a pressure which cause an outflow of
internal solution to prevent the obstruction of the pipette with tissue fragments.

When the pipette is near enough to the cell, a light pressure on the membrane of the
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cellis visible. At this point, a mild suction is applied and the cell-attached configuration
is achieved, which is characterized by the formation of the gigaseal (high resistance
seal between the pipette and the membrane). Short pulses of suctions are applied to
disrupt the cell membrane and to reach the whole-cell configuration, in this
configuration the intracellular space of the patch cell is connected to and mixes with
the intracellular solution of the pipette.

In this work patch clamp recordings in whole cell configuration were performed on the
pyramidal cells of the CA1 region. Cells were visualized using differential interference
contrast camera on an upright microscope (Olympus, BX51WI).

Once the whole cell configuration was obtained, a test pulse of -5mV was applied to
the cell and only cells with an input resistance lower than 20 MQ were analyzed.

In voltage-clamp mode the current flow through the membrane and therefore the
membrane channels features of excitatory cells were measured, at this purpose the
membrane voltage of the cell was held at a defined value (-70 mV). The membrane
potential was monitored and whenever it changed the amplifier injected the amount
of current which was necessary to keep the system at the desired holding potential,
therefore the amount of current that is needed to compensate the changes is

analyzed.
4.5.3.1 Miniature excitatory post-synaptic current recordings (mEPSC)

mEPSC were recorded from CA1 pyramidal neurons in acute hippocampal slices at a
holding potential of -70 mV for at least 10 min and analyzing 2 minutes (~120 events)
in the middle region of the recording. The intracellular solution used had the following
composition (in mM): 150 Cs-gluconate, 8 NaCl, 2 MgATP, 2 MgCl,, 10 HEPES, 0.2 EGTA
and 5 QX-314 (pH 7.2 - 290 mOsM/L). To record mEPSC, ACSF was supplemented with
PTX (100 uM) to block GABAA receptors, TTX (0.2 uM) to block action potentials and
trichlormethiazide (TCM, 250 uM) to increase mEPSC frequency. For the statistical
analysis 120 mEPSC events were analyzed with a custom written MATLAB routine
(MathWorks).
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4.5.3.2 Miniature inhibitory post-synaptic current recordings (mIPSC)

mIPSCs were recorded from CA1 pyramidal neurons at -70 mV holding potential for 10
minutes and analyzing 2 minutes (~120 events) in the middle region of the recording.
The intracellular solution used contained a high chloride concentration, the
composition of the solution was the following (in mM): 90 CsCl, 20 Cs-gluconate, 8
NaCl, 2 MgCl,, 10 HEPES, 1 EGTA, and 2 QX-314, pH 7.2 (290 mOsM/L). To isolate
mIPSCs, ASCF was additionally supplemented with NBQX (10 uM) to block AMPA and
KA receptors and TTX (0.2 uM) to block action potentials. mIPSCs events were

analyzed with a custom written MATLAB routine (MathWorks).

4.5.3.3 Evoked IPSCs

IPSCs were recorded as described above in section 4.4.3.2. IPSC were evoked with a
stimulation electrode placed ~100 pum away from the soma of the recorded pyramidal
cell. The position of the stimulation electrode was adjusted such that, the smallest
stimulus (5 pA) elicited a current smaller than 40 pA. Paired pulse ratio (PPR) was
determined as the ratio of the IPSC amplitude of the second pulse to the IPSC

amplitude of the first pulse, with an inter-stimulus interval of 50 ms.

