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ABSTRACT

Microglia are the resident immune cells of the brain and have been implicated in mechanisms
essential for cognitive functions. Down syndrome (DS), the most frequent cause of genetic
intellectual disability, is caused by the presence of a supernumerary chromosome 21, which
contains genes essential for the function of the immune system. Here, we investigated the
presence of microglial alterations and their implication for cognitive impairment in the Dp(16)
mouse model of DS. In the hippocampus of Dp(16) mice and individuals with DS, we found
microglial morphology indicative of an activated state. Accordingly, we found increased levels of
pro-inflammatory cytokines and a phagocytosis marker in Dp(16) mice. In addition, Dp(16) mice
showed decreased dendritic spine density and cognitive deficits. Remarkably, depletion of
defective microglia by PLX3397 treatment or rescue of the microglia activated state by the
commonly used anti-inflammatory drug acetaminophen fully rescued dendritic-spine density and

cognitive deficits in Dp(16) mice.

Our data suggest an involvement of microglia in the cognitive impairment of DS animals and
identify a new therapeutic approach for the potential rescue of cognitive disabilities in individuals

with DS.




INTRODUCTION

Chapter |I: Down Syndrome

Down syndrome (DS) is the main genetic cause of intellectual disability worldwide with a
frequency of around 1 in 1000 live births (Khoshnood et al., 2011). It is caused by a supernumerary
copy) or by a triplication of part of the human chromosome 21 (HSA21), usually due to meiotic
non-disjunction during oogenesis (Dierssen, 2012; Hickey et al., 2012). Due to the fact that a long
stretch of chromatin (~48 Mb) containing around 235 protein-coding genes is triplicated, this
condition is very complex and characterized by a series of different symptoms (Colacurcio et al.,
2018; Dierssen, 2012). Virtually all people with DS present some degree of cognitive impairment
together with a wide range of other anomalies such as craniofacial deformations, congenital heart
anomalies, thyroid diseases and immunological disorders (Dierssen, 2012; Hickey et al., 2012; Li et
al., 2007; Sullivan et al., 2017). In addition, most individuals with DS by the age of 40 will develop
Alzheimer’s disease (AD; (Hickey et al., 2012). Although there is no cure for this condition, life
quality of individuals with DS can be greatly improved with proper health care and education.
Indeed, in developed countries the life expectancy of these individuals is around 55 years (Roizen

and Patterson, 2003).

1.1 Cognitive impairments and pathophysiological changes

Cognitive impairments are the most common and also one of the most debilitating symptoms of
DS (Parrini et al., 2017; Roizen and Patterson, 2003). Individuals with DS show deficits in many
different cognitive domains with severe impairment in language and vocabulary development
(Dierssen, 2012). Moreover, short-term memory as a whole is highly impaired as well as the
acquisition and storage of explicit memory. Of note is the fact that DS individuals have an almost

intact visuospatial memory (Dierssen, 2012). A wide range of pathophysiological changes in brains




from individuals with DS have been observed with an overall reduction of brain volume that

comprises many of the brain areas (Fig. 1) together with extensive evidence showing that brain

regions are wired atypically in the DS compared to non-DS individuals (Dierssen, 2012). For

example, the corpus callosum is smaller in DS suggest an overall decreased of connectivity

between brain hemispheres (Teipel et al., 2003). In addition, the frontal lobe have been

extensively shown to have decreased connectivity with other brain areas considered important for

learning and memory such as the hippocampus and the basal ganglia (Dierssen, 2012; Pujol et al.,

2015). Interestingly, imbalances in excitation/inhibition (especially in the hippocampus), are

present in DS and could be an interesting target for recovering cognition (Belichenko et al., 2009;

Deidda et al., 2015; Parrini et al., 2017).

Brain region Newborns

Whole brain Almost normal weight

Prefrontal cortex Reduction in volume

Normal or reduction in

Parietal cortex
volume

Narrow superior temporal
Temporal cortex P P

gyrus
Hippocampus Unknown
rP:gr;‘:)hr:ppocampal Unknown
Amygdala Reduction in volume
Cerebellum Reduction in volume
Brain stem Reduction in volume
Basal ‘

Almost normalsize
prosencephalon

“Adulthood begins later in people with trisomy 21 than in individuals without intellectual disability, although people with Down syndrome are considered to be elderly
once they have reached 50 years of age.

Adults (20-50 years of age)”
Reduction in weight, brachycephalic

Reduction in volume
Reduction in volume

Reduction in volume of right middle or superior
temporal gyrus

Reduction in volume
Increase in size of the parahippocampal gyrus

Reduction in volume
Reduction in volume

Increase in grey matter volume

Normal

Elderly individuals (>50 years of age)”
Smaller overall cerebral volumes

Reduction in volume
Unknown

Decreased grey matter volume in posterior cingulate and
entorhinal cortex

Unknown
Reduction in volume

Reduction in volume
Reduction in volume
Degeneration of locus coeruleus

Degeneration of basal prosencephalon cholinergic nuclei
(nucleus of Meynert)

Figure 1. Brain changes in individuals with Down syndrome (Adopted from Dierssen, 2012).

At a cellular level, neurons from individuals with DS as well as from DS animal models (i.e., Tc1,

Ts1Rh1, Ts65Dn and Ts1Cje mice), show alterations in number and shape of dendritic spines

(Belichenko et al., 2009; Haas et al., 2013; Herault et al., 2017; Torres et al., 2018).




Dendritic spines are structures on dendrites that protrude outwards and function as
compartments for excitatory synaptic elements in excitatory synapses (Nakahata and Yasuda,
2018). Defective dendritic spine structure and number, together with their function are a very
important feature of a wide range of neurodevelopmental disorders, including DS, and probably
underlie alterations in neuronal and synaptic plasticity, ultimately having an impact on cognition
(Torres et al., 2018). Dendritic spines are very dynamic structures that can assume a wide range of
morphological states (Fig. 2) going from filiform (immature spines) to mushroom spines (mature,
immobile spines) passing through more mobile shapes such as stubby and thin (mature, immobile

spines; (Risher et al., 2014).

Length Length Length Length:Width Width 2 or more
>2 Um <2 um <1 um Ratio <1 >0.6 ym heads

Figure 2. Dendritic spine morphologies. Dendritic spines can assume a wide range of

morphological states (Adopted and adapted from Risher et al. 2014).

Spine dynamics are necessary for learning and memory (Bosch et al., 2014; Salter and Stevens,
2017) and its dynamicity is due to the actin cytoskeleton and a wide range of protein that can
interact with actin itself stabilizing or destabilizing its structure (i.e., drebrin and profilin;

(Nakahata and Yasuda, 2018); Fig. 3).




Figure 3. Dendritic spine structure. Dendritic spines are
very dynamic structures. Their dynamicity is due to
actin and its interactors, such as drebrin (DBN; Adopted

from Nakahata et al. 2018).

microtubule

Drebrin (DBN) is one of the most important actin-stabilizing proteins in dendritic spines where it is
highly expressed and exerts a pivotal role in maintenance and maturation (Koganezawa et al.,
2017). Interestingly, drebrin levels are drastically decreased in individuals with DS (Shim and

Lubec, 2002; Weitzdoerfer et al., 2001).

1.2 Immune system dysregulation

In addition to cognitive disability, individuals with DS often suffer from intrinsic immunological
dysfunctions such as an increased risk of infections, hematological and autoimmune disorders
resulting in higher hospitalization and mortality rates (Guaraldi et al., 2017; Schoch et al., 2017).
Accordingly, individuals with DS present dysregulation in a wide range of immune system-related
cells and factors. Indeed, defects are present in both the innate (the first component of the
immune system to activate upon pathogen presentation) and adaptive immune system (the
component of the immune system that is activated after the activation of the innate immune
system relies on tackling specific antigens; (Joseph et al., 2018). The adaptive immunity of

individuals with DS show alterations typically seen in the elderly (i.e., lack of diversity among naive




circulating T and B cells and a dysregulated development of fully differentiated B and T cells; (Ram
and Chinen, 2011; Schoch et al., 2017). In addition, immune response following vaccination is
decreased probably due to a smaller number of circulating memory B cells (Schoch et al., 2017;
Valentini et al., 2015). Circulating antibodies in individuals with DS are also strongly altered, with
significant alteration of IgM, 1gG and IgA (Eijsvoogel et al., 2017; Ram and Chinen, 2011).
Interestingly, the acuteness of the changes in T and B cells have been correlated with
prospectively identified infection-related hospitalizations in children with DS (Martinez et al.,
2016). In addition, higher levels of circulating pro-inflammatory cytokines such as Tumor Necrosis
Factor a (TNF-a), Interleukin-1 B (IL-1pB), IL-6, Monocyte Chemoattractant Protein 1 (MCP-1), IL-22,
Interferon y (IFN-y) as well as higher activation of the complement cascade are present in persons
with DS (Sullivan et al., 2017; Zhang et al., 2017). Moreover, the interferon-response cascade is
constantly activated in DS with a consequent decrease in protein synthesis and further release of
pro-inflammatory molecules (Sullivan et al., 2017; Sullivan et al., 2016), or, as defined by Sullivan
et al. 2016: “(...) the cells of people with Down syndrome are constantly fighting a viral infection

that does not exist.”

Although the brain is tightly sealed by the blood brain barrier (BBB), it partially touched by the
immune system. The (only) representative of the immune system in the Central Nervous System
(CNS) are the microglia (Kaur et al.,, 2017). Interestingly, together with higher level of
neuroinflammation and increased pro-inflammatory cytokines levels persons with DS show
microglial and astroglial activation (Rueda et al., 2018; Streit et al., 2014; Wilcock and Griffin,
2013; Xue and Streit, 2011). Finally, neurons from individuals with DS and the Ts65Dn mouse
model overexpress the COX2 enzyme, one of the most prominent markers of inflammation (Mulet
et al., 2017). This increase in neuroinflammation in DS may exacerbate the cognitive deficits in

which pro-inflammatory molecules may affect neuronal proliferation, decrease neurogenesis, and




impair neuronal maturation and wiring (Rosi et al., 2012; Rueda et al., 2018; Salter and Stevens,
2017). Moreover, increased microglia-mediated synaptic synaptic elimination may underlie some
of the defects observed (Salter and Stevens, 2017). Finally, neuroinflammation is one of the main
contributors for the progression of AD. Interestingly, the Amyloid-Precursor Protein (APP) and the
consequent AB aggregate promote neuroinflammation themselves. The higher level of basal
neuroinflammation together with the triplication of the App gene could therefore explain the high
susceptibility of DS persons to developing AD and dementia (Hartley et al., 2015; Rueda et al.,

2018).

1.3 Animal models of Down Syndrome

Mice have around 158 genes that are orthologous to genes triplicated in people with DS. These
orthologous genes lay on Murine Chromosome 10, 16, and 17, with most of them on Chromosome
16 (MMU16; (Herault et al., 2017). This lead researchers to develop a wide range of mice strains
containing total or partial triplication of the MMU16 (Fig. 4). The first viable DS murine model ever
developed was the Ts65Dn in 1990 (Davisson et al., 1990). Since then, the scientific community
made huge efforts forward on the development of new and cleaner models. However, the Ts65Dn

remains the most used and studied DS murine model (Herault et al., 2017).
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Figure 4. Diagram showing the chromosomic structure of the most commonly used DS mouse
models with triplications on genes located in mouse Chromosome 16. The human chromosome
21 (HSA21) and the mouse chromosomes that contain genes orthologue to the HSA21 (Chr. 16, 17
and 10) are depicted. The Tcl mouse is the only one that contains the whole HSA21 (black bars
represent deletions included in the Tcl chromosome), the other models bear a triplication or a

partial triplication of the MMU16 (Adopted and adapted from Hartley et al. 2016).

The only model developed that contains the whole HSA21 is the Tcl mouse (O'Doherty et al.,
2005). In the Tcl mouse however, during cell proliferation the HSA21 is stochastically lost
generating at the end a mosaic animal: this huge drawback hindered a wider use of this model
(Herault et al., 2017). With the development of a new genomic engineering technique, the Cre/Lox
system, a wide range of partial MMU16-triplication bearing strains were developed (i.e.
Dp(16)yey, Ts1Yu; (Herault et al., 2017); Fig. 4). The Dp(16)yey model of DS (hereafter referred to
as Dp(16)), bears on one chromosome 16 a duplication orthologous to the region q11-q22.3 of
HSA21 (Li et al., 2007). Therefore, Dp(16) mice have three copies of 113 genes orthologous to

those overexpressed in DS and involved in the phenotype characteristic of this syndrome. Indeed,
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Dp(16) mice recapitulate many of the characteristics of human syndrome such as craniofacial
defects, gastrointestinal dysfunctions, and, most importantly, cognitive deficits (Goodliffe et al.,
2016; Jiang et al., 2015; Li et al., 2007). Indeed, Dp(16) mice have defective behavior in many
cognitive behaviors such as T-Maze test, Fear Conditioning and Morris Water Maze (Goodliffe et
al., 2016; Jiang et al., 2015; Yu et al., 2010). Similar deficits have also been observed in the Ts65Dn
mouse (Deidda et al., 2015; Parrini et al., 2017; Raveau et al., 2018). Interestingly, hippocampal
Long Term Potentiation (LTP) in Dp(16) as well as in Ts65Dn are defective (Dierssen, 2012; Jiang et
al., 2015). Moreover, an increased number of interneurons in the hippocampus of Dp(16) mice
was observed together with significant decrease in the ability of bursting and producing complex
spikes of CA1 pyramidal cells. This in turn may alter the ability of acquiring and consolidating

spatial memories (Raveau et al., 2018).

Evidence from the study of postmortem fetal brains of individuals with DS and from animal
models, namely Ts65Dn, Ts1Cje, and Ts16, have indicated a wide range of prenatal abnormalities
such as reduced proliferation and neurogenesis, delayed neocortical expansion, and microcephaly
(Contestabile et al., 2007; Goodliffe et al.,, 2016; Guidi et al., 2008). However, it has been
unexpectedly shown that the Dp(16) mice present none of these neuron-related pre-natal defects
(Goodliffe et al., 2016). On the other hand, at the second post-natal week Dp(16) animals
presented delayed developmental milestones and deficits in motor and cognitive behavior,
suggesting that the post-natal development is sufficient to generate most of the deficits that

recapitulate the human condition (Goodliffe et al., 2016).