4.6 Behavioral analysis of Pfn2 animals

The Pfn2 ko (Pfn27") mouse model was previously described (Pilo Boyl et al, 2007);
these mice were employed in behavioral tests and electrophysiological analysis. All
mice used in the experiments were littermates generated by crossing heterozygous
parents. Mice were socially housed with a standard 12 h light/dark cycle at 22 °C and
50-55 % humidity, with free access to water and food pellets. All experiments were
performed according to EU regulations (Licenses n. 19/2005-B and AZ 84-
02.04.2013.A233).
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Male mice between 3 to 5 months old were used in behavioral experiments, except

where differently specified.
4.6.1 Maternal behavior

Pregnant females were single-housed a week before delivery. Litter survival was
assessed at P10. In a second approach, pregnant female and male were left together

to allow cross-fostering.

For the study of maternal behavior and pup retrieval the following procedure was
realized: P5 pups from Pfn2”- and wt control females were dispersed in the cage and

time for retrieval of the first pup and of the entire litter was scored up to 30 min.
4.6.2 Social interaction

To evaluate social interaction the test chamber was built according to (Moy et al,

2007) (Fig 4.5).

Figure 4.5 | Scheme of the
testing apparatus for  3-
chambered test maze. Dashed
circles delimit the SI (Social
Interaction) zone hosting a novel
juvenile mouse; whereas the
‘ Empty zone is localized on the
opposite part of the apparatus.
The approach of the test mouse
to the SI or Empty zone was
evaluated for social behavior
guantification.

sl Empty

The experiment was made of two trials of 10 min each. During the first trial, the test
animal was allowed to explore a tripartite chamber containing two empty cages in the
outer compartments. Whereas, during the second trial, the social interaction (SI) zone
contained a stranger juvenile mouse; the behavior of the test animal toward the Sl or

Empty zone was analyzed.
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4.6.3 Stereotypic and repetitive behavior

Mice were transferred into a novel cage and the presence of different repetitive
behaviors was analyzed. Self-grooming, digging, jerking, circling, and wall-leaning

behaviors were scored as number of events in 300 sec.
4.6.4 Y-maze

A three-armed maze, with the shape of the letter Y, was used to measure exploratory
behaviors in rodents. The mouse was placed in a maze formed by three arms with a

length of 35 cm and 5 cm width, oriented at an angle of 120° (Fig 4.6).

Figure 4.6 | Scheme of the testing apparatus for Y-
g% maze. Schematic illustration showing an example of a
\ ’ correct alternation in the Y-maze test.

g

A

Mice were allowed to freely explore the Y maze for 5 min and percent of SPA
(spontaneous alternation) and SAR (same arm return) was calculated in relation to

total arm entries.
4.6.5 Ultrasound vocalizations

USVs were measured in P5-P9 male and female pups (Branchi et al., 2001). Pups were
singularly taken from the mother and placed away from littermates in a soundproof
chamber at RT, this type of chamber could attenuate the external noise. The sound
attenuating chamber was placed under a condenser ultrasound microphone (Avisoft
Bioacoustics CM16/CMPA) connected to an UltraSoundGate 116Hb. The obtained
data were collected for 300 sec with the Avisoft Recorder 2.76 in 16-bit format.

Analysis of USVs was performed using the Avisoft SASLab Pro software (Avisoft
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Bioacoustics, Berlin DE). The low frequency (<70-75 MHz) long calls (>20 ms) and the

call trains (series of calls with a regular spacing of 150+10 ms) were manually scored.
4.6.6 Motor performance

RotaRod

The rotarod consists of a circular rod turning at a constant or increasing speed (Bohlen
et al., 2009). Animals placed on the rotating rod try to remain on it, rather than fall
onto a platform just below. The rotarod test is widely used to generally assess motor
performance in rats and mice; indeed, the test measure the ability of the mouse to

maintain itself on the rod.

An automated apparatus (TSE Systems, Germany) was used to test young (2.5-5
months) and older (5.5-8 months) mice. On the first day, mice were placed on the
rotarod and exposed to a constant speed (3 rpm) protocol for 4 sequential trials of 300
sec each, with inter-trial interval of 1 h 30 min. Afterwards, for five consecutive days
mice were exposed to incremental rotation speed paradigm (3 to 30 rpm) for 300 sec,
three times a day with inter-trial interval of 1 h 30 min. The best performance of the
day was selected for every single mouse to assess motor ability, coordination and

learning.