Nevertheless, to date, there is no extensive analysis of the immune system dysregulation in animal
models of DS. However, in Ts65Dn it is possible to put together evidence showing that also in the
animal model of DS the immunological deficits are recapitulated (Hartley et al., 2015). An early

report reported that the treatment of pregnant Ts65Dn dams with an antibody against IFNy was
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able to rescue fetal growth (Maroun, 1995), which is in line with the more recent notion that in DS
the IFNy is abnormally activated (Sullivan et al., 2017; Sullivan et al., 2016). Interestingly, reports
have shown that the Ts65Dn animals have smaller thymus, alterations in T and B cells,
hematopoietic stem cells and lymphoid progenitor cell defects (Lorenzo et al., 2011; Lorenzo et al.,
2013). Moreover, evidence point toward increased levels of neuroinflammation with increased
microglia activation and overexpression of COX2 enzyme (Hunter et al., 2004; Mulet et al., 2017,
Rueda et al., 2018). Remarkably, a recent report showed that blocking the action of the pro-
inflammatory IL-17 was able to rescue hippocampal hypocellularity and neurogenesis together
with an amelioration of cognitive abilities, APP expression and overall neuroinflammation, strongly
suggesting that inflammation is indeed present in this mouse model and that it plays a very
important role in exacerbating cognitive deficits (Rueda et al., 2018). To date there are no detailed
reports on inflammation in Dp(16) mice. It was however shown that IFNa/B and IFNy receptors are

overexpressed in bone-marrow hematopoietic cells (Sullivan et al., 2016).
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Chapter IlI: Microglia

The brain is isolated from the periphery by the BBB. This implies that macrophages cannot have
access to the nervous tissue in a healthy state. However, there are resident immunological cells in
the CNS, the microglia (Ginhoux et al., 2013), the brain macrophages. Microglia are cells mainly
derived from a mesodermic structure called the yolk sack and very early in development (around
E9 in mice and 4.5 gestational weeks in humans) they invade the neural tube (Ginhoux et al., 2013;
Tay et al.,, 2017b). A second wave of invasion of macrophages (that later differentiate into
microglia) deriving from the fetal liver happens at E13 in mice and the 12-13 gestational week in
humans (Ginhoux et al.,, 2013; Tay et al.,, 2017b). Upon the closure of the neural tube, the
microglial cells differentiate into a stable microglial population (Tay et al., 2017b). Although it is
thought that all the microglia derives from c-kit" cells from the yolk sack and fetal liver very early
in development, the possibility that a second wave of microglial cells arrives in the CNS from the
bone marrow postnatally still remains controversial (Fig. 5; (Tay et al., 2017b). In adults under
physiological conditions, microglial cells show a ramified morphology, and they constantly surveil
the brain parenchyma (Nimmerjahn et al., 2005; Tremblay et al., 2011). Then, in the case of injury
and in the presence of pro-inflammatory molecules, microglial cells shift morphology to a mobile,
more amoeboid (larger cell body and fewer ramifications) form (Fig. 6; (Cunningham et al., 2013).
Together with their morphological change, microglia upregulate activation and phagocytosis
markers (e.g., MHCII, Ibal and LAMP1, respectively) during inflammation (Arcuri et al., 2017,
Hanisch and Kettenmann, 2007; Shobin et al., 2017; Sipe et al., 2016). Moreover, in case of injury
or systemic inflammation, the BBB allows the passage of macrophages from the periphery

(Ginhoux et al., 2013).
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Figure 5. Microglia have a mesodermal origin. Microglia are mainly derived from c-kit" cells from
the yolk sack and later from the fetal liver. Before the closure of the neural tube the microglia
population is isolated from the periphery reaching a steady-state. In case of inflammation or
injury, macrophages derived from the bone marrow can cross the BBB and differentiate into

microglia-like cells (Adopted from Ginhoux et al. 2013)

More active Less active

<€

Development

Figure 6. Microglia can drastically change morphology during development or inflammation.
Diagram showing confocal images of different morphological states of microglia. From left to right
the morphology changes from amoeboid to ramified. The same direction of the morphology
change is observed during development or after inflammation (Adopted and adapted from

Cunningham et al. 2013).
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Interestingly, microglia also play an important role in brain development and plasticity (Arcuri et
al,, 2017; Tremblay et al.,, 2011). Microglia can regulate neuronal death and can phagocyte
neuronal progenitors (Kaur et al., 2017). In addition, they play an essential role in phagocyting
apoptotic cells in the developing brain. Indeed, apoptotic cells release factors such as the
Macrophage Inflammatory Protein (MIP) that in turn activates and attracts microglia to the
apoptosis site (Arno et al., 2014). Moreover, microglia are able to control the number of
progenitor cells in the developing cortex and are sensitive to factors released by neural progenitor
cells (Mosher et al., 2012; Tay et al., 2017b). Interestingly, microglia regulate neurogenesis also in
the adult brain (in the Sub Ventricular Zone (SVZ) and sub granular zone in the hippocampus;
(Sierra et al., 2010). In agreement with this notion, removal of microglia from the SVZ hampers the
survival and the migration of neuroblasts destined to the olfactory bulb (Xavier et al., 2015).
Moreover, microglia are very important for the correct wiring of neuronal circuits during
development, giving support to growing axons and phagocyting debris (Tay et al., 2017b).
Postnatally, microglia play a pivotal role in shaping circuits through synaptic elimination. Microglial
activity is necessary for the correct formation of activity-driven synaptic maturation, critical period
plasticity and physiological synaptic elimination during adolescence (Miyamoto et al., 2016;
Paolicelli et al., 2011; Sipe et al.,, 2016; Squarzoni et al.,, 2015; Stevens et al.,, 2007; Tay et al.,

2017b).

2.1 Microglia and cognition

Peripheral inflammation and inflammation of the nervous system have been extensively linked to
decreased cognition in the young and physiologically aging brain, pointing toward a probable
immunological regulation of learning and memory (Benson et al., 2017; Bharani et al., 2017,
Marsland et al., 2015; Riazi et al., 2015; Salter and Stevens, 2017; Shobin et al., 2017; Todd, 2017).

Interestingly, neurons and microglia are in constant communication and the contact between
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microglial cells and neurons can result in changes of neuronal activity. In addition, pro-
inflammatory cytokines released by microglia such as IL-1B, IL-6 and complement activation
reduce LTP and reduce overall synaptic plasticity in the brain (Tchessalova et al., 2018; Wu et al.,
2015). Moreover, activation of microglial activity with lipopolysaccharide (LPS) induces a decrease
in LTP and an increase in Long-Term Depression (LTD) in hippocampal rat slices, strongly
suggesting that microglia can interfere with mechanisms underlying cognition (Pascual et al., 2012;
Wu et al.,, 2015). Remarkably, inhibition of microglial activity with minocycline (an anti-
inflammatory tetracycline) is able to prevent inflammation-related cognitive impairments in rats
(Wadhwa et al., 2017). Interestingly, deficiency in one of the main signaling pathways in microglial
cells, the CX3CR;, deletion of microglia-produced Brain Derived Neurotrophic Factor (BDNF) or
microglial depletion lead to cognitive impairment in mice when assessing fear conditioning and
motor behavior (Parkhurst et al., 2013; Rogers et al., 2011; Tay et al., 2017b). In addition, CX3CR1KO

animals present deficits in spatial memory (Rogers et al., 2011).
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Chapter lll: Microglia in Neurodevelopment Disorders

Neurodevelopmental disorders are a group of diseases which onset is early in life and often are
characterized by deficits in sociability, cognitive problems, and obsessive/compulsive behavior and
sometimes motor abnormalities (Arcuri et al., 2017). The pathophysiology of these disorders are
very heterogeneous and therefore hard to study. However, deficits in synaptic maturation
together with weak functional connectivity or an excess of weak excitatory synapses seem to play
a very important role (Arcuri et al., 2017). Because microglia play an essential role in the synaptic
pruning and shaping of circuits during development it has been proposed that the alteration of
these cells may participate in the pathogenesis of these disorders (Salter and Stevens, 2017).
Indeed, in the last 10 years there have been a significant increase in the number of findings
showing that neurodevelopmental disorders such as autism, Down Syndrome, Rett Syndrome,
Schizophrenia and Tourette Syndrome are accompanied by microglial disease. On the other hand,
whether the microglial deficits are causing the disorder or if it is the diseased brain environment
that is causing microglial dysfunction is still a matter of discussion (Salter and Stevens, 2017; Streit
et al.,, 2014; Tay et al.,, 2017a). Interestingly, a number of post-mortem studies have shown
alterations in microglia count and morphology together with a shift in the transcriptomics towards
a more inflammatory state in the brains from individuals with autism (Gupta et al., 2014; Morgan
et al., 2010; Suzuki et al., 2013; Tetreault et al., 2012; Vargas et al., 2005). Moreover, animal
studies have shown that CX3CR;*° animals (which have decreased number of microglia), show
insufficient pruning during development and display repetitive behavior and deficits in sociability,
two behaviors that are believed to be related to autism (Salter and Stevens, 2017). Accordingly,
treatment with a wide variety of anti-inflammatory molecules such as luteolin, minocycline and
suramin attenuate the autistic-like behavior, especially in the social area (Kim et al.,, 2018).

Interestingly, it has been proposed that microglia play an important role in shaping the autistic
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brain. Indeed, the elevation of the levels of pro-inflammatory cytokines (i.e. IL-6, IL-1B, TNF-a)
obtained by the treatment of pregnant dams with LPS or polinosinic:poly-cystidylic acid (poly I:C),
strongly alter the brain wiring and induces the appearance of autistic-like behavior in the offspring
(Kim et al., 2018). Likewise, schizophrenia and Tourette Syndrome have been also linked to
increased microglial activation (Arcuri et al., 2017; Chung et al., 2015). Remarkably, individuals
that suffer of schizophrenia show increased microglial activation in the whole gray matter of the
brain (van Berckel et al., 2008), as shown by Positron Emission Tomography (PET) imaging. Indeed,
the drug minocycline (which inhibits microglia activation) is currently under investigation as
alternative antipsychotic (Inta et al., 2017). Interestingly, microglia play a role also in Rett
syndrome (RTT). RTT is caused by the inactivation of the X-linked MeCp2 protein that is pivotal for
the epigenetic regulation of the activation many genes (Xu and Pozzo-Miller, 2017). For long it was
thought that MeCp2 was expressed only in the neurons but recent evidence show that microglia
also express high levels of this protein (Maezawa and Jin, 2010). Accordingly, RTT microglia release
toxic factors for neurons and potentially play a pivotal role in the synaptic and dendritic
dysfunctions characteristics of this condition (Maezawa and Jin, 2010). Moreover, MeCpZ'/'
microglia show deficiency in phagocytosis and inability of debris clearance in the brain which could
in turn contribute to neuronal toxicity (Arcuri et al., 2017). Interestingly, microgliosis is absent in
RTT brains and the levels of pro-inflammatory cytokines seem to be normal, suggesting that in the
case of RTT syndrome microglia acts through an intrinsic mechanism that is not related to chronic

inflammation (Arcuri et al., 2017).

On what concerns DS the evidence is very fragmented. Early reports have shown that brains from
individuals with DS show elevated expression of IL-1 in the microglia and astrocytes. The brains
used for these analysis were however from DS persons that presented signs of AD (Griffin et al.,

1989). In addition, a more recent study conducted on brains from aged DS individuals showed that
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a large proportion of the microglia is in a senescent state, similar to AD patients (Xue and Streit,
2011). On the other hand, in another report, fetuses with DS showed increased microglial number,
suggesting a role of these cells during development in DS (Wierzba-Bobrowicz et al., 1999).
Accordingly, DS fetuses have increased number of infiltrating macrophages (CD68" cells) in the
gray matter, CA1l and the subiculum regions of the hippocampus (Kanaumi et al., 2013).
Interestingly, early in vitro studies have shown that microglial cultures from Ts16 mice show higher
production of superoxide when exposed to Ts1l6 astrocyte-conditioned media, suggesting that
trisomic microglia are hyperactive when insulted (Colton et al., 1990). In addition, the same group
showed that trisomic microglia produce increased levels of IL1-B (Colton et al., 1991). More
recently, work done on Ts65Dn animals have shown increased number and higher activation levels
of microglia, deficit that could be rescued with treatment with minocycline together with the
rescue of working memory in these animals (Hunter et al., 2004). Two remarkable studies
conducted recently strongly support the idea that also in DS there is microglial pathology. It has
been shown that microglia from DS patients and Ts65Dn mice show elevated levels of the COX2
enzyme. This enzyme is upregulated during inflammation and often is used as a marker of
microglial activation (Mulet et al., 2017). In addition, treatment of 11 months-old Ts65Dn animals
with anti-IL-17, a potent pro-inflammatory cytokine, was able to rescue the hyper activation of
microglia together with cognitive abilities. These findings strongly support the idea that hyper
active microglia might play a role in DS (Rueda et al., 2018). The active microglia in DS could
potentially produce aberrant synaptic elimination of dendritic spines. Indeed, dendritic spine
deficits have been extensively described in persons with DS and in DS murine models, and they
have been suggested to play a role in DS cognitive disability (Belichenko et al., 2004; Dierssen,
2012; Dierssen et al., 2003; Haas et al., 2013; Takashima et al., 1994). An increased immunological

activity with a subsequent increase in microglial activation and spine elimination could therefore
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play a role in the cognitive deficits in DS (Kleschevnikov et al., 2004; Parrini et al., 2017). Taken
together, a very clear picture starts to appear: the activation of the immune systems seems to be a
common factor in neurodevelopmental disorders. However, the phenotype produced might be
different than the simple acute inflammation. Indeed, the long-term increase of pro-inflammatory
cytokines in the brain results in a notably different network of pro-inflammatory molecules and as
a result in a different brain state when compared to an acute inflammatory situation (Tchessalova

et al., 2018).
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Chapter IV: Acetaminophen

Acetaminophen (APAP, Fig. 7) is an unconventional non-steroidal anti-inflammatory drug (NSAID)
that likewise other traditional NSAIDs decreases the synthesis of prostaglandins (PGE) and has
antipyretic and analgesic effects. Although APAP is considered to not have anti-inflammatory
effect (Jozwiak-Bebenista and Nowak, 2014), it was shown that APAP is very active in the central
nervous system on blocking the COX enzymes (Flower and Vane, 1972; Jozwiak-Bebenista and
Nowak, 2014). Moreover, APAP has been shown to strongly act on microglial cells significantly
diminishing the PGE production by microglial cells at low concentrations (Ajmone-Cat et al., 2010;
Greco et al., 2003). Indeed, APAP could completely block the production of prostaglandin E, (PGE;)
even in microglia stimulated with LPS without having an effect on the COX2 protein synthesis

(Fiebich et al., 2000; Greco et al., 2003; Saliba et al., 2018).

O

]
HN—C— CH3 Figure 7. APAP Structure. Chemical structure of acetaminophen. The

IUPAC chemical name is N-actetyl-para-aminophenol. (Adopted and

adapted from Jozwiak-Bebenista and Nowak, 2014)

OH

The mechanism of action of this drug is still matter of discussion although it is believed to have a
blocking action on mainly the COX2 isoform likewise traditional NSAIDs with a great dependence
on the reduction/oxidation state (redox) of the surrounding environment (Jozwiak-Bebenista and
Nowak, 2014). Moreover, although acetaminophen is well known for being a potential hepatotoxic
drug, it is extremely safe even at relatively high doses (up to 4 grams daily for adults) and it lacks
the gastric side effects typical of the classical NSAIDs (Ajmone-Cat et al., 2010). However, on what

concerns the effects on the brain, recent studies on animals and humans has begun to raise some
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concerns about the safety of APAP during gestation and early postnatal stages because it can
influence physiological brain development (Blecharz-Klin et al., 2015; Blecharz-Klin et al., 2018;
Good, 2018; Philippot et al.,, 2017; Schultz and Gould, 2016; Viberg et al., 2014). Indeed, the
administration of APAP to rats caused a significant decrease in spatial memory, social behavior
and exploratory behavior (Blecharz-Klin et al., 2018; Ishida et al., 2007). Remarkably, recently it
was discovered that a single administration of APAP (100mg/kg) caused object-recognition deficits
and hyper-phosphorylation of extracellular signal-regulated kinase (ERK) in the dorsal mouse
hippocampus (Milewski and Orr, 2018). On the other hand, APAP has positive effects on complex
behaviors when administered postnatally to non-Wild-Type (WT) animals. For instance, the
administration of 100mg/kg of APAP to BTBR mouse (a strain that is characterized by autistic-like
behaviors such as decreased sociability) rescued the social deficits in these animals (Gould et al.,
2012). Strikingly, a recent report showed that APAP treatment prevented the LPS-induced
cognitive deficits in mice by means of Morris Water Maze and had a strong effect on decreasing
the LPS-induced increase in pro-inflammatory molecules such as IL-1B, IL-6 and TNF-a. Notably,
APAP acted mainly on microglia eliciting also a decrease in the LPS-induced microglial proliferation
(zhao et al., 2017). Remarkably, APAP can indeed change complex human behaviors such as social
anxiety (Fung and Alden, 2017), empathy (Mischkowski et al., 2016) and social well-being (Chibnall
et al., 2005). Interestingly, the only report that has studied the effects of APAP in cognition show
that healthy volunteers treated once with 2g of APAP showed sharpened reflections and spatial
memory (Pickering et al., 2016). This notable report supports the idea that APAP may have
unexpected actions on complex behavior in humans and even on cognition. Altogether, these
findings shed light on the role of inflammation and microglia in cognition and support the idea that

APAP strongly acts on microglial cells in the brain.
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RESULTS

Dp(16) microglia have larger cell bodies and fewer ramifications than WT microglia

To start our investigation on the role of microglia in DS, we first counted the number and analyzed
the morphology of microglial cells in hippocampal brain slices (stratum pyramidalis of the CA1,
CA3 and DG regions) from young adult animals (postnatal day (P)22) of the Dp(16) mouse model of
DS and WT littermates (Fig. 8a). Whereas we found no difference in the number of microglia
between the two strains (Fig. 8b-c), the whole microglial population of Dp(16) mice presented
enlarged cell bodies (Fig. 8d-e). In addition, Dp(16) microglia exhibited a drastic impairment of
branching, with a strong reduction in the median length of branching distribution starting from the
cell body, as quantified by Sholl analysis (Sipe et al., 2016); Fig. 8f-h). A subsequent skeleton
analysis performed on the same cells further revealed an significant decrease in branch numbers,
with no changes in average branch length (Fig. 8i-k). When we compared the trisomic and WT
microglia in the somatosensory cortex, we found a cell-body enlargement in trisomic microglia
similar to that observed in the hippocampus (Fig. 9a-d), but no differences in branch number and
distribution between the two strains (Fig. 9e-i). However, we observed a significant increase in the
average length of the branches developed by trisomic microglia (Fig. 9j), suggesting that the area

surveilled by each cell is larger in Dp(16) than in WT somatosensory cortices.

Altogether, these data show that microglia present a more amoeboid morphology in Dp(16) mice,

suggesting a higher level of baseline activation than in WT littermates.

Dp(16) mice show increased levels of inflammation in the hippocampus

Activated microglia express high levels of MHCIlI and Ibal (Arcuri et al., 2017; Hanisch and
Kettenmann, 2007; Sipe et al., 2016) and secrete large amounts of pro-inflammatory cytokines

(Ajmone-Cat et al., 2010; Kierdorf and Prinz, 2013). Thus, to quantify the level of activation of
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microglia in the hippocampus of DS mice, we first analyzed the expression of MHCII (via
immunohistochemistry) and of Ibal (via western blot) in Dp(16) and WT littermates at P22. In the
trisomic mice, we found no alterations in the MHCII levels (Figure 10), whereas we found
increased Ibal levels in comparison to WT mice (Fig. 11a). We then measured 40 cytokines using
an antibody array. We found a significant increase in the levels of 15 cytokines (Fig. 11b-c, Fig. 12),
suggesting that the basal level of microglial activation was increased in the hippocampus of Dp(16)
mice. Since the phagocytic action of microglia is increased upon activation (Shobin et al., 2017)
and this regulates neural activity and plasticity (Sipe et al.,, 2016; Wu et al., 2015), we next
analyzed the overall level of phagocytosis via immunoblotting of the lysosomal marker LAMP1 in
the hippocampus of Dp(16) and WT littermates. We found increased levels of LAMP1 in the Dp(16)
hippocampi (Fig. 11d). To specifically analyze the levels of LAMP1 in microglial cells, we turned to
immunohistochemistry. We found increased LAMP1 immunolabeling in trisomic microglia (Fig.

11e-f), suggesting increased phagocytosis.

Altogether, these results indicate a state of activation of trisomic microglia.
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animal). (d) Quantification of the cell body area of microglial cells in experiments as in b. Bars
represent the average of microglial cell body areas in all analyzed animals + SEM and circles
represent the single data points of the cell averages for each animal (38-73 cells/animal; 1 slice per
animal). * p<0.05; Unpaired Two-tailed Student’s t-test, t=2.8, df=14. (e) Cumulative distribution
of the microglial cell body area of all analyzed cells, calculated as the percentages of the cells
inside each bin area. The two distributions are significantly different (Kolmogorov-Smirnov Test,
p<0.001). Numbers in parenthesis: analyzed cells, and animals. (f) Binary images of the fields
shown in b. Scale bar: 10um. (g) Sholl analysis of microglial cells in images as in f. Data are
expressed as average number of intersections at each distance from the cell bodies of all analyzed
cells £ SEM. * p<0.05, ** p<0.01, *** p<0.001; Two-Way ANOVA, Fsrin (33, 7650) = 317.5, p <
0.001; Holm-Sidak post-hoc test. Numbers in parenthesis: analyzed cells, and animals (1 slice per
animal). (h) Quantification of the median distance of the intersections from the cell body, as
obtained from the Sholl analysis in g. Bars represent the average of the median distances in all
analyzed animals = SEM, and circles represent the single data points of the median distance
averages for each animal (12-21 cells/animal; 1 slice per animal). * p<0.05; Unpaired Two-tailed
Student’s t-test, t=4.98, df=11. (i) Representative skeleton images of binary images in f. Scale bar:
10um. (j) Quantification of the number of branches per microglial cell in images as in i. Bars
represent the average of the number of branches per microglial cell £ SEM in all analyzed animals,
and circles represent the single data points of the cell averages for each animal (12-21
cells/animal; 1 slice per animal). * p<0.05; Unpaired Two-tailed Student’s t-test, t=4.03, df=11. (k)
Quantification of the average length of branches per microglial cell in images as in i. Bars represent
the average of branch length per microglial cell £ SEM in all analyzed animals, and circles represent

the single data points of the cell averages for each animal (12-21 cells/animal; 1 slice per animal).
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the cell body area of microglial cells in experiments as in b. Bars represent the average of
microglial cell body areas in all analyzed animals + SEM and circles represent single data points of
the cell averages for each animal (72-126 cells/ animal; 1 slice per animal). *** p<0.001; Unpaired
Two-tailed Student’s t-test t=6.3, df=13. (d) Cumulative distribution of the microglial cell body area
of all analyzed cells, calculated as the percentages of the cells inside each bin area. The two
distributions are significantly different (Kolmogorov-Smirnov Test, p<0.001). Numbers in
parenthesis: analyzed cells, and animals. (e) Binary images of the fields shown in b. Scale bar:
20um. (f) Sholl analysis of microglial cells in images as in e. Data are expressed as average number
of intersections at each distance from the cell bodies of all analyzed cells + SEM. Numbers in
parenthesis: analyzed cells, and animals (1 slice per animal). (g) Quantification of the median
distance of the intersections from the cell body, as obtained from the Sholl analysis in f. Bars
represent the average of the median distances in all analyzed animals £ SEM, and circles represent
the single data points of the median distance averages for each animal (20-41 cells/animal; 1 slice
per animal). (h) Representative skeleton images of binary images in e. Scale bar: 20um. (i)
Quantification of the number of branches per microglial cell in images as in h. Bars represent the
average number of branches per microglial cell £ SEM in all analyzed animals, and circles represent
the single data points of the cell averages for each animal (20-41 cells/animal; 1 slice per animal).
(j) Quantification of the average length of branches per microglial cell in images as in h. Bars
represent the average of branch length per microglial cell £ SEM in all analyzed animals, and circles
represent the single data points of the cell averages for each animal (20-41 cells/animal; 1 slice per

animal). ** p=0.0068; Mann-Whitney test, U=12.

Negative Control Positive Control
Dp(16) (No 12¥ Antibody) (LPS 1mg/kg)

Figure 10. MHCII is not upregulated in Dp(16) animals. Representative confocal images of MHCII-
stained (red) hippocampal slice from P22 WT and Dp(16) animals showing no immunoreactivity. In
the negative control, the primary anti-MHCII antibody was omitted. Animals treated with 1mg/kg

of LPS for 3 days were used as a positive control. Scale bar: 10um.
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Figure 11. Hippocampi show increased levels of Ibal and LAMP1 immunoreactivity, and
cytokines in Dp(16) mice. (a) Representative immunoblots on protein extracts from lysates of
hippocampi obtained from P22 WT and Dp(16) mice (/eft). Quantification of Ibal protein levels
normalized to GADPH immunoreactivity (right). Bars represent the average percentage of Ibal
levels in Dp(16) over WT hippocampi for all the analyzed animals + SEM, and circles represent the
single data points for each animal. ** p<0.01; Unpaired Two-tailed Student’s t-test, t=3.21, df=28.
Data were averaged across 6 independent experiments. (b) Representative cytokines arrays
performed on hippocampal lysates obtained from P22 WT and Dp(16) animals. The dashed circles
show the cytokines significantly dysregulated between the two groups as quantified in d. (c)
Quantification of all the cytokines significantly increased in Dp(16) vs WT hippocampi. Bars
represent the average percentage of cytokine levels in Dp(16) over WT hippocampi of all
independent experiments + SEM, and circles represent the single data points of each independent
experiment (1 animal per experiment). * p<0.05, ** p<0.01, *** p<0.001; Independent One-
Sample t-test against 0. (d) Representative immunoblots on protein extracts from lysates of
hippocampi obtained from P22 WT and Dp(16) mice (/eft). Quantification of LAMP1 protein levels
normalized to GADPH immunoreactivity (right). Bars represent the average percentage of LAMP1
levels in Dp(16) over WT hippocampi for all analyzed animals + SEM, and circles represent the
single data points for each animal. *** p<0.001; Unpaired Two-tailed Student’s t-test, t=3.81,
df=25. Data were collected from 5 independent experiments. (e) Representative single-plane
confocal images of Ibal (green) and LAMP1 (red)-stained hippocampal slices from P22 WT and
Dp(16) animals, and the merging of the two channels showing Y-Z dimensions (left) and X-Z
dimensions (up in WT and below in Dp(16)). Scale bar: 10um. (f) Quantification of the LAMP1" area
normalized on Ibal® area for microglial cell in experiments as in e. Bars represent the average
LAMP1/Ibal area for all analyzed animals + SEM, and circles represent the average for all analyzed
cells for each animal (4-9 cells/animal; 1 slice per animal). ** p=0.0038; Unpaired Two-tailed

Student’s t-test, t=3.87, df=9).
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Figure 12. Cytokines are upregulated in Dp(16) animals. Quantification of the fold change of all
the cytokines probed in vehicle-treated Dp(16) animals hippocampi when compared to vehicle-
treated WT animals from the same experiments in figure 11b. Bars represent the average
percentage of cytokine levels in Dp(16) over WT hippocampi of all independent experiments +
SEM, and circles represent the single data points of each independent experiment (1 animal per
experiment). Statistically significant cytokines are highlighted in red. * p<0.05, ** p<0.01, ***

p<0.001; Independent One-Sample t-test against 0.

The depletion of microglia recovers the cognitive deficits in Dp(16) mice

Microglial activation induced by inflammatory challenges or occurring in aging correlates with a
decreased cognitive performance (Shobin et al., 2017; Tang et al., 2018). Since microglial cells in
the hippocampus of Dp(16) mice show characteristics of activated microglia, we reasoned that
they could play a role in cognitive deficits, which have already been described in this strain
(Goodliffe et al., 2016). Dp(16) mice are a fairly recent model of DS, which has not been
characterized thoroughly. Among the behavioral tests addressing hippocampus-dependent
learning and memory, only the Morris water maze and fear conditioning have been performed on
Dp(16) animals (Yu et al., 2010). Although these tests did reveal poor performance of the trisomic

mice, both tests can be stressful for the mice (Carpenter and Summers, 2009; O'Connor and
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Chipkin, 1984). Since stress per se may cause microglial activation (Delpech et al., 2016), we
subjected Dp(16) animals and their WT littermates to two less stressful hippocampus-dependent
cognitive tests (i.e., the novel object recognition (NOR) and object location test (OLT); (Deidda et
al., 2015; Parrini et al., 2017), which had never been described for Dp(16) before. We found that
trisomic animals presented cognitive deficits in NOR and OLT tests compared to their WT
littermates (Fig. 13a, e-f). Interestingly, when we ran a proteomic analysis on the hippocampi of
P22 Dp(16) animals and WT littermates followed by gene ontology (GO) analysis on the 169
differentially expressed proteins (Table 1), we found the term Memory among the first hits (Figure
14a-b; Table 2). This is in agreement with the idea that the trisomy interferes with hippocampal

functions, affecting learning and memory.

To directly address whether defective microglia play a role in the low performance of Dp(16) mice
in NOR and OLT, we took advantage of PLX3397. PLX3397 is a drug that selectively decreases the
microglial population, without causing significant cognitive impairment in WT animals (Elmore et
al., 2014). We thus treated P16 Dp(16) mice and their WT littermates with PLX3397 in their food
supply (445 mg/kg of food available at libitum) for one week, and we then evaluated the impact of
microglial depletion on cognitive performance at P22 (Fig. 13a). As expected, PLX3397 treatment
sharply decreased the microglia count and lbal protein levels in the hippocampus of WT and
Dp(16) mice (Fig. 13b-c). Remarkably, the treatment with PLX3397 fully rescued the cognitive
deficit observed in the Dp(16) mice in the NOR and the OLT (Fig. 13e-f), supporting our hypothesis

that activated microglia play a role in cognitive deficits.

Altogether, these data indicate that depletion of activated microglia can ameliorate the cognitive

performance of trisomic mice.
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Figure 13. PLX3397 treatment depletes microglia and rescues cognitive deficits in Dp(16) mice.
(a) Experimental protocol used for PLX3397 treatment, histology/western-blotting and behavioral
experiments. (b) Representative confocal images and higher magnifications from highlighted
regions of Ibal-stained hippocampal slices from P22 WT and Dp(16) animals treated with either
vehicle or PLX3397 in the chow. Scale bar: 100um. (c) Quantification of the density of microglial
cells in experiments as in b. Bars represent the average density of lbal® cells of all the analyzed
animals = SEM, and symbols represent the single data points for each animal (1 slice per animal).
**%* p<0.001; Two-Way ANOVA, Frreatment (1, 29) = 642.6, p < 0.001; Holm-Sidak post-hoc test. The
vehicle-treated animal data (dotted circles) were taken from Fig. 8c and shown here for
comparison. (d) Representative immunoblots on protein extracts from lysates of hippocampi
obtained from P22 WT and Dp(16) mice treated with either vehicle or PLX3397 in the chow (/eft).
Quantification of Ibal protein levels normalized to GADPH immunoreactivity (right). Bars
represent the average percentage of Ibal levels over WT vehicle of all analyzed animals £ SEM,
and symbols represent the single data points for each animal. *p<0.05, **p<0.01, ***p < 0.001;
Two-Way ANOVA, Frreatment (1, 38) = 27.26, Holm-Sidak post-hoc test. Data were averaged across 6
independent experiments. The vehicle-treated animal data (dotted circles) were taken from Fig.
11a and shown here for comparison. (e) Quantification of the discrimination index in the novel
object recognition test in P22 WT and Dp(16) mice following vehicle or PLX3397 treatment. Bars
represent the average discrimination index of all analyzed animals £ SEM, and symbols represent
the single data points for each animal. *p<0.05, **p<0.01; Two-Way ANOVA, Finteraction (2, 84) =
11.52, p < 0.0001; Holm-Sidak post-hoc test. (f) Quantification of the discrimination index in the
object location test in P22 WT and Dp(16) mice following vehicle or PLX3397 treatment. Bars
represent the average discrimination index of all analyzed animals + SEM, and symbols represent
the single data points for each animal. *p<0.05, **p<0.01; Two-Way ANOVA, Fnteraction (2, 52) =
8.76, p = 0.0005; Holm-Sidak post-hoc test.
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Figure 14. Proteomics analysis revealed differences in biological processes in hippocampi from
Dp(16) mice. (a) Volcano plot depicting all the proteins (169) that were identified in the
hippocampi of P22 WT and Dp(16) mice by proteomic analysis. The red dots represent the proteins
that are significantly downregulated (Student’s t test difference < 0) or upregulated (Student’s t
test difference > 0) in the hippocampus of Dp(16) compared to WT mice. The data were collected
from 5 animals for each group. (b) Gene ontology terms on biological processes that are
significantly altered in the hippocampi of Dp(16) vs WT mice. A p-value threshold of 0.05 was
applied. The numbers on top of the histograms indicate the number of dysregulated proteins that

generate the difference.