Hanging test

Mice were hanged with the forelegs to a thin metal bar and stay time was measured.
Grip test

A grip strength meter (Harvard Apparatus) was used to test muscle strength of the
animals. Mice were allowed to grab a metal grid with the forepaws only or with all 4
paws and were gently and constantly pulled by the tail until they lost the grip. The
pulling strength was measured in Newton. Three measurements were taken for each
mouse and the average was used for statistical purposes.
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5.1 Mouse lines

Line

Reference

Pfn27
Pfn1/%/del.pfn 27/ :Nes-Crece/"t

Pfn1™/f%.pfn27/";Camk2a-Cree/"*

Pilo Boyl et al. 2007
This work

This work

5.1.1 Oligonucleotides for genotyping PCRs

Table 5.1 - Oligonucleotides for genotyping PCRs

Primer (Number - Witke lab archive)

Sequence (5’-3’ direction)

Pfn1-fIx1 for (546)

TGG AGC GGA TCC AGC GAA GG

Pfn1-fIx1 rev (789)

CGG CTT GGCTGC GTG AG

Pfnl-del2 as (752)

CAT GGT CCT AAAGTCTGG

Pfn2-for (229)

GTCTTG GTCTTT GTA ATG GGA AAAG

NestP2wt-rev (422)

CAATGC TGG AGT ACA CAA GG

NestLacZ-rev (423)

CTG CAAGGC GATTAAGTT GG

NesPr1 (s) (355)

CGCTTCCGCTGG GTCACT GTCG

NesPr2 (as) (617)

TGC AGG CCG CCT CGATGG

Cre4 (as) (749)

ATC GAC CGG TAATGC AGG

MP90 (s) (386)

GGA CCT GGA TGC TGA CGA AG’

MP80 (as) (387)

CGC ATAACCAGT GAAACAGCAT

aCamkll-1 (as) (618)

ATG TGT CAG CGC CTA ACT CTG

5.2 Solutions and buffers

5.2.1 General solutions

Solution Reagent Concentration

Paraformaldehyde (PFA) 4 % - pH PBS 1x 100 ml

7.4 (100 ml) Formaldehyde 4g

PBS 10x - pH 7.4 NaCl 15M
Na;HPO4 162 mM

159




Material

NaH2PO4 38 mM
TBS 10x Tris-HCl (pH 7.4) 400 mM
NacCl 1.5M

5.2.2 Solutions for the analysis of nucleic acids

Solution Reagent Concentration

DNA extraction buffer Tris-HCI (pH 7.4) 50 mM
NacCl 100 mM
EDTA 5mM
SDS (20 %) 1%
Proteinase K 0.5 pg/ul

DNA loading buffer Sucrose 40 %

(100 ml) SDS 0.5%
Bromophenol blue 0.25%
TE buffer to 100 ml

Proteinase K (10 mg/ml) Proteinase K
MilliQ-H20

Saturated NaCl (100 ml) NaCl ~36¢g
MilliQ Up to 100 ml

TE buffer Tris-HCI (pH 8.0) 100 mM
EDTA 1mM

TAE buffer 50x — pH 8.3 Tris-HCI (pH 8.3) 2M
Acetic acid 57.1ml
EDTA (pH 8.0) 0.05 M