Microglial depletion restores the levels of the dendritic spine protein drebrin and rescues

dendritic spine number and function in the hippocampus of Dp(16) mice

Since microglia play a crucial role in spine dynamics and in the synaptic elimination that occurs
during plasticity (Garre et al., 2017; Miyamoto et al., 2016; Wu et al., 2015), we reasoned that the
overactive microglia of the Dp(16) mice could impair the cognitive performance of Dp(16) animals

by affecting the number and/or the level of maturation of spines. To test this hypothesis, we first
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turned our attention to a dendritic spine marker, drebrin (DBN), which is downregulated by the
activation of microglia (Kojima and Shirao, 2007; Ma et al., 2015; Xing et al., 2011) and it is
decreased in brains of subjects with DS and in Alzheimer’s disease (Kojima and Shirao, 2007; Ma et
al., 2015; Xing et al., 2011). By western blotting with a specific antibody against DBN, we observed
significantly decreased levels of this protein in the hippocampi of P22 Dp(16) mice in comparison
to WT mice (Fig. 15a). Accordingly, when we ran a targeted proteomic protocol on hippocampi
from Dp(16) and WT littermates, we found a sharp decrease in the levels of 4 different peptide
fragments ascribed to DBN in trisomic mice (Figure 16a-b). Interestingly, PLX3397 treatment
completely rescued the drebrin levels in Dp(16) mice, as assessed by western blotting (Fig. 15a). In
agreement with our hypothesis, we found a decreased number of spines in CA1l hippocampal
excitatory pyramidal neurons from Dp(16) mice counted after Golgi-Cox staining, which was fully
rescued by the PLX3397 treatment (Fig. 15b-c). In particular, PLX3397 treatment had a significant
effect on motile spines with a full rescue of the density of the thin-type (Majewska and Sur, 2003)
in Dp(16) mice. Moreover, PLX3397 partially rescued the density of fully mature mushroom-type
(Majewska and Sur, 2003) spines in Dp(16) mice and had no effect on immature spines (Figure
16a-c). Finally, depletion of microglial cells by PLX3397 treatment fully rescued the frequency and
amplitude of miniature excitatory postsynaptic currents (mEPSCs; Fig. 15d-e), which suggests that
the defective trisomic microglia also impinges on the correct functionality of dendritic spines. An
increased number of contacts between microglia and synaptic elements is considered to be
indicative of augmented synaptic elimination (Sipe et al., 2016). Thus, to further confirm that the
overactive microglia in Dp(16) animals regulated the number of neuronal spines, we turned to
electron microscopy. In P22 Dp(16) mice, we observed an increased number of contacts between
microglia and surrounding cells -and specifically synaptic elements- compared to WT animals (Fig.

15f-g and Figure 17d).
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Taken together, these data suggest that overactive microglia cause altered dendritic spine

turnover and function in Dp(16) mice.
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Figure 15. Drebrin levels, dendritic-spine density and miniature postsynaptic events are altered,
and rescued by PLX3397 treatment in Dp(16) mice. (a) Representative immunoblots on protein
extracts from lysates of hippocampi obtained from P22 WT and Dp(16) mice (/eft). Quantification
of Drebrin protein levels normalized to GADPH immunoreactivity (right). Bars represent the
average percentage of Drebrin levels in Dp(16) over WT hippocampi for all analyzed animals *
SEM, and symbols represent the single data point for each animal. ** p<0.01, *** p<0.001; Two-
Way ANOVA, Fnteraction (1, 39) = 7.166, p = 0.0108; Holm-Sidak post-hoc test. Data were averaged
across 6 independent experiments. (b) Representative light-transmitted images of dendritic spines
from Golgi-Cox-stained slices of hippocampi from P22 WT and Dp(16) mice treated with vehicle or
PLX3397. Scale bar: 4um. (c) Quantification of the spine density in experiments as in b. Bars
represent the average spine density of all analyzed cells + SEM, and symbols represent the single
data points for each cell (3 animals per condition). *** p<0.001; Two-Way ANOVA, Fnteraction (1, 51)
= 20.84, p < 0.0001; Holm-Sidak post-hoc. (d) Representative traces of mEPSC recordings in CA1
hippocampal pyramidal neurons from P22 WT and Dp(16) mice treated with vehicle or PLX3397.
Scale bars: 10pA and 1s. (e) Quantification of the mEPSC frequency (/eft) and amplitude (right) in
experiments as in d. Bars represent the average frequency and the average amplitude for all
analyzed cells £ SEM, and symbols represent the single data points for each cell (3 WT vehicle-
treated animals and 4 animals per each remaining conditions). *** p<0.001; For frequency: Two-
Way ANOVA, Finteraction (2, 86) = 14.09, p < 0.0001; For amplitude Two-Way ANOVA, Finteraction (2, 86)
=20.61, p < 0.0001; Holm-Sidak post-hoc test. (f) Representative transmission electron microscopy
images of hippocampal slices from P22 WT and Dp(16) mice. Scale bar: 500 nm. m: microglia, a:
astrocytes, d: dendrite shaft, t: pre-synaptic element, s: post-synaptic element. (g) Quantification
of the interaction between microglia and dendritic spines in experiments as in f. Bars represent
the average number of contact points between microglia and spines of all animals analyzed + SEM,
and circles represent the average of all analyzed fields for each animal (20-44 fields/animal).

*p<0.05; Unpaired Two-tailed Student’s t-test, t=3.47, df=5.
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Figure 16. Proteomics analysis showed defects in the Drebrin protein levels in hippocampi from
Dp(16) mice. (a) Heat-map from proteomic experiments of the peak area normalized to the
maximum peak of Drebrin for the four peptides that can be ascribed to Drebrin (vertical columns).
The data were collected from 7 animals per genotype (horizontal lines). (b) Quantification of the
normalized peak area for each animal from experiments in a. For each animal, the reads from each
peptide were summed together. Bars represent the average sum of the peak area of all analyzed
animals + SEM, and circles represent the single data points for each animal **p<0.01; Unpaired

Two-tailed Student’s t-test, t=3.37, df=12.
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Figure 17. PLX3397 or APAP treatment rescues specific types of dendritic spines in Dp(16) mice.
(a) Cartoon depicting the morphological characteristics of immature, filopodia spines (top).
Quantification of the filopodia spine density (bottom) in P22 WT and Dp16 animals treated with
vehicle, PLX3397, or APAP from experiments in Fig. 15c and Fig. 21a. Bars represent the average
filopodia spine density of all analyzed cells + SEM, and symbols represent the single data points for
each cell. Data were collected from 3 animals per condition. (b) Cartoon depicting the
morphological characteristics of the functional and motile, thin and stubby spines (top).
Quantification of the thin or stubby spine density (bottom) in P22 WT and Dp16 animals treated
with vehicle, PLX3397, or APAP from experiments in Fig. 15c and Fig. 21a. Bars represent the
average thin or stubby spine density of all analyzed cells + SEM, and symbols represent the single
data points for each cell. For thin spines: ** p<0.01, *** p<0.001; Two-Way ANOVA Fnteraction (2,
79) = 13.92, p<0.001. For stubby spines: **p<0.01; Two-Way ANOVA Frreatment(2, 79) = 18.98,
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p<0.001; Holm-Sidak post-hoc test. Data were collected from 3 animals per condition. (c) Cartoon
depicting the morphological characteristics of the functional and stable, mushroom spines (top).
Quantification of the mushroom spine density (bottom) in P22 WT and Dp16 animals treated with
vehicle, PLX3397, or APAP from experiments in Fig. 15c and Fig. 21a. Bars represent the average
mushroom spine density of all analyzed cells £ SEM, and symbols represent the single data points
for each cell. * p<0.05, ** p<0.01; Two-Way ANOVA, Finteraction (2, 79) = 6.915, p = 0.0017; Holm-
Sidak post-hoc test. Data were collected from 3 animals per condition. (d) Quantification of the
number of physical interactions between the microglia and the pre-synaptic (left) or the post-
synaptic (right) elements from experiments in Fig. 15f. Bars represent the average number of
physical interactions between the microglia and the pre-synaptic or the post-synaptic element +
SEM in all analyzed animals, and circles represent the average of all the analyzed fields for each
animal (Presynaptic interactions (20-44 fields/animal): *p<0.05; Unpaired Two-tailed Student’s t-
test, t=3.14, df=5. Post-synaptic interactions (20-44 fields/ animal): *p<0.05; Unpaired Two-tailed
Student’s t-test, t=3.09, df=5.

APAP treatment rescues microglial morphology, decreases cytokine levels and rescues spine

density in the hippocampus of Dp(16) mice

Recent evidence in brains from the Ts65Dn mouse model of DS and from subjects with DS
indicates increased expression of the inducible form of the cyclooxygenase enzymes (COX2) in
microglia and neurons, which is a sign of increased immunological activity (Mulet et al., 2017).
Indeed, activated microglia produce a large amount of the pro-inflammatory molecule PGE,
(Zhang et al., 2009). Because COX2 inhibitors can decrease the production of PGE, by microglia
(Villa et al., 2016; Zhang et al., 2009) decreasing overall inflammation, we hypothesized that the
use of a COX2 inhibitor could rescue the microglial phenotype in Dp(16) mice. Among COX2
inhibitors, we chose to use APAP because it is one of the most widely used COX2 inhibitors; it
readily crosses the blood-brain barrier and it has a very safe profile with few contraindications.

Remarkably, after three daily doses of APAP (IP, 100 mg/kg, Fig. 18a), we completely rescued the
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microglial morphology, measured as the cell-body area (Fig. 18b-c) and ramifications (Fig. 18d-g) in
the hippocampi of Dp(16) mice at P22. APAP treatment also rescued the microglia cell body area in
the somatosensory cortex (Fig. 19a-c). Importantly, APAP treatment also decreased the levels of
all overrepresented cytokines in the Dp(16) mouse hippocampi (Fig. 18h, Fig. 20a-b). Interestingly,
we were able to fully rescue the spine density with APAP treatment, with a full rescue of the
mature mushroom-type and a partial rescue of motile thin-type in Dp16 mice (Fig. 21a-b, Fig. 17b-
c). Accordingly, APAP treatment also rescued the frequency and amplitude of mEPSCs in Dp(16)

animals (Fig. 21c-d).

Taken together, our data indicate that APAP treatment in Dp(16) animals is able to recover the
activity state of microglia together with spine density and function, further strengthening the

possible causal link between the two.
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Figure 18. Acetaminophen (APAP) treatment rescues microglial morphology and cytokine levels
in Dp(16) mice. (a) Experimental protocol used for APAP treatment and histology/western-
blotting. (b) Representative confocal images of Ibal-stained hippocampal slices from WT and
Dp(16) animals treated with either vehicle or APAP. Scale bar: 10um. (c) Quantification of the cell
body area of microglial cells in experiments as in b. Bars represent the average of microglial cell
body areas in all analyzed animals £ SEM and circles represent the single data points of the cell
averages for each animal (14-73 cells/ animal; 1 slice per animal). * p<0.05; Two-Way ANOVA
Finteraction (1, 23) = 14.88 p = 0.0008; Holm-Sidak post-hoc test. The vehicle-treated animal data
(dotted circles) were taken from Fig. 8d and shown here for comparison. (d) Binary images of the
fields shown in b. Scale bar: 10um. (e) Sholl analysis of microglial cells in images as in d. Data are
expressed as average number of intersections at each distance from the cell bodies of all analyzed
cells £ SEM. Numbers in parenthesis: analyzed cells, and animals. The vehicle-treated WT animal
data were taken from Fig. 8g and shown here for comparison. (f) Sholl analysis of microglial cells in
images as in d. Data are expressed as average number of intersections at each distance from the
cell bodies of all analyzed cells + SEM. Numbers in parenthesis: analyzed cells, and animals. ***
p<0.001; Two-Way ANOVA, Frreatment (1, 6426) = 58.32, p < 0.0001; Holm-Sidak post-hoc test. The
vehicle-treated WT animal data were taken from Fig.8g and shown here for comparison. (g)
Quantification of the median distance of the intersections from the cell body, as obtained from
the Sholl analysis in f. Bars represent the average of the median distances in all analyzed animals +
SEM, and circles represent the single data points of the median distance averages for each animal
(12-21 cells/animal; 1 slice per animal). * p<0.05, Two-Way ANOVA, Fnteraction (1, 17) = 17.41, p =
0.0006; Holm-Sidak post-hoc test). The vehicle-treated animal data (dotted circles) were taken
from Fig. 8h and shown here for comparison. (h) Quantification of the rescue effect of APAP
treatment (red) on all the cytokines significantly increased in Dp(16) vs WT hippocampi (black).
Bars represent the average percentage of cytokine levels in APAP- or vehicle-treated Dp(16)
hippocampi over WT hippocampi and of all independent experiments £ SEM, and circles represent
the single data points of each independent experiment (1 animal per experiment). Two-Way
ANOVA, Frreatment (1, 90) = 20.47, p < 0.001. The data of vehicle-treated Dp(16) animals normalized

over WT levels were taken from Fig. 11d and shown here for comparison.
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Figure 19. APAP treatment rescues microglial morphology in the somatosensory cortex of Dp(16)
mice. (a) Experimental protocol used for APAP treatment and for analyzing the morphology of
microglia. (b) Representative confocal images of Ibal-stained somatosensory cortices from P22
WT and Dp(16) animals treated with either vehicle or APAP. Scale bar: 20um. (c) Quantification of
the cell body area of microglial cells in experiments as in b. Bars represent the average of
microglial cell body areas in all analyzed animals + SEM and circles represent the single data points
of the cell averages for each animal (72-126 cells/animal; 1 slice per animal). **p<0.01, ***
p<0.001; Two-Way ANOVA Finteraction (1, 19) = 13.19, p = 0.0018; Holm-Sidak post-hoc test. The
vehicle-treated animal data (dotted circles) were taken from Fig. 9c¢ and shown here for

comparison.
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Figure 20. APAP affects cytokines levels. (a) Quantification of the fold change of all the cytokines

probed in APAP-treated Dp(16) animals hippocampi when compared to vehicle-treated WT

animals from the same experiments in Fig. 18g. Bars represent the average percentage of cytokine

levels in APAP-treated Dp(16) over WT hippocampi of all independent experiments + SEM, and

circles represent the single data points of each independent experiment (1 animal per

experiment). Statistically significant cytokines are highlighted in red. * p<0.05; Independent One-

Sample t-test against 0. (b) Quantification of the fold change of all the cytokines probed in APAP-

treated WT animals hippocampi when compared to vehicle-treated WT animals from the same

experiments in figure 18g. Bars represent the average percentage of cytokine levels in APAP-

treated WT over vehicle-treated WT animals of all independent experiments + SEM, and circles

represent the single data points of each independent experiment (1 animal per experiment).
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Figure 21. APAP rescues spine and electrophysiological deficits. (a) Representative light-
transmitted images of dendritic spines from Golgi-Cox-stained slices of hippocampi from P22 WT
and Dp(16) mice treated with vehicle or APAP. Scale bar: 4um. (b) Quantification of the spine
density in experiments as in a. Bars represent the average spine density of all analyzed cells + SEM,
and circles represent the single data points for each cell (3 animals per condition). *** p<0.001;
Two-Way ANOVA, Finteraction (1, 56) = 42.99, p<0.001; Holm-Sidak post-hoc test. The vehicle-treated
cell data (dotted circles) were taken from Fig. 15c and shown here for comparison. (c)
Representative traces of mEPSC recordings in CA1 hippocampal pyramidal neurons from P22 WT
and Dp(16) mice treated with vehicle or APAP. Scale bars: 10pA and 1s. (d) Quantification of the
mEPSC frequency (left) and amplitude (right) in experiments as in d. Bars represent the average
frequency and the average amplitude of mEPSCs for all analyzed cells £ SEM, and circles represent
the single data points for each cell (4 Dp(16) vehicle-treated animals and 3 animals per each
remaining condition). *p<0.05, ** p<0.01, *** p<0.001); For frequency: Two-Way ANOVA,
Finteraction(1, 57) = 18.51, p<0.001; For amplitude Two-Way ANOVA, Fiteraction (1, 57) = 38.21,
p<0.001; Holm-Sidak post-hoc test). The vehicle-treated animal data (dotted circles) were taken

from Fig. 15e and shown here for comparison.
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Acetaminophen treatment rescues cognitive deficits in Dp(16) mice and have opposite effects in

WT mice

Our results on the rescue of cognitive impairment in Dp(16) mice upon depletion of microglia
strongly suggest that these cells regulate learning and memory in trisomic animals. Thus, we
investigated whether not only the complete depletion, but also the simple rescue of the activation
state of microglia in Dp(16) mice was sufficient to restore their cognitive abilities. Thus, we treated
Dp(16) and WT littermates with APAP from P20 to P22 and performed the NOR and OLT cognitive
tests. APAP treatment completely recovered the cognitive deficits in Dp(16) animals (Figure 22a-c).
In agreement with a hindering role of activated microglia in the cognitive abilities of Dp(16) mice,
the administration of an inhibitor of the JAK1/2 pathway (ruxolitinib; 50 mg/kg twice a day for 3
consecutive days), whose activation is important for microglial activation (Qin et al., 2016),
significantly rescued microglial branching (Figure 23a-g) together with cognitive performance in
Dp(16) mice (Figure 23h-i). Notably, in WT animals, the treatment with APAP caused a decreased
cognitive performance in both the NOR and OLT tests, together with a more amoeboid microglial
morphology, and a significant decrease in the number of neuronal spines as well as in the mEPSC
amplitude, but no significant effect on cytokine levels (Fig. 20; Fig. 21). These results indicate that
the effects of APAP might be dependent on the genotype and that the behavioral cognitive
outcome is strongly correlated with the microglia activated morphology as well as the spine

density and function.

Altogether, our results indicate that APAP treatment influences spine density and function as well
as cognitive performance, and that recovery of microglial activation state can have a positive

impact on cognition.
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Figure 22. APAP treatment rescues cognitive deficits in Dp(16) mice. (a) Experimental protocol
used for APAP treatment, histology and electrophysiology. (b) Quantification of the discrimination
index in the novel object recognition test in P22 WT and Dp(16) mice following vehicle or APAP
treatment. Bars represent the average discrimination index of all analyzed animals + SEM, and
circles represent the single data points for each animal. *p<0.05, **p<0.01; Two-Way ANOVA,
Finteraction (1, 51) = 23.76, p<0.001; Holm-Sidak post-hoc test. The vehicle-treated animal data
(dotted circles) were taken from Fig. 13e and shown here for comparison (c) Quantification of the
discrimination index in the object location test in P22 WT and Dp(16) mice following vehicle or
APAP treatment. Bars represent the average discrimination index of all analyzed animals + SEM,
and circles represent the single data points for each animal. * p<0.05, ** p<0.01; Two-Way
ANOVA, Finteraction (1,35) = 11.24, p<0.002; Holm-Sidak post-hoc test. The vehicle-treated animal

data (dotted circles) were taken from Fig. 13f and shown here for comparison.
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Figure 23. Ruxolitinib treatment rescues cognitive deficits and partially rescues microglial
alterations in Dp(16) mice. (a) Experimental protocol used for Ruxolitinib treatment, and for
analyzing the morphology of microglia and the behavior of mice. (b) Representative confocal
images of Ibal-stained hippocampal slices from P22 WT and Dp(16) animals treated with either
vehicle or Ruxolitinib. Scale bar: 20um. (c) Quantification of the cell body area of microglial cells in
experiments as in b. Bars represent the average of microglial cell body areas in all analyzed
animals + SEM and circles represent the single data points of the cell averages for each animal (38-
73 cells/animal; 1 slice per animal). * p<0.05, **p<0.01; Two-Way ANOVA Fs.in (1, 24) =17.35,p =
0.0003; Holm-Sidak post-hoc test. The vehicle-treated animal data (dotted circles) were taken
from Fig. 8d and shown here for comparison. (d) Binary images of the fields shown in b. Scale bar:
20um. (e) Sholl analysis of microglial cells in images as in d. Data are expressed as average number
of intersections at each distance from the cell bodies of all analyzed cells £ SEM. * p<0.05, **
p<001; Two-Way ANOVA, F (33, 7140) = 3.352, p < 0.001; Holm-Sidak post-hoc test. Numbers in
parenthesis: analyzed cells, and animals. The vehicle-treated WT animal data were taken from Fig.
8g and shown here for comparison. (f) Quantification of the median distance of intersections from
the cell body, as obtained from the Sholl analysis in e. Bars represent the average of the median
distances in all analyzed animals = SEM, and circles represent the single data points of the median
distance averages for each animal (12-21 cells/animal; 1 slice per animal). * p<0.05, **p<0.01;
Two-Way ANOVA, Finteraction (1, 21) = 4.392, p = 0.048; Holm-Sidak post-hoc test). The vehicle-
treated animal data (dotted circles) were taken from Fig. 8h and shown here for comparison. (g)
Quantification of the number of branches per microglial cell in images as in d processed as in Fig
8i. Bars represent the average number of branches per microglial cell £ SEM of all analyzed
animals, and circles represent the single data points of the cell averages for each animal (12-21
cell/animal; 1 slice per animal). * p<0.05, ** p<0.01; Two-Way ANOVA, Fnteraction (1, 21) =4.880 p =
0.0384, Holm-Sidak post-hoc test. The vehicle treated animals data was taken from Fig. 8j and
shown here for comparison. (h) Quantification of the discrimination index in the novel object
recognition test in P22 WT and Dp(16) mice following vehicle or Ruxolitinib treatment. Bars
represent the average discrimination index of all analyzed animals £ SEM, and circles represent the
single data points for each animal. **p<0.01, ***p<0.001; Two-Way ANOVA, Fnteraction (1, 33) =
8.417, p=0.0066; Holm-Sidak post-hoc test. (i) Quantification of the discrimination index in the
object location test in P22 WT and Dp(16) mice following vehicle or Ruxolitinib treatment. Bars

represent the average discrimination index of all analyzed animals + SEM, and circles represent the




single data points for each animal. **p<0.01; Two-Way ANOVA, Finteraction (1, 19) = 9.103, p=0.007;

Holm-Sidak post-hoc test.

Microglial defects are also present in the brains of persons with DS

To verify whether our findings reflect the human condition, we analyzed the state of microglial
activation in postmortem hippocampi from individuals with DS and age-matched controls (Table
3). We first investigated the expression of Ibal as a marker of microglia activation (Arcuri et al.,
2017; Hanisch and Kettenmann, 2007; Sipe et al., 2016) via western blot. We found increased
expression of Ibal in brain lysates from hippocampi of individuals with DS compared to controls
(Fig. 24a), reflecting our findings in the Dp(16) mice (Fig. 11a). Next, to visualize the morphology of
microglia, we took advantage of immunohistochemistry and stained brain slices from another set
of individuals with DS and age-matched controls with an Ibal antibody. This allowed us to perform
the same analysis of microglial morphology already performed with Dp(16) animals (Fig. 8).
Remarkably, we found that human DS microglia had enlarged cell bodies and, similar to Dp(16)
animals, the enlargement concerned the whole microglial population (Fig. 24b-d). Moreover, the
Sholl analysis revealed that human DS microglia also had ramification deficits (Fig. 24e), again in
agreement with data in Dp(16) mice. A subsequent skeleton analysis revealed a decreased number

of ramifications (Fig. 24f), which were, however, longer on average (Fig. 24g).

Altogether, these results suggest that the microglial dysfunction observed in Dp(16) mice is also

present in persons with DS.
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Figure 24. Microglial alterations are present in brains from persons with DS. (a) Representative
immunoblots on protein extracts from lysates of hippocampi obtained from age and sex-matched
controls and persons with DS (left). Quantification of Ibal protein levels normalized to Actin
immunoreactivity (right). Bars represent the average percentage of Ibal levels in DS over control
hippocampi in all individuals £ SEM, and circles represent the single data points for each person.
Data were averaged across 3 independent experiments. * p = 0.027; Unpaired One-tailed Mann
Whitney test U=3. (b) Representative confocal images of Ibal-stained hippocampal slices from a
control and an individual with DS with no signs of amyloid deposition nor diagnosis of Alzheimer’s
disease (individual 13202 in Supplementary Table 3). Scale bar: 20um. (c) Quantification of the cell
body area of microglial cells in experiments as in b. Bars represent the average of the microglia cell
body areas of all analyzed individuals £ SEM, and circles represent the single data points of the cell
averages for each individual (24-60 cells, 3-7 slice per individual). Red circles represent people with
hippocampal signs or diagnosis of Alzheimer’s disease, as defined in Table 3. * p = 0.0423;
Unpaired One-tailed Student’s T-test, t=1.83, df=17. (d) Cumulative distribution of the microglial
cell body area of all analyzed cells, calculated as the percentages of the cells inside each bin area.
The two distributions are significantly different (Kolmogorov-Smirnov Test, p<0.001). Numbers in
parenthesis: number of cells, and number of individuals analyzed. (e) Sholl analysis of microglial
cells in images as in b processed as in Fig. 8f. Data are expressed as average number of
intersections at each distance from the cell bodies of all analyzed cells £+ SEM. The statistical
analysis revealed a significant effect of the diagnosis of DS (Two-Way ANOVA, Fpiagnosis (1, 1443) =
38.64, p < 0.0001). Numbers in parenthesis: cells, and analyzed individuals (4-10 slices per
individual). Only slices from individuals 13149, 13202, 13235 and 13250 as in Table 3 had sufficient
quality of Ibal 1 staining to ensure correct analysis of microglial ramifications and were analyzed.
(f) Quantification of the number of branches per microglial cell in images as in b processed as in
Fig. 8i. Bars represent the average number of branches per microglial cell + SEM in all analyzed
individuals, and circles represent the single data points of the cell averages for each individual (9-
10 cell/individual; 4-10 slices per individual from the same individuals in e). * p<0.05; Unpaired
One-tailed Mann-Whitney test, U=115. (g) Quantification of the average length of branches per
microglial cell in images as in b processed as in Fig 8i. Bars represent the average of branch length
per microglial cell £ SEM in all analyzed individuals, and circles represent the single data points of
the cell averages for each individual (9-10 cells/individual; 4-10 slices per individual from the same

individuals in e). ***p<0.01; Unpaired Two-Tailed t-test, t=4.69, df=35.




DISCUSSION

Microglial activation in DS

Recent evidence has indicated a high overall level of inflammation (Sullivan et al., 2017) and a high
incidence of hematological and autoimmune diseases in DS (Alexander et al., 2016; Kinik et al.,
2006). This is due to increased levels of circulating pro-inflammatory molecules, which is
particularly marked in the brain (Wilcock and Griffin, 2013). Signs of high inflammation have also
been observed in animal models of DS (Fructuoso et al., 2018; Gally et al., 2018; Gued;j et al.,
2015). However, a detailed investigation of microglia and their role in cognition in DS is still
lacking. To address this issue in DS animal models, we preferred the Dp(16) mouse to the more
commonly used Ts65Dn mouse. Indeed, contrary to Ts65Dn mice, Dp(16) mice do not show
marked prenatal signs of defective neuronal precursor proliferation and neurogenesis (Goodliffe
et al., 2016). These are per se a cause of cognitive defects in Ts65Dn mice (Parrini et al., 2017) and
could be a confounding factor when investigating the role of microglia in cognitive performance.
Indeed, we hypothesize that the alerted microglial phenotype we observed in Dp(16) might be
exacerbated in Ts65Dn due to the increased amount of neuronal precursors phagocyted during
development. We focused our investigation mostly on the hippocampus of Dp(16) mice, as
microglia play a pivotal role in the correct formation and function of the hippocampus in WT
animals (Riazi et al., 2015; Sierra et al., 2010; Tremblay et al., 2011), and this structure is strongly
altered in DS (Alldred et al., 2018; Parrini et al., 2017; Raveau et al., 2018; Vacano et al., 2018;
Velazquez et al., 2013). In addition, extensive evidence in the literature exists that hippocampal-
related cognitive functions are the most impaired in people and animal models of DS (Deidda et
al., 2015; Parrini et al., 2017). Here, we further characterized hippocampal cognitive function in

the poorly investigated Dp(16) mouse. We restricted our investigation to the third postnatal week
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of life (P22) because the main postnatal developmental stages are completed, but the brain still

retains a good level of plasticity at this age (Le Magueresse and Monyer, 2013; Zhang, 2004).

At P22, the microglia in the Dp(16) hippocampus showed morphological signs of activation, such
as enlarged cell bodies and decreased ramifications, when compared to those of WT littermates.
This observation is consistent with the defects in microglial activation and branching area that
have been previously described in Ts65Dn mice (Hunter et al., 2004; Mulet et al., 2017; Rueda et
al., 2018). In Dp(16) mice, we also observed an active microglial phenotype in the somatosensory
cortex, although to a milder extent than in the hippocampus. This could be due to the different
gene expression profiles of the microglial populations residing in the two brain regions. Indeed,
hippocampal microglia exist in a more immune vigilant state than their cortical counterparts
(Grabert et al., 2016). Therefore, the hippocampal microglial population could possibly respond
more strongly to the increased level of inflammation observed in DS (Broers et al., 2014; Fructuoso
et al.,, 2018; Gally et al., 2018; Sullivan et al., 2017). Interestingly, microglial pathology (i.e.,
increased activation) is also present in other neurodevelopmental disorders, such as Rett
Syndrome, autism and schizophrenia (Salter and Stevens, 2017). Indeed, elimination of the CX3CR;

signaling (and therefore altering microglia only) generates strong autistic-like behaviors.

Furthermore, in agreement with the idea that the peculiar morphology of the trisomic microglia is
reflective of an activated state due to chronic inflammation in DS, we found increased levels of
Ibal, cytokines and LAMP1 in the hippocampus of Dp(16) mice. Ibal is a calcium-binding protein
that is constitutively expressed by resting microglia. However, its expression is increased in
concomitance with cytoskeletal remodeling and the consequent changes in cell morphology that
occur during microglial activation. Thus, Ibal is a reliable marker of microglia activation (Bosco et

al., 2011; Imai and Kohsaka, 2002; Nilsson et al., 2008).

57

—
| —



The overexpression of Ibal was accompanied by increased levels of cytokines normally secreted
by activated microglia, such as IL-1B and IL-6 (Wang et al., 2015). Interestingly, although the vast
majority of the cytokines we found upregulated in the hippocampi of Dp(16) mice were pro-
inflammatory, two anti-inflammatory cytokines (i.e., IL-4 and IL-10) were also upregulated.
Notably, an increased production of IL-10, as a reaction to a chronic inflammatory state, has been
described in subjects with DS (Broers et al., 2014). This observation also suggests that aberrant
control of the production of anti-inflammatory molecules is present in DS, which contributes to
the overall immunological dysregulation. In agreement with our findings, increased IL-1B and IL-6
can strongly alter hippocampal, LTP possibly acting through microglia activation (Riazi et al., 2015).
However, we failed to detect any expression of the classical microglial activation marker MHCII
(Hayes et al., 1987) in Dp(16) mice. Still, this is not the only example of microglial activation in the
absence of increased expression of MHCII (Sipe et al., 2016). For instance, the same happens
during the microglia-dependent synaptic elimination necessary for critical-period plasticity (Sipe et
al., 2016). Moreover, a non-canonical activation of microglia is also caused by increased neuronal
firing, which leads to changes in microglial morphology and physiology with no activation of MHCII
(Hung et al., 2010; Kierdorf and Prinz, 2013; Sipe et al., 2016). Interestingly, in the Ts65Dn mouse,
GABA signaling contributes to increased excitability of the hippocampus (Deidda et al., 2015). This
increased level of excitability could lead to the morphological changes described in the literature
in Ts65Dn mice and to the MHCIl-independent microglial morphology alterations and increased
activation markers described here in the Dp (16) mice. Nevertheless, whether GABAergic signaling

positively regulates hippocampal excitability in Dp(16) mice is still unknown.

In agreement with the elevated levels of Ibal and pro-inflammatory cytokines indicative of
microglia activation, we also found increased levels of LAMP1. LAMP1 is a protein that is highly

expressed in lysosomes and is upregulated when there is an increase in phagocytosis (Maxfield
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and McGraw, 2004) in several cell types, including activated microglia (Tanaka et al.,, 2013).
Interestingly, very prominent defects in the lysosomal pathways were observed in DS (Colacurcio

et al., 2018).