TENT buffer Tris-HCI (pH 8.3) 20 mM
EDTA 0.1 mM
Tween-20 1%
Triton-X-100 0.2%

5.2.3 Solutions for biochemistry

Solution Reagent Concentration

Coomassie destaining Methanol 40 %

solution 40 % Acetic acid 10%

Coomassie destaining Methanol 20 %

solution 20 % Acetic acid 10%
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Coomassie staining Methanol 50 %
solution Acetic acid 10 %
Coomassie Brilliant Blue 0.1%
R250
ECL solution A Tris-HCI (pH 8.5) 0.1 M
Luminol 2%
p-hydroxy-coumarin stock 0.05 %
ECL solution B Tris-HCI (pH 8.5) 0.1M
H202 (30 %) 0.03%
F-G  actin  separation Triton®X-100 2%
buffer PHEM 2x
p-hydroxy-coumarin stock p-Coumaric Acid in DMSO 90 mM
solution
Luminol stock solution Luminol in DMSO 250 mM
Membrane blocking NCP 1x
solution Milk powder (non-fat) 5%
or BSA
NCP 10x (pH 8-8.4) NaCl 1 1.47 M
Tris base 0.4M
Tween-20 0.05%
PHEM buffer 10x (pH 6.9)  PIPES 600 mM
HEPES 250 mM
EGTA 100 mM
MgCl 20 mM
Polyacrylamide resolving Milli-Q H.O 23.3 ml
gel 30 % Acrylamide (1:38) 16.7 ml
2 M Tris/HCl pH 8.8 9.5 ml
10 % (50 ml for 7 gels) 20 % SDS 250
10 % APS 320 ul
TEMED 25 pl
Polyacrylamide resolving Milli-Q H.0 15 ml
gel 30 % Acrylamide (1:38) 25.0 ml
2 M Tris/HCl pH 8.8 9.5 ml
15 % (50 ml for 7 gels) 20 % SDS 250 pl
10 % APS 320 ul
TEMED 25 pl
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Polyacrylamide resolving Milli-Q H,0 18 ml
gel 30 % Acrylamide (1:38) 3.9ml
0.5 M Tris/HCl pH 6.8 7.5 ml
3.8% (30 ml for 7 gels) 20 % SDS 150 pl
10 % APS 180 pl
TEMED 14 ul
SDS loading buffer 5x Tris-HCI (pH 6.8) 110 mM
Glycerol 20%
SDS 3.8%
-mercaptoethanol 8%
Bromophenol Blue 0.03 % (w/v)
SDS running buffer 10x Tris base 0.25M
Glycine 1.92 M
SDS (20 %) 1%
Transfer buffer Tris base 25 mM
Glycine 192 mM
Methanol 20 %

5.2.3.1 Solutions for synaptosomal preparation

Solution Reagent Concentration
Hepes-Krebs buffer NaCl 147 mM
KCI 3 mM
Glucose 10 mM
MgSQOg4 1 mM
CaCl; 1 mM
Hepes pH 20 mM
Homogenizing buffer Sucrose 0.32
EDTA 1mM
BSA 1 mg/ml
HEPES pH 7.4 5mM
Krebs-Ringer buffer NacCl 140 mM
KCI 5 mM
Glucose 5mM
EDTA 1mM
HEPES pH 7.4 10 nM
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5.2.4 Solutions for histological analysis

5.2.4.1 Prepared solutions for paraffin- cryo- and Golgi- method

Solution Reagent Concentration
Chrome alum solution Gelatin type A 15¢g
(500 ml) KCr(SOa)2 0.25g
Milli-Q H20 500 ml
EtOH 50 %-75 %-85 %-96 % Ethanol Different %
Milli-Q H20
Sucrose 15 % (4°C - 100 ml) Sucrose 15g
1X PBS Up to 100 ml
Sucrose 30 % (4°C - 100 ml) Sucrose 30g
1X PBS Up to 100 ml

5.2.4.2 Commercial solutions for paraffin- cryo- and Golgi- method

Reagent Supplier

Eosin Y Sigma

Entellan Merck

FD Rapid GolgiStain kit FD NeuroTechnologies
Mayer’s hemalum solution Merck

Paraffin supplemented with DMSO Sigma

Tissue-Tek O.C.T. Compound Sakura

Entellan Merck

5.2.4.3 Prepared solutions for stainings

Solution Reagent Concentration
Autofluorescence Ammonium chloride (NH4CI) 50 mM
guenching solution

DAPI stock solution 10 ng/ml

DAPI staining solution DAPI (in TBS-T) 1:5000

Draq5 staining solution Draq5 (in TBS-T) 1:2000
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IF Primary  Antibody

solution (cryo-section)

IF Primary  Antibody IF Blocking solution 1x

solution (vibratome Primary antibody (IAb) Depending on the Ab
sections)

IF Secondary Antibody
solution (cryo-sections)

IF Secondary Antibody
solution (vibratome

IF Blocking solution
Secondary antibody (lIAb)

1x
Depending on the Ab

sections)

IF Blocking solution NGS (Normal Goat Serum) 5%

(cryo-sections) DMSO 2%
Triton-X-100 0.5%
TBS-T 1x

IF Blocking solution NGS 2-10%

(vibratome sections) DMSO 1-2%
TBS-T 1x

Mowiol mounting media  Mowiol
Tris-HCl pH 8.5 20%
n-propyl-gallate (NPG) 5%
1,4- 2.5%
diazabicyclo[2,2,2]octane
(DABCO) 0.25%
p-phenyl-endiamine (PDD)

TBS-T Triton X-100 0.2%
TBS 1x

5.2.5 Solutions for electrophysiology

Solution Reagent Concentration

Artificial cerebrospinal NaCl 130 mM

fluid (ACSF) — KCI 2.75mM
MgS04.7H20 1.43 mM

pH7.3-7.4 NaH2PO4 1.1 mM

315-325 mOsm/L NaHCOs 28.8 mM
CaCl; 2.5mM
Glucose 11 mM
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Intracellular Solution Cs-Gluconate 150 mM
(pH 7.2 =290 mOSm/L) HEPES 10 mM
MgCl, 2 mM
MgATP 2 mM
EGTA 0.2 mM
Qx-314 5mM
NaCl 8 mM
High-Chloride Intracellular CsCl 90 mM
Solution Cs-Gluconate 20 mM
(pH 7.2 =290 mOSm/L) HEPES 10 mM
MgCl, 2mM
EGTA 1mM
QXx-314 2 mM
Nacl 8 mM
Pharmacological Drugs NBQX 10 uM
PTX 100 uM
TCM 250 pM
TTX 0.2 uM

5.3 Commercial solutions, chemicals and reagents

5.3.1 Solid chemicals

Reagent Supplier
Agarose Biozym
Ammonium persulfate (APS) Sigma-Aldrich
Bovine serum albumin (BSA) Pan Biotech
Bromophenol blue Bio-Rad
CaCl;-2H,0 Sigma-Aldrich
Coomassie Brilliant Blue R-250 AppliChem
CsCl Sigma-Aldrich
CsOH Sigma-Aldrich
CNQOX Tocris
D(+)-Glucose Sigma-Aldrich
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D(+)-Sucrose

EDTA

EGTA

Gelatin Type A
Gluconate

HEPES

KCI

KCr(SO4)2

Luminol

MgCl2-6H20
MgS04-7H,0

Milk powder (non-fat)
n-propyl-gallate (NPG)
NaCl

NaH2PO4

NAHCO3

NaNs

NBQX

Paraffin, low-melting
Picrotoxin (PTX)
Poly-D-Lysine
Proteinase K

Qx-314
Trichlormethiazide (TCM)
Tetrodotoxin (TTX)

Tris base

VWR
AppliChem
Sigma-Aldrich
Merck
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Merck
Sigma-Aldrich
AppliChem
AppliChem
Roth
Sigma-Aldrich
Th. Geyer
AppliChem
AppliChem
Merck

Bio Trend
Merck
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Tocris
Sigma-Aldrich
Bio Trend
Sigma-Aldrich
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5.3.2 Liquid chemicals