Microglia, synaptic elimination and cognitive impairment in DS

Dendritic spine dynamics are necessary for learning and memory (Bosch et al., 2014; Salter and
Stevens, 2017). Interestingly, recent evidence indicated that microglia play a pivotal role in
remodeling dendritic spines and regulate their activity in brain development and plasticity (Kaur et
al., 2017; Salter and Stevens, 2017). Moreover, individuals with DS and DS animal models (i.e., Tc1,
Ts1Rh1, Ts65Dn and Ts1Cje mice (Belichenko et al., 2009; Haas et al., 2013; Herault et al., 2017;
Torres et al., 2018) present altered spine density possibly due to increased synaptic elimination
(Phillips and Pozzo-Miller, 2015). This experimental evidence prompted us to hypothesize that the
link between the microglial changes observed in Dp(16) mice and their cognitive deficits may be
the action of the hyperactive microglia on dendritic spines. Remarkably, the depletion of defective
microglia from the brain parenchyma via administration of PLX3397 rescued the dendritic spine
number of the functional subtypes, thin and mushroom (Majewska and Sur, 2003; Xu et al., 2018),
together with the cognitive performance in Dp(16) mice. Consistently, PLX3397 treatment fully
rescued the amplitude and frequency of mEPSCs, which we found altered in Dp(16) mice. Even if
the mushroom spine density was not fully rescued, the mESPCs rescue can be explained by the
fact that thin spines are also electrophysiologically active. Indeed, thin spines are also nicknamed
“learning spines” because they are highly mobile and likely to change shape in response to activity,
whereas mushroom spines, also called “memory spines,” are less mobile and more stable (Peebles
et al.,, 2010) Notably, deficits in mEPSCs were observed in a wide number of animal models of
neurodevelopmental disorders characterized by high inflammation levels and spine defects such

as autism (Wu et al., 2018), Fragile X syndrome (Scharkowski et al., 2018), and Rett syndrome (Xu
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and Pozzo-Miller, 2017) as well as the Ts65Dn mouse model of DS (Parrini et al., 2017). Moreover,
microglial activation with LPS (a powerful microglia activator; (Chang et al., 2015) elicits deficits in
mMEPSCs together with a decrease in spine density. Thus, our results together with the literature
indicate a relationship between microglial over-activation, spine impairments and cognitive
disability in DS and suggest that similar microglia-dependent spine elimination may occur in other
neurodevelopmental disorders. Interestingly, in a recent study Spangenberg et al. showed that
depletion of microglia by PLX3397 treatment was able to rescue dendritic spine loss and neuronal
death together with an overall decrease of neuroinflammation and increase in cognitive
performance in a mouse model of AD. This could suggest that microglia may be a target for
therapeutic intervention not only in young DS adults, but also later in life when these individuals

become prone to developing AD (Spangenberg et al., 2016).

We decided to use drebrin (DBN) as a proxy to study spine density as previously done by other
groups (Weitzdoerfer et al., 2001). DBN is an actin-binding protein highly expressed in spines
where it exerts a pivotal role in maintenance and maturation, and its levels are drastically
decreased in individuals with DS (Shim and Lubec, 2002; Weitzdoerfer et al., 2001) and during
inflammation (Rao et al., 2012; Weitzdoerfer et al., 2001). Indeed, the activation of microglia with
LPS in microglia-neuron co-cultures led to an extensive decrease in DBN levels in neurons (Xing et
al.,, 2011). Moreover, decreased levels of DBN in experimental animals and in neurons in vitro
caused a decrease in the density of spines and a shift toward more immature spinal states
(Koganezawa et al., 2017; Rao et al.,, 2012; Takahashi et al., 2006). Accordingly, we found a
significant decrease in the level of DBN accompanied by a decrease in the overall spine density,
and particularly functional spines (thin, mushroom types; (Risher et al., 2014) in Dp(16) mice. The
level of expression of DBN together with the spine density and the cognitive impairment were

rescued upon depletion of the aberrant microglia by treatment of trisomic animals with PLX3397.
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This result together with the increased interaction between microglia and spine elements we
observed by electron microscopy in Dp (16) mice and the increased LAMP1 expression (i.e.,
increased phagocytic activity of trisomic microglia) sustain our hypothesis that the higher
activation state of microglia leads to abnormal synaptic elimination of dendritic spines that in turn

causes cognitive deficits in trisomic animals.

Additionally, the hippocampal proteome analysis we performed in Dp(16) and WT mice supports
the idea that the difference in the cognitive behavior between the two strains may depend on a
defect in spine elimination. Indeed, among the differentially expressed proteins, we singled out 4
significant proteins that fall into the gene ontology (GO) Memory category (i.e., integrin alpha 3
(Itga3), sodium/calcium exchanger member 3 (Slc8a3), sortilin-related VPS10 domain containing
receptor 3 (Sorcs3) and kalirin (KIn)) and that are all involved in dendritic spine function and
structure (Christiansen et al., 2017; Herring and Nicoll, 2016; Kerrisk et al., 2013; Minelli et al.,

2007; Youn et al., 2007).

Possible sources of microglial defects in DS

DS is caused by the triplication of a very long stretch of DNA, comprising 110-150 genes in humans
(many of which are expressed by microglia (Mrak and Griffin, 2004). In the Dp(16) mouse model,
113 genes are triplicated. Thus, it is very difficult to pinpoint the primary cause of the overall DS
immunological dysfunction and the microglial defects we observed in this study. Nevertheless, at
least 16 genes that are triplicated in both DS and Dp(16) mice are already known to play a direct
role in the regulation of immune system activity (Li et al., 2007); Table 4). For example, the
triplicated gene RUNX-1 encodes a transcription factor that plays a central role in microglia
differentiation, proliferation and activation (Kierdorf and Prinz, 2013; Patel et al.,, 2011). In

particular, RUNX-1 triplication could make the trisomic microglia highly sensitive to activating
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stimuli such as IL-1, which we found increased in Dp(16) animals. Interestingly, the expression of
IL-1 is constantly observed as increased also in DS individuals and can lead to microglia activation
(Li et al., 1998; Liu et al., 2005; Wilcock and Griffin, 2013), which could generate a positive
feedback loop in DS. Moreover, since microglial activation can indirectly lead (via IL-1) to an
increased expression of the amyloid precursor protein (APP) gene (triplicated in DS and able to
increase neuroinflammation per se), this would generate a second positive feedback loop that
would further sustain microglia activation in the trisomic environment (Mrak and Griffin, 2004;

Wilcock and Griffin, 2013).

Microglia in individuals with DS

Our results obtained from the analysis of postmortem brains of adult human subjects with DS
suggest increased levels of hippocampal microglial activation, consistent with the chronic high
level of inflammation reported in individuals with DS (Broers et al., 2014; Fructuoso et al., 2018;
Gally et al., 2018; Sullivan et al., 2017). In particular, we found increased Ibal expression and
morphological alterations. These results were strikingly similar to the ones we observed in the
Dp(16) mice. Only a limited number of studies have investigated microglia in individuals with DS,
but they mostly focused on the effect of Alzheimer’s Disease (AD) on microglia, as virtually all
individuals with DS develop symptoms of AD by the age of 40 (Dekker et al., 2017). Thus, in the
few studies investigating microglia in individuals with DS, brains with very advanced AD were
purposely chosen, and investigations focused on the effect of the amyloid AR burden. In these
studies, microglia were often found in a senescent state (dystrophic and less responsive to stimuli)
similar to what is described in AD (Streit et al., 2014; Xue and Streit, 2011). Conversely, of our 15
brain samples of individuals with DS, only 3 presented diagnose of AD (no indication of the
progression of the disease), and 3 presented only some anatomical signs of AD (low burden of AB

or fibrillary tau). Notably, the presence or absence of AD or signs of AD did not influence the
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morphological abnormalities we observed in our DS samples. Indeed, the microglia from the DS
brains with AD or signs of AD showed the same level of impairment of the microglia from non-AD
brains. This could be because the trisomy itself activates microglia, and a low burden of AB/
fibrillary tau or AD possibly not in a very advanced state cannot further change the morphology of
those cells. On the other hand, the fact that we could not find any difference between the
microglia of the 5 healthy controls and the 3 controls with some signs of AD would just favor the

hypothesis that, unless AD is in a very late progression, microglia do not show signs of activation.

Our study investigated microglia only at late postnatal ages. Nevertheless, some scant evidence of
defective microglia exists for DS fetuses. Indeed, only a few studies out of the many performed on
DS fetuses addressed microglia. These studies showed a decreased microglia cell density in the
developing temporal cortex and an increase in the developing prefrontal cortex (Kanaumi et al.,
2013; Wierzba-Bobrowicz et al., 1999; Xue and Streit, 2011). Nevertheless, none of these studies
addressed microglial morphology. Moreover, whether these changes in the density of microglia in
DS fetuses could play a role in the paucity of neurons and the dendritic spine deficits characteristic

of DS (Kanaumi et al., 2013) is still not known.

Anti-inflammatory treatments to improve cognitive impairment in DS

Our conclusions that the cognitive impairments in Dp(16) mice depended on the high
inflammation levels in these animals were strengthened by the results in mice treated with an
inhibitor of the JAK1/2 signaling cascade (ruxolitinib), an essential pathway for immunological
activation. Treatment with ruxolitinib significantly rescued the behavioral phenotype in Dp(16)
mice and the microglial branching phenotype. Nevertheless, ruxolitinib failed to rescue microglial
cell/body size. Given its importance for immunological signaling, it is sensible to expect that there

are mechanisms to compensate for a deficit of the JAK/STAT signaling (Seif et al., 2017). Therefore,
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the only partial rescue of microglial morphology we observed upon ruxolitinib is not surprising. On
the other hand, the fact that ruxolitinib treatment rescued the cognitive performances in Dp(16)
animals (although seemingly to lower levels than APAP) may be because it is the physical
interaction between the ramifications of the microglia and the dendritic spines themselves (rather
than the activated state of microglia with increased body size) that is crucial for dendritic spine

remodeling.

Acetaminophen as a treatment for cognitive impairment in DS

In this study, we showed that treatment with acetaminophen (APAP) fully rescued the
morphological defects of trisomic microglia and concomitantly decreased the pro-inflammatory
cytokines in the hippocampus of Dp(16) mice. Moreover, in our experiments, APAP treatment
successfully rescued the spine density and mEPSCs, the levels of drebrin, and the cognitive
performance of trisomic animals. APAP is a nonsteroidal anti-inflammatory drug (NSAID) that
decreases the synthesis of prostaglandins (PGE) and has antipyretic and analgesic effects.
Although APAP is considered not to have a solid anti-inflammatory effect (Jozwiak-Bebenista and
Nowak, 2014), it strongly inhibits PGE production by microglial cells, already at low concentrations
(Ajmone-Cat et al., 2010; Greco et al., 2003). In addition, APAP is active in the central nervous
system (Flower and Vane, 1972; Jozwiak-Bebenista and Nowak, 2014), and although its effects on
cognition in humans are not known, APAP can indeed change complex human behaviors such as
social anxiety (Dewall et al., 2010; Fung and Alden, 2017), empathy (Mischkowski et al., 2016) and

social well-being (Chibnall et al., 2005).

Although APAP is well known for being a potential hepatotoxic drug in the case of overdose, it is
extremely safe even at relatively high doses (up to 4 grams daily for adults). Indeed, even at high

doses, it lacks the gastric side effects typical of classical NSAIDs (Ajmone-Cat et al., 2010). Thus,
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APAP is a good candidate for drug repurposing for long-term treatments (Strittmatter, 2014). In
addition, APAP is considered so safe that it is routinely prescribed as an anti-inflammatory
treatment to pregnant women. Therefore, APAP could also be a good candidate as a drug
treatment at early stages of development. Interestingly, APAP was able to rescue ASD-like
behaviors including sociability in animal models of DS, suggesting that it could be an interesting
treatment for neurodevelopmental disorders (Gould et al., 2012; Kim et al., 2018). Since DS is a
neurodevelopmental disorder, the treatment of DS subjects during gestation could potentially
lead to even more positive outcomes on their cognitive performance. Nevertheless, our study only
focused on late postnatal development, and further studies during perinatal ages will be necessary
to address whether an earlier treatment with APAP could be beneficial in DS. Moreover, recent
studies on WT animals and humans has begun to raise some concerns about the safety of APAP
during gestation and early postnatal stages because it can influence physiological brain
development (Blecharz-Klin et al., 2015; Blecharz-Klin et al., 2018; Good, 2018; Philippot et al.,
2017; Schultz and Gould, 2016; Viberg et al., 2014). However, these detrimental effects on CNS
development may be due to specific actions of APAP on WT embryos and may not apply to DS.
Indeed, in our current study, APAP treatment had an opposite effect on the WT microglia,
dendritic spines and mEPSCs in comparison to Dp(16) mice, and consistently decreased cognitive
performance in WT mice. In line with our results, it was previously shown that the administration
of APAP to WT rats caused a significant decrease in spatial memory, social behavior and
exploratory behavior (Blecharz-Klin et al., 2018; Ishida et al., 2007). Moreover, it was recently
shown that a single administration of APAP (100mg/kg) caused deficits in memory recognition and
ERK phosphorylation in the hippocampus of mice (Milewski and Orr, 2018). Remarkably,
Minocycline, a non-NSAID anti-inflammatory drug, administration causes a paradoxical increase in

the alertness of microglial cells in a similar fashion we observed for APAP (Arnoux et al., 2014).
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This could indicate the existence of a common mechanism of increased alertness in the presence
of xenobiotics that is, at least in our case, genotype-dependent. The effect of APAP on WT animals
may be due to unknown off-targets and may be independent of a direct effect on microglia.
Accordingly, APAP had no effect on the levels of cytokines in WT animals. On the other hand, the
correlation between overactive microglia, impaired spine density and function, and decreased
cognition that we found in WT animals treated with APAP still suggests an active role of microglia
at some level in the behavioral impairment. This active role of microglia in the defective cognition
of APAP-treated WT animals could be indirectly caused by an off target effect of APAP treatment.
For example, a high dose of APAP can be toxic to neurons, which in turn could activate microglia
(Posadas et al., 2010). Thus, it is possible that the dose we used in our experiments (100
mg/kg/day for 3 days) had a toxic effect on a WT organism (perhaps through specific toxicity to

neurons), although the same dose had a positive effect in a trisomic environment.

The different effects of APAP treatment on WT and trisomic animals call for some considerations
on the current methods of validation of the efficacy of new pharmacological therapies (i.e., clinical
trials). Indeed, according to the Food and Drug Administration (FDA), approximately 30% of new
drugs are discontinued after phase I clinical trials
(https://www.fda.gov/ForPatients/Approvals/Drugs/ucm405622.htm), which involves an initial
testing of the safety, side effects, best dose, and formulation method for the drug in healthy
volunteers. Based on our observations with APAP, drug treatments could have completely
different outcomes based on the presence or absence of morbidity. This could mean that
potentially valuable drugs for the treatment of certain conditions are erroneously discarded during
phase | clinical trials because of the appearance of adverse effects in healthy volunteers, which

might not be reproduced in patients.
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Concluding remarks

Our study proposes microglial dysregulation as one of the causes of the cognitive deficits in DS. In
particular, we hypothesize that the hyperactive state of microglia, on a background of chronic
neuroinflammation, causes a profound alteration in the functionality of neuronal circuits via
hyper-activation of synaptic elimination, thus leading to cognitive deficits. Remarkably, the use of
APAP (an over-the-counter anti-inflammatory drug) is able to fully recover the aforementioned
deficits in Dp(16) mouse model of DS. Thus, our results open up to the possibility of repurposing

anti-inflammatory drugs for the treatment of cognitive deficits in persons with DS in the future.
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MATERIALS AND METHODS

All care of animals and experimental procedures were conducted in accordance with IIT licensing
and were approved by the Italian Ministry of Health. All animals were housed in a climate-
controlled animal facility (22 + 2°C) and maintained on a 12 h light/dark cycle with ad libitum
access to food and water. The Dp(16)1Yey/+ animals were bought from The Jackson Laboratory
(B6.12957-Dp(16Lipi-Zbtb21)1Yey/), catalog No 013530) and were used to create a colony by

mating Dp(16) males with C57BL6/J females.

Drug treatments. PLX3397 (Pexidartinib) was purchased from Selleckem (catalog No. S7818). The
powder was dissolved in Dimethyl Sulfoxide (DMSO; Sigma-Aldrich, catalog No 276855) to
generate an 83mg/mL (198.65 mM) solution. The solution was then added to pulverized mouse
chow at a concentration of 445 mg/kg of chow and given to animals ad libitum from P15 to P22.
The final dosage of around 4.7 mg total of drug/mouse over the 7 days of treatment was
calculated on an average of 1.5 g of chow consumed by each mouse/day (Bachmanov et al., 2002).
Acetaminophen (APAP) was purchased from Sigma-Aldrich (catalog No A7085). The powder was
dissolved in DMSO to generate a 500mg/mL (3.3M) stock solution and subsequently diluted in
saline (NaCl 0.9% w/v) to generate a 10mg/mL (66.15 mM) solution. This solution was injected
intraperitoneally (IP) to animals with a dosage of 100mg/kg (10uL/g of solution for a total of 2%
DMSO) daily from P20 to P22. Ruxolitinib was purchased from Selleckem (catalog No. S1378). The
powder was dissolved in DMSO to generate a 61mg/mL (199.1mM) stock solution and
subsequently diluted in saline (NaCl 0.9% w/v) to generate a 1.25mg/mL (4.08 mM) solution. This
solution was injected subcutaneously to animals with a dosage of 50mg/kg (40uL/g of solution for
a total of 2% DMSO) twice a day from P20 to P22. Due to the insolubility of the Ruxolitinib-DMSO
solution in saline, a light sonication was applied until full solubility was obtained. The solution was

kept in ice during sonication to avoid overheating.
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All injected drugs were dissolved in the same vehicle (2% DMSO v/v in Saline). To decrease the
number of utilized animals in agreement with ethic directions from the Italian Ministry of Health,
all vehicle treated animals from all experiments were pulled together. PLX3397-treated animals
were compared to the 2% DMSO treated animals as well (refer to the Statistical methods section
for further information on how these data were analyzed). For every acetaminophen or
ruxolitinib-treated litter, at least one animal of each strain was treated with vehicle (except for 3
cases out of 19 total where the number of animals in a given litter did not allowed for such

precaution and only 1 or no controls were assigned to the litter).

Slice histology, immunostaining, image acquisition and analysis. P22 brains were fixed by
transcardial perfusion with PBS 1X followed by PFA solution (4% w/v in PB). Then, brains were
cryopreserved in sucrose (30% w/v) and sectioned coronally in 50 pum thick slices with a
microtome-refrigerator (Micron HM 450 Sliding Microtome equipped with Freezing Unit Micron

KS34, Thermo Scientific).

For immunostaining, an antigen retrieval protocol was applied on free-floating slices. In brief,
slices were incubated for 30 minutes in Sodium citrate buffer (10 mM Sodium citrate, 0.05%
Tween 20, pH 6.0) at 90°C and subsequently let cool down to room temperature and washed in
PBS1X. Slices were then permeabilized and blocked with PBS containing 0.3% Triton X-100 and
10% NGS. Primary antibodies were incubated in PBS containing 0.3% Triton X-100 and 5% NGS
overnight [rabbit anti-lbal, 1:300 (WAKO, catalog No. 019-19741), rat anti-LAMP1, 1:300 (Santa
Cruz Biotechnology, catalog No. sc-19992), rat anti-MHCII, 1:100 (Santa Cruz Biotechnology,
catalog No. sc-59322)]. Immunostaining was detected using Alexa 488 (for Ibal) or Alexa 543 (for
LAMP1 and MHCII) fluorescent secondary antibody (Invitrogen), 1:600, incubated in PBS

containing 0.3% Triton X-100 and 5% NGS. Slices were counterstained with Hoechst (2,5 pg/uL;
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Sigma). All slices were mounted in Vectashield Mounting Medium (Vector Laboratories,

Burlingame, CA).

For microglial cell count and morphology analysis, a stack of images spanning the whole thickness
of the slice (1 um thick z-stacks) from stained hippocampal slices were acquired using a confocal
laser-scanning microscope (TCS SP5; Leica Microsystems, Milan, Italy) equipped with a 40x (NA
1.25) immersion objective and projected on a 2D image. One randomly chosen slice per animal
was acquired and cells from DG, CA1l and CA3 areas from the hippocampus were chosen in a
balanced manner. For the somatosensory cortex cells from all layers were selected in a balanced
manner. For cell count, the number of cells was divided by the total area of the acquired field to
represent cell density. For the calculation of the cell-body area, the measurements were
performed using the freehand selection tool in Imagel. Sholl analysis was performed as previously
described (Sipe et al., 2016). Briefly, cells were cropped and thresholded to generate a binary
(black and white) image. The background was manually cleaned for each cell and the Image)
plugin Sholl Analysis (Ferreira et al., 2014) was used to perform the analysis (starting radius: 4um,
ending radius: 70um, radius step size: 2um, radius span: Oum). For skeleton analysis, the same
binary image created for Sholl Analysis was used. The image was skeletonized using the Image)
Plugin Skeletonize3D (Lee T.C., 1994) and was subsequently analyzed using the plugin

AnalyzeSkeleton (Arganda-Carreras et al., 2010).

For the analysis of MHCII/Ibal staining co-localization area, a stack of images spanning the whole
thickness of the slice (0.5 um thick z-stacks) from stained hippocampal slices were acquired using a
confocal laser-scanning microscope (TCS SP5; Leica Microsystems, Milan, Italy) equipped with a
63x (NA 1. 5) immersion objective and projected on a 2D image. Each channel (lbal and MHCII)
was thresholded to generate a binary (black and white) image using Imagel. The background of

Ibal binary image only was manually cleaned to ensure that only one cell was present.
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Subsequently, the two images were merged, converted to 32-bit and thresholded again to
generate a binary image of only the pixels that came from both MHCII and Ibal images. The area
of the double positive pixels was calculated and divided by the area of the Ibal positive pixels only

for normalization. One randomly chosen slice per animal was acquired.

Western Blotting. All hippocampus samples were lysed in RIPA buffer (150 mM NaCl, 50 mM
HEPES, 0.5% NP40, 1% Sodiumdeoxycholate). After 30 minutes on ice, the lysates were clarified by
centrifugation for 20 minutes at 16,000g. The protein samples were measured via Pierce BCA
assay (Thermo-Fisher, Catalog No. 23225). For protein identification and relative quantification via
Western blotting, a proper volume of sample containing an equal amount of proteins was diluted
with 25% NuPAGE™ LDS Sample Buffer (4X; Thermo-Fisher, Catalog No. NP0O007) and 5% 1,4-
Dithiothreitol (DTT; equivalent of 50mM, Sigma-Aldrich, Catalog No. DTT-RO Roche) and loaded
onto NUPAGE™ 4-12% Bis-Tris Midi Protein gels (Thermo-Fisher, Catalog No. WG1402BOX). The
proteins were then transferred onto nitrocellulose membrane (Sigma-Aldrich, catalog No.
GE10600001) at 200mA overnight at 4°C. The primary antibodies [rabbit anti-lbal 1:1000 (WAKO,
catalog No. 016-20001), rat anti-LAMP1, 1:500 (Santa Cruz Biotechnology, catalog No. sc-19992),
mouse anti-Drebrin 1:600 (Enzo Lifesciences, catalog No. ADI-NBA-110-E), chicken anti-GAPDH
1:2000 (Merck Millipore, catalog No AB2302) and rabbit anti-Actin 1:2500 (Sigma-Aldrich, catalog
No A2066)] were then applied overnight in a blocking buffer (20 mM Tris, pH 7.4, 150 mM NacCl,
0.1% Tween 20, and 5% nonfat dry milk). The HRP-conjugated secondary antibodies [ Thermo-
Fisher, anti-mouse (catalog No 31430), anti-rabbit (catalog No 31460), anti-rat (catalog No 31470)
or anti-chicken (catalog No PA1-28798)] were all used in a ratio of 1:2500. The signal was detected
using the SuperSignal™ West Pico PLUS Chemiluminescent Substrate detection system (Thermo-
Fisher, catalog No 34578). Images were acquired by the Image Quant LAS 4000 mini image system

(General-Electrics Healthcare) and protein quantification was performed by measuring the optical
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density of the specific bands with the Image Quant TL software (General-Electrics Healthcare).
Samples from all experimental groups were loaded on each experiment and normalized to the WT
treated with vehicle. For statistical analysis, normalized data across independent experiments

were used together.

Cytokine assay. The mouse Inflammation Array C1 was purchased from Ray Biotech (catalog No
AAM-INF-1). The hippocampal samples were lysed in RIPA buffer in the same way as for western-
blotting. The protein quantification was performed by Pierce BCA assay (Thermo-Fisher, Catalog
No. 23225), following manufacturer’s instructions. The arrays were incubated with the
hippocampal lysate over night at 4°C, then incubated with biotinylated secondary antibodies and
HRP (both provided together with the arrays) following manufacturer’s instructions. The
bioluminescence emitted by the arrays were acquired by the Image Quant LAS 4000 mini image
system (General-Electrics Healthcare) and dot quantification was performed by measuring the
optical density of each dot using the oval tool in Imagel. The same area was used to quantify all
the arrays. The data were analyzed following manufacturer’s instructions. In brief, the arrays were
analyzed in pairs where one of the arrays was used as reference (array X below) and the other was
expressed as fold change (array Y below). For each dot, the following formula was used: X(Ny) =
X(y)*P1/P(y), where P1 is the mean signal for the positive control on the reference array (here
called array X), P(y) is the mean signal for the positive control on the other array of the pair (here
called array Y), X(y) is the raw quantification of a dot being analyzed and X(Ny) is the normalized
guantification of the same dot. X(Ny) was then divided by the same dot’s signal on array X giving a

fold change quantification for each single dot.

Behavioral experiments. The behavioral experiments were performed between P20 and P22 on

both male and female animals.
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The Novel Object Recognition test (NOR) was performed as previously described(Deidda et al.,
2015). In brief, a gray acrylic arena (44 x 44 cm) was used. On the day before the NOR test, the
mice were allowed to become habituated to the apparatus by freely exploring the open arena for
15 min. During the acquisition sessions, three different objects different in shape, color, size and
material were placed into the arena, and the mice were allowed to explore for 15 min (Fig. 25a).
The object exploration and preference was evaluated during these sessions to rule out any
eventual intrinsic bias (Fig. 25b-c). The testing occurred 24 h later in the same arena. In the test,
one of the objects used in the acquisition session was replaced by a novel object, and the mice
were allowed to explore freely for 15 min. The objects were counterbalanced between the
sessions and were cleaned with 70% ethanol after each trial as well as the arena. The exploratory
behavior toward an object was defined as direct contact with the object by the animal's mouth,
nose or paws or as an instance when the animal approached the object so that its nose was within
1 cm of the object. Any indirect or accidental contact with the objects was not included in the
scoring. The time spent exploring each object, expressed as a percentage of the total exploration
time, was measured for each trial. The discrimination index was calculated as the difference
between the percentage of time spent investigating the novel object and that of time spent
investigating the familiar objects: Discrimination Index = ((Novel Object Exploration Time/Total

Exploration Time) x 100) - ((Familiar Object Exploration Time/Total Exploration Time) x 100).
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Novel Object Recognition Test
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Figure 25. Covered distance, exploration time and object preference in the novel object
recognition test. (a) Quantification of the total covered distance during the habituation phase of
the novel object recognition test by animals treated with vehicle, PLX3397, APAP, or Ruxolitinib.
No significant differences were found among the groups. Bar plots represent the average covered
distance + SEM. Numbers in parenthesis: analyzed animals. (b) Quantification of the total object
exploration time in the acquisition phases of the novel object recognition test by animals treated
with vehicle, PLX3397, APAP, or Ruxolitinib. No significant differences were found among the
groups. Bar plots represent the average object exploration time + SEM. Numbers in parenthesis:
analyzed animals. (c) Quantification of the percentage of time spent exploring the three objects

during the acquisition phase by animals treated with vehicle, PLX3397, APAP, or Ruxolitinib. No
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significant biases were found among the groups. Bar plots represent the average percentage of

exploration for each object + SEM. Numbers in parenthesis: analyzed animals.

The Object Location Test (OLT) was performed as previously described (Deidda et al., 2015). In
brief, a gray acrylic arena (44 x 44 cm) was used. On the day before the NOR test, the mice were
allowed to become habituated to the apparatus by freely exploring the open arena for 15 min (Fig.
26a). The next day, the mice were exposed to two identical objects for 15 min during the
acquisition phase. The object preference was evaluated during this session to rule out any
eventual intrinsic bias (Fig. 26b-c). The testing occurred 24 h later in the same arena. During the
trial session, one of the objects was moved to a novel location, and the mice were allowed to
explore the objects for 15 min. The objects and the arena were cleaned with 70% ethanol after
each trial. The time mice spent exploring each object was measured. The exploratory behavior
toward an object was defined as direct contact with the object by the animal's mouth, nose or
paws or as an instance when the animal approached the object so that its nose was within 1 cm of
the object. Any indirect or accidental contact with the objects was not included in the scoring. The
time spent exploring each object, expressed as a percentage of the total exploration time, was
measured for each trial. The discrimination index was calculated as the percentage of time spent
investigating the object in the new location minus the percentage of time spent investigating the
object in the old location: Discrimination Index = ((New Object Location Exploration Time/Total
Exploration Time) x 100) - ((Old Object Location Exploration Time/Total Exploration Time) x 100).
The WT animals treated with APAP showed a small intrinsically preference for object 1 (on average
animals explored 5.04% more object 1 than object 2 during acquisition). The bias did not affect the

results on the testing day. The DI obtained from APAP treated WT animals in which the object in
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the new location was object 1 as opposed to object 2 (3.43+SEM with N=5 vs. 7.731SEM with

N=7), was not significantly different.
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Figure 26. Covered distance, exploration time and object preference in the object location test.
(a) Quantification of the total covered distance during the habituation phase of the object location
test by animals treated with vehicle, PLX3397, APAP, or Ruxolitinib. No significant differences were
found among groups. Bar plots represent the average covered distance + SEM. Numbers in
parenthesis: analyzed animals. (b) Quantification of the total object exploration time in the

acquisition phases of the object location test by animals treated with vehicle, PLX3397, APAP, or
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Ruxolitinib. No significant differences were found among groups. Bar plots represent the average
object exploration time + SEM. Numbers in parenthesis: analyzed animals. (c) Quantification of the
percentage of time spent exploring the three objects during the acquisition phase by animals
treated with vehicle, PLX3397, APAP, or Ruxolitinib. Bar plots represent the average percentage of
exploration for each object £ SEM. Only WT animals treated with APAP showed a significant bias vs
object 1 (** p<0.01; Two-Way ANOVA, Fiteraction (1, 40) = 10.95, p=0.0022; Holm-Sidak post-hoc

test). Numbers in parenthesis: analyzed animals.

In all the behavioral tests, both male and female animals were used. No difference in performance
based on the sex of the animals was observed. Different sets of animals were used for NOR and

OLT.

Golgi-Cox staining, image acquisition and analysis. The animals were perfused transcardially with
0.9% saline. Whole brains were dissected and immersed in the Golgi-Cox solution (5% potassium
dichromate, 5% mercuric chloride and 5% potassium chromate) for 35 days. Then, the brains were
transferred to a 30% sucrose solution and stored in the dark at 4°C. 200 um-thick coronal slices
were cut at room temperature with a microtome (Microm HM 450 Sliding Microtome) and
transferred onto 1% gelatin-coated slides to initiate the staining process in humidified chambers.
Ammonium hydroxide was applied for 10 minutes. Next, the slices were incubated in an increasing
grade of ethanol (50%, 75%, 95% and 100%), then in xylene for 30 minutes, and finally mounted in
DPX-Mounting medium (Sigma-Aldrich, Catalog No 06522). A stack of 80-150 focal images (1 um
thick z-stacks) per cell (for a total of 5 cells per animal) were acquired from randomly chosen
cortical slices at the level of the somatosensory cortex on a Neurolucida microscope equipped
with the software Neurolucida (MicroBrightField) and a 100X objective (NA 1.3). On each image
stack, the apical dendrite of a neuron was visually identified, and spines were counted on the

whole visible length of 3 collateral dendrites for each image and divided by this length using the
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Reconstruct software, which allows for the measurement of spine length and width for an
unbiased classification of spine types (Risher et al., 2014). The densities of spines for each dendrite
were averaged per each image stack. All the chemicals were purchased from Sigma-Aldrich, unless

otherwise specified.