Reagent Supplier
B-mercaptoethanol Sigma-Aldrich
Acetic acid glacial VWR
Acrylamide (30 %) Merck
Bradford reagent Witke Lab
Dimethyl sulfoxide (DMSO) Sigma-Aldrich
dNTPs Promega
Ethanol Sigma-Aldrich
Ethidium bromide (1 %) VWR

Glycine Roth

Go-Taq polymerase Promega

HEPES

Hydrochloric acid (HCI) (37 %)
Isopropanol

Methanol

MgCl,

Mowiol 4-88

Nitrogen

Normal goat serum (NGS)
PCR-flexi-buffer (5x)

PIPES

Sodium dodecyl sulfate (SDS)
TEMED

Triton-X 100

Tween-20

Xylene

Life Technologies
VWR

VWR

VWR

Promega

Roth
German-Cryo
Vector Laboratories
Promega

Roth

AppliChem

VWR

Roche
Sigma-Aldrich
Roth
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5.3.3 Markers

Reagent Supplier

1 kb Plus DNA Ladder Invitrogen

SeaBlue Plus2 Pre-Stained Standard Invitrogen
5.4 Antibodies

5.4.1 Primary antibodies for WB

Unless stated otherwise, all antibodies for western blot were diluted in 5 % milk

powder in 1x NCP and were incubated O/N at 4°C.

Table 5.2 - Primary antibodies for WB.

Antigen Host species  Dilution Manufacturer
Actin (C4) Mouse 1:5000 MP Biomedicals
pCDK2(Thy15) Rabbit (BSA) Cell Signaling
pCDK2(Thr161) Rabbit (BSA) Cell Signaling
Dynamin 1 (KG43) Rabbit 1:1000 Witke Lab
pH3(Ser 10) Rabbit (BSA) Millipore
MUNC18 Mouse 1:1000 BD Transduction
a-PFN1 (p1T) Rabbit 1:500 Witke Lab
a-PFN2 (3003) Rabbit 1:500 Witke Lab

PSD95 Mouse 1:500 Upstate Cell Signaling
PSD95 Rabbit 1:500 Synaptic Systems
SNAP25 Rabbit 1:1000 Sigma-Aldrich
Synapsin 1 Rabbit 1:1000 Millipore
Synapsin 2A Mouse 1:500 BD Transduction
Synaptophysin Mouse 1:1000 Sigma-Aldrich
Synaptotagmin 1 Rabbit 1:1000 Synaptic Systems
Syntaxin 1

VAMP2 Rabbit 1:1000 Synaptic Systems
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Tpx2 Rabbit 1:500 Gruss Lab
y-tubulin Rabbit 1:1000 Sigma-Aldrich
5.4.2 Primary antibodies for IF
Table 5.3 - Primary antibodies for IF.
Antigen Host species Dilution Manufacturer
Cleaved Caspase3  Rabbit IF 1:50 Millipore
(Asp175)
Alexa 488 conjugate
GFAP Mouse IF 1:500 Millipore
pH3(Ser10) Rabbit IF 1:500 Millipore
Ibal Rabbit IF 1:750 WAKO Chemicals
NRGN Rabbit IF 1:500 Proteintech
s100P3 Rabbit IF 1:1000 Abcam
B3-tubulin Mouse IF 1:1000 Promega

5.4.3 Secondary antibodies

All secondary antibodies for western blot were diluted 1:2000 in 5 % milk powder
in 1x NCP and were incubated 2 hours at RT.

Table 5.4 - Secondary antibodies for WB & IF.

Antigen specie! Conjugate Host species  Dilution Supplier
Mouse HRP Goat WB 1:2000 Jackson
ImmunoResearch
Rabbit HRP Goat WB 1:2000 Jackson
ImmunoResearch
Mouse Alexa-488 Goat IF 1:500 Life Technologies
Mouse Alexa-555 Goat IF 1:500 Life Technologies
Rabbit Alexa-488 Goat IF 1:500 Life Technologies
Rabbit Alexa-555 Goat IF 1:500 Life Technologies
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5.4.3 Dyes reagents and staining solutions

Dye Dilution Supplier
DAPI 1:5000 Sigma-Aldrich
Drag5 1:1000 Abcam

5.5 Equipment and Software

5.5.1 Equipment for electrophysiology

Equipment Supplier Model/Version
Amplifier Axon Instruments Muticlamp 7008
Digitizer Axon Instruments Digidata 1322A
Electrodes Science Products GB150TF-8P
Vibratome Leica VT1200S

5.5.2 Software
Software Supplier Version
Clampfit Axon Instruments 10.2
Custom written matlab routine MathWorks
Image J NIH 1.45s
Multi Gauge Fujifilm V3.0
Prism GraphPad 8
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Appendix

Supplementary figure
7.1 | Pfn2”/-mice show
hind legs clasping.
Pfn27- mice show from
very early age (P10)
the characteristic
coordination deficit of
clamping their hind
legs when picked up
by the tail instead of
spreading them out.

wt Pfn2/

wt Pfn1 7/ ;Pfn2 7

Supplementary figure 7.2 | Coronal sections of E14.5 wt and Pfn17/;Pfn2/
(Pfn1-fIx;Nes-Cre) embryo heads stained with H&E. On the left, it is shown the schematic
position of the section plane used for the comparison between the genotypes. On the
right, H&E stained sections are shown. Pfnl7;Pfn27- embryos showed severe
morphological malformation, none of the different brain regions was precisely
recognizable. In the wt image different brain regions are indicated: Cx, cortex; Ey, eye.
Scale bar: 1Imm.
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wt Pfn1”";Pfn2”"

Supplementary figure 7.3 | Coronal sections of E16.5 wt and Pfn17;Pfn2/
(Pfn1-fix;Nes-Cre) embryo heads stained with H&E. A. On the left, it is shown the
schematic position of the more anterior section plane used for the comparison. On the
right, H&E stained control and Pfn double ko sections are shown. B. On the left, it is shown
the schematic position of the more posterior section plane used for the comparison. On
the right, H&E stained control and Pfn double ko sections are shown. Pfn17-;Pfn27-embryos
showed severe morphological malformation, all brain structures were completely lost. In
the wt image different brain regions are indicated: Cx, cortex; Ey, eye; Nph, nasopharynx;
Th, thalamus; Ph, pharynx. Scale bar: 1mm.
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DAPI pH3 B-111 Tubulin Merge

Pfn17;pPfn2""  Pfn1*/;Pfn2”"

Pfn1”;Pfn2”"

Supplementary figure 7.4 | Overview of the radial glia and neuronal populations in the
forebrain-midbrain region of E11.5 embryos. pH3 (RG) and B-lll tubulin (neurons)
immunofluorescence staining on matched cryo-sections from wt, Pfn1*;Pfn27,
Pfni17;Pfn2*- and Pfn17-;Pfn2”- (Pfn1-fIx;Nes-Cre) embryos. In the merge picture: in blue
is shown the DAPI staining, in green pH3 and in red B-Ill Tubulin. Scale bar: 100 um.
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Pfn17";Pfn2*

Pfn17";Pfn2”"

Supplementary figure 7.5 | Altered VZ organization in the midbrain of Pfn17/:;Pfn2"-
(Pfn1-flx;Nes-Cre) E11.5 embryos. Immunofluorescence staining on matched cryo-
sections from wt, Pfn1*;Pfn27-, Pfn17/-;Pfn2*- and Pfn17/;Pfn2”- red R-Ill Tubulin. The
VZ of wt and Pfn1*;Pfn27- embryos is composed by a layer of pH3+ cells linearly
organized. Contrarily, in the VZ of Pfn17/-;Pfn2*- and Pfn17;Pfn2”/- embryos, where
PFN1 is not expressed, pH3+ cells misalignment is observed. Scale bar: 20 um.
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wt Pfn1*/";Pfn2"" Pfn1”";Pfn2*/ Pfn1”";pfn2”"

Supplementary figure 7.6 | Altered cortical and hippocampal organization in P80-P90
Pfn17/;Pfn2/- (Pfni1-fIx;Camk2a-Cre) mice. Sample overview images of the cortico-
hippocampal region in matched coronal slices from Golgi-stained brains of P80-P90 wt,
Pfn1*;Pfn27", Pfn17/;Pfn2*~and Pfn17;Pfn27- mice. Cortical and CA1 hippocampal regions
are heavily altered in their organization in Pfn17; Pfn27- mice (D). Pfn1*";Pfn2”- mice also
show a certain degree of impairment, with reduced neuronal density and simplified
dendritic arborizations (B). Pfn17;Pfn2* mice (C) show a cortical and hippocampal
organization similar to the wt condition (A). Scale bar: 500 um.
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Supplementary figure 7.7 | Layer V cortical pyramidal neurons of Pfnl7/;Pfn2/-
(Pfn1-fix;Camk2a-Cre) mice displayed reduced length of apical 1ry dendritic branches. Bar
graph representing the average length (L) of 1ry apical dendrites of layer V cortical neurons
in control and profilin mutant mice. The length of 1ry apical dendritic branches was halved
in Pfn17-;Pfn27- double ko mice (P<0.001); a modest reduction in length was also observed
in Pfn1*/;Pfn2”~ mice (P=0.041), bearing only one Pfn1 allele. The dotted line indicates the
wt level. n=2 mice per genotype and a total of 60 cells per genotype were analyzed. Error
bars represent s.e.m. One-way ANOVA - Dunnett's test, *P<0.05, ***P<0.001.
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Supplementary figure 7.8 | Layer V cortical pyramidal neurons of Pfnl”/;Pfn2"-
(Pfn1-filx;Camk2a-Cre) mice displayed no apical 4ry dendritic branches. Bar graph
representing the average number (N) of 4ry apical dendritic branches of layer V cortical
neurons of control and profilin mutant mice. The dotted line indicates the wt level. A strong
reduction of complexity was observed in Pfn17-;Pfn27- mice, indeed no 4ry apical branch
was observed. A surprisingly similar impairment was also observed in Pfn1*";Pfn27- mice,
bearing only one Pfn1 allele. n=2 mice per genotype and a total of 60 cells per genotype
were analyzed. Error bars represent s.e.m. One-way ANOVA - Dunnett's test, ***P<0.001.
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Supplementary figure 7.9 | Layer V cortical pyramidal neurons of Pfni1”/;Pfn2"
(Pfn1-flx;Camk2a-Cre) mice displayed no basal 3ry dendritic branches. Bar graph repre-
senting the average number (N) of basal 3ry dendritic branches in layer V cortical neurons
of control and profilin mutant mice. The dotted line indicates the wt level. In Pfn17;Pfn2"
mice no basal 3ry branch was observed. A surprisingly similar impairment was also
observed in Pfn1*-;Pfn2”- mice, bearing only one Pfn1 allele. A significant reduction was
also observed in Pfn17;Pfn2*- mice, bearing only one Pfn2 allele. n=2 mice per genotype
and a total of 60 cells per genotype were analyzed. Error bars represent s.e.m. One-way
ANOVA - Dunnett's test, ***P<0.001.
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Supplementary figure 7.10 | Overview images of the hippocampus in
immunofluorescence stainings against neurogranin on P80-P90 Pfn mutants.
Immunofluorescence staining of NRGN (red) on coronal brain slices from wt, Pfn1*-;Pfn27-
, Pfn17;Pfn2*- and Pfn17-;Pfn27 (Pfn1-fIx;Camk2a-Cre) P80-P90 mice. Nuclei are stained
with DAPI (blue). Scale bar: 40 um.
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