In vitro electrophysiology. P22-P30 mice were anesthetized with isoflurane and transcardially
perfused with ice-cold cutting solution containing: 200 mM sucrose, 4 mM MgCl,, 2.5 mM KCl,
1.25 mM NaH,PQg4, 0.5 mM CaCl,, 25 mM NaHCO3 and 25 mM D-glucose (~¥300 mOsm, pH 7.4,
oxygenated with 95% 02 and 5% CO2). Brains were removed and immersed in cutting solution.
270um-thick coronal slices (cut with VT1000S Leica Microsystem vibratome) were allowed to
recover for 1 hour at 35°C in a solution containing: 117 mM NacCl, 2.5 mM KCl, 1.25 mM NaH,PQ,,
3 mM MgCl,, 0.5 mM CacCl,, 25 mM NaHCO3 and 25 mM glucose (~¥310 mOsm, pH 7.4, oxygenated
with 95% O, and 5% CO,). Recordings were performed in visually-identified CA1 neurons of the
hippocampus at room temperature in artificial cerebrospinal fluid (ACSF) composed of: 117 mM
NaCl, 2.5 mM KCl, 1.25 mM NaH,PO,, 1 mM MgCl;, 2 mM CaCl;, 25 mM NaHCO3; and 25 mM
glucose (~¥310 mOsm, pH 7.4, oxygenated with 95% O, and 5% CO,). Patch pipettes were made
from thick-wall borosilicate glass capillaries (Sutter Instrument, catalog No B150-86-7.5). The
pipettes (5-7 mQ) were filled with intracellular solution containing: 130 mM K-gluconate, 10 mM
HEPES, 7 mM KCI, 0.6 mM EGTA, 4 mM Mg2ATP, 0.3 Mm Na3GTP, 10 mM Phosphocreatine. The
pH was adjusted to 7.3 with HCIl. Whole-cell recordings from CA1 neurons were performed only
when the series resistances were in the range of 10-25 mQ. Three-minute recordings of mEPSCs
were performed after a 10-minute bath application of 20 uM of Bicuculline methiodide (HelloBio,
catalog No HB0893) and 1 uM Tetradotoxin (TTX; HelloBio, catalog No HB1035) to isolate

excitatory events. Data, filtered at 0.1 Hz and 5 kHz and sampled at 10 kHz, were acquired by a
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patch-clamp amplifier (Multiclamp 700B, Molecular Devices) and analyzed using MiniAnalysis

(Synaptosoft). All the chemicals were purchased from Sigma-Aldrich, unless otherwise specified.

Electron microscopy. Pre-embedding immuno-labeling experiments were performed as previously
described (Hebert-Chatelain et al., 2014). Briefly, P22 brains were fixed by transcardial perfusion
with PBS 1X followed by PFA and Glutaraldehyde mixed solution (4% PFA, 0,2% Glutaraldehyde
w/v in PB). Next, 70um thick coronal sections were cut using a vibratome (VT1000S Leica
Microsystem). After a pre-incubation in blocking solution (10% BSA, 0.1% sodium azide and 0.02%
saponin in Tris-buffered saline (TBS), the sections were incubated with rabbit anti-lbal, 1:300
(WAKO, catalog No. 019-19741) in blocking solution with 0.004% saponin overnight at 4°C. After
several washes with 1% BSA in TBS, the sections were processed using the mouse specific
HRP/DAB (ABC) Detection IHC Kit (Abcam, catalog No ab64259). In brief, the sections were
incubated for 2 hours with a goat anti-rabbit biotinylated secondary antibody, then with avidin-
biotin complex for 2 hours, and finally incubated in 0.05% diaminobenzidine (DAB) and 0.01%
hydrogen peroxide mixed solution. After 10 minutes fixation with 1% glutaraldehyde solution, the
sections were post-fixed in Osmium tetroxide 1% for 20 minutes, and stained 2h in aqueous 0.5%
uranyl acetate solution. Then the samples were washed several times in distilled water,
dehydrated in a graded ethanol series (50%, 75%, 95% and 100%) and then embedded in EPON
resin. 70nm-thick sections of the CA1 hippocampal region were collected with a Leica EMU C6
ultra-microtome. Transmission electron microscopy (TEM) micrographs were collected with Jeol
JEM 1011 (Jeol, Tokyo, Japan) electron microscope (Electron Microscopy Facility — Fondazione
Istituto Italiano di Tecnologia, Genoa, ltaly), operating at an acceleration voltage of 100 kV, and
recorded with a 11 Mp fiber optical charge-coupled device (CCD) camera (Gatan Orius SC-1000,
Gatan, USA) at 10,000x. The images were then quantified as previously described (Sipe et al.,

2016). The post-synaptic elements were identified primarily by the presence of electron-dense
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accumulations (postsynaptic densities) when contacting pre-synaptic elements, but also by the
absence of mitochondria and rounded morphologies. The pre-synaptic elements were primarily
identified by the presence of ~40nm-diameter synaptic vesicles, but also by synaptic contacts with
dendritic shafts and post-synaptic elements and the often-present mitochondria. The interactions
were calculated by dividing the number of contacts (per Ibal-labelled process) by the area of the

microglial processes (expressed in pm?) and averaging across processes (40-55 per animal).

Human Samples.

Western Blotting. Samples used for Western-Blot are the same used in Deidda et al. 2015 (Deidda
et al., 2015). None of these samples All hippocampus samples were lysed in RIPA buffer (150 mM
NaCl, 50 mM HEPES, 0.5% NP40, 1% Sodiumdeoxycholate). After 30 minutes on ice, the lysates
were clarified by centrifugation for 20 minutes at 16,000g. The proteins were measured via Pierce
BCA assay (Thermo-Fisher, Catalog No. 23225). For protein identification and relative
guantification via Western blotting, a proper volume of sample containing an equal amount of
proteins was diluted with 25% NuPAGE™ LDS Sample Buffer (4X; Thermo-Fisher, Catalog No.
NP0007) and 5% 1,4-Dithiothreitol (DTT; equivalent of 50mM, Sigma-Aldrich, Catalog No. DTT-RO
Roche), and loaded onto NUPAGE™ 4-12% Bis-Tris Midi Protein gels (Thermo-Fisher, Catalog No.
WG1402BOX). The proteins were then transferred onto nitrocellulose membrane that was
previously incubated with Transfer Buffer for 15 minutes (Sigma-Aldrich, catalog No. GE10600001)
at 200mA overnight at 4°C. The primary antibody [rabbit anti-lbal 1:1000 (WAKO, catalog No. 016-
20001)] was then applied overnight in a blocking buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 0.1%
Tween 20, and 5% nonfat dry milk). The HRP-conjugated secondary antibodies [Thermo-Fisher,
anti-rabbit (catalog No 31460)] was used in a ratio of 1:2500. The signal was detected using the
SuperSignal™ West Pico PLUS Chemiluminescent Substrate detection system (Thermo-Fisher,

catalog No 34578). Images were acquired by the Image Quant LAS 4000 mini image system
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(General-Electrics Healthcare) and protein quantification was performed by measuring the optical
density of the specific bands with the Image Quant TL software (General-Electrics Healthcare). The

samples were loaded in three independent gels and averaged across experiments.

Slice histology, immunostaining, image acquisition and analysis. Human samples used for
immunohistochemistry (Supplementary Table 3) were obtained from two different sources:
Biobank HCB — IDIBAPS (Barcelona, Spain) and NeuroBioBank (USA). Hippocampi were fixed (24h,
PFA 4% (w/v) in PBS 1X), cryoprotected (sucrose 30%, w/v) and stored at -80°C. Samples from HCB
— IDIBAPS were taken from 4 controls (40-86 years-old, postmortem interval (PMI) 7-16h) and 4
individuals with DS (36-67 years-old, PMI 9-22h). Samples from the NeuroBioBank were taken
from 8 controls (36-56 years-old, PMI 8-21h) and 6 individuals with DS (25-57 years-old, PMI 3-
22h). Tissue blocks were cut using a vibratome (VT1000S Leica Microsystem vibratome) into 8-
10um thick (samples from HCB-IDIBAPS) or 25 um thick (samples from NeuroBioBank) sections.
Sections were then incubated with citrate buffer (0.01M, pH 6.0) for 1 minute at 100 2C. Next,
sections were treated for 1 h with 5% normal donkey serum (NDS, Jackson Immuno-Research
Laboratories, catalog No 017-000-121) in PBS 1X with 0.2% Triton- X100 and incubated overnight
at room temperature with mouse monoclonal IgG anti-lbal 1:500 (Chemicon, Catalog No
MABN92). After washing, sections were incubated with secondary antibody (Alexa 488 donkey
anti-mouse 1gG 1:200 (Invitrogen, Catalog No. A-21202). After further washing, sections were then
mounted using Dako fluorescent medium (Dako North America, Catalog No. S3023). For microglial
morphology analysis, a stack of images spanning the whole thickness of the slice (1.15 um thick z-
stacks) from stained hippocampal slices were acquired using a confocal laser-scanning microscope
(TSC-SPE; Leica Microsystems) equipped with a 40x (NA 1.25) immersion objective and projected
on a 2D image. For calculation of the cell-body area, the measurements were performed using the

freehand selection tool in Imagel. Sholl analysis was performed as previously described(Sipe et al.,
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2016). Briefly, cells were cropped and thresholded to generate a binary (black and white) image.
The background was manually cleaned for each cell and the ImagelJ plugin ShollAnalysis (Ferreira
et al., 2014) was used to perform the analysis (starting radius: 4um, ending radius: 70um, radius
step size: 2um, radius span: Oum). For skeleton analysis, the same binary image created for Sholl
Analysis was used. The image was skeletonized using the Imagel) Plugin Skeletonize3D(Lee T.C.,
1994) and was subsequently analyzed using the plugin AnalyzeSkeleton (Arganda-Carreras et al.,

2010).

Mass-Spectrometry Based Proteomics.

Sample preparation. Samples of hippocampi Dp(16) and WT littermates were lysed by FASP
protocol(Wisniewski et al., 2009) using the FASP Protein Digestion Kit (Expedeon Inc, Cat. No.
44250). Briefly, the samples were mixed with 0.3ml of 8M Urea in 0.1M Tris/HCl pH 8.5 (UA
solution), loaded into the filtration devices, alkylated in 0.1ml of 50mM iodoacetamide in UA
solution for 1 h in darkness at RT. The samples were digested using sequentially 1 pg of LysC and
1ug of Trypsin in 50 mM NaHCO3 solution at 37°C overnight. The obtained peptides were
collected by centrifugation of the filter units for 10 min and the filter devices were rinsed with two

40 pl washes 50mM NaHCOs and 50ul 0.5M NaCl to eliminate the hydrophobic interactions.

NanolLC and mass spectrometer setup. The prepared samples were loaded directly into the
separation column and the peptides were eluted with a non-linear gradient of 5-65 % solution B
(80% CAN and 20% H,0, 5% DMSO, 0.1% FA) in 180min at a flow rate of 250nl/min. The peptide
separations were carried out at 55°C by a 75-pum IDx50cm 2pum, 100 A C18 column mounted in the
thermostatic column compartment of the machine. Eluting peptides were electrosprayed and
analyzed by tandem mass spectrometry on an Orbitrap Fusion Tribrid (Thermo Fischer Scientific)

operating in positive ionization mode. The precursors were ionized using an EASY-spray source
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held at +2.2kV and the inlet capillary temperature was held at 300°C. Single MS survey scans were
performed in the Orbitrap, recording a mass window between 375 —1500 m/z with an AGC target
of 250,000, at maximum injection time of 50ms, and a resolution of 120,000 at 200 m/z.
Monoisotopic precursor selection was enabled for peptide isotopic distributions, precursors of
z=2-5 were selected for 2 seconds of cycle time, and dynamic exclusion was set to 45 seconds with
a +10 ppm window set around the precursor. HCD (High-energy Collisional Dissociation) was
performed with a target value of 10,000 ions in the linear ion trap, a maximal ion injection time of
45ms, normalized collision energy of 30%, a Q-value of 0.25 and the possibility to inject ions for all
available parallelizable time was enabled. The mass spectrometry proteomic data were deposited
to the ProteomeXchange Consortium via the PRIDE (Vizcaino et al., 2016) partner repository with

the dataset identifier PXD0O000OO.

Proteomic data analysis. The raw data were processed with MaxQuant software(Cox and Mann,
2008). The database used by the software was the Mouse human database (release 2016_02). For
the search trypsin allowing for cleavage N-terminal to proline was chosen as enzyme specificity. A
contaminants database by the Andromeda search engine (Cox et al.,, 2011), with cysteine
carbamidomethylation as fixed modification and acetylation protein N-terminal methionine
oxidation and deamidation (N, Q) as variable modifications, were selected. For the identification of
proteins, a false discovery rate (FDR) of 0.01 was requested. For peptide identification, peptides
and peptide-spectrum match (PSM) and a minimum length of 6 amino acids were requested.
Quantification in MaxQuant was performed using the built-in label-free quantification algorithm
(Luber et al., 2010), enabling the “Match Between Runs” (Nagaraj et al., 2012). All proteins and
peptides matching to the reversed database were filtered out. Label-free protein quantitation

(LFQ) was performed with a minimum ratio count of 1 (Cox et al., 2014).
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Proteomic bioinformatic analysis. All bioinformatics analyses were performed with the Perseus
software of the MaxQuant computational platform (Tyanova et al., 2016). Protein groups were
filtered to require 100% valid values in at least one experimental group. The label-free intensities
were expressed as base log2 and empty values were imputed with random numbers from a
normal distribution for each column, to best simulate low abundance values close to the noise
level. For each sample, a Student’s t-test with permutation-based FDR statistics was run. 250

permutations were performed, with an sO of 0.1 and required an FDR of 0.05.

Targeted Proteomics. Targeted Peptides for drebrin protein were selected based on the data-
dependent analysis (DDA), experimental results and on the theoretical scores obtained by the
Picky software (Zauber et al., 2018). Peptide samples were prepared using the same FASP protocol
used for the discovery study and analyzed with an Orbitrap Fusion Tribrid mass spectrometer
(Thermo Scientific) coupled to a Thermo/Dionex Ultimate 3000 Rapid Separation UPLC system and
EasySpray nano source. Samples were separated on an EasySpray PepMap RSLC, C18, 2 um
particle, 75 um x 50 cm column at a 250 nl/min flow rate. Solvent A was water and solvent B was a
solution of acetonitrile, water and DMSO (80/20 at 5%, final v/v), each containing 0.1% (v/v)
formic acid. After loading at 2% B for 5 min, peptides were separated using a 100-min gradient
from 7-30% B and a 20-min gradient from 30-50% B, 5-min at 80% B, followed by a 20 min re-
equilibration at 2% B. Peptides were analyzed using the targeted MS2 mode of the Xcalibur
software in which the doubly or triply charged precursor ion corresponding to each peptide was
isolated in the quadrupole, fragmented by HCD, and full m/z 300-1200 scans of fragment ions at
30,000 resolution collected in the Orbitrap. Targeted MS2 parameters included an isolation width
of 1.8 m/z for each precursor of interest, collision energy of 28%, AGC target of 5 x 10e4,
maximum ion injection time of 64 ms, spray voltage of 2200 V, and ion transfer temperature of

300°C. A number of 10 precursors were targeted in each run and no scheduling was used. We used
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the software package Skyline (MacLean et al., 2010) to generate precursor isolation lists for all
peptides of interest and export them into the Orbitrap. Skyline was used to analyze targeted
MS/MS data. Chromatographic and spectral data from RAW files were loaded into Skyline and
manually analyzed to identify fragment ion peaks corresponding to each peptide. RAW files were
also processed using MaxQuant software in order to match MS/MS spectra to the drebrin
proteotype sequence peptide. Peak areas for all selected precursors and transitions in Skyline
were combined for quantitation. For transitions refinement, we checked if all transitions were of
good quality and reproducible over the samples. If certain transitions were of low quality (low

intensity, high CV (%)) or irreproducible over runs, we removed them from the analysis.

Statistical Analysis. For statistical analysis, the Graph Pad Prism 7 software (GraphPad Software,
USA) was used. The statistical analysis was performed by Student’s t test (comparisons between
two-groups), one-way analysis of variance (ANOVA) followed by Holm-Sidak post-hoc
(comparisons among three or more groups) or two-way analysis of variance (ANOVA) followed by
Holm-Sidak post hoc comparison (comparisons among more four or more groups with two
different variables (i.e. Strain and Treatment). For heteroskedastic datasets and/or for datasets of
non-normal distribution, Mann-Whitney test comparison (comparisons between two-groups) or
Kruskal-Wallis test followed by Dunn’s post-hoc test (for comparison between three or more
groups) were used. The Kolmogorov-Smirnov test was used to compare cumulative distributions.
For datasets in Fig. 8e, 9d and 24d, independent One-Sample t-test against O for each cytokine was
used. The outliers were excluded only from the final pool of data by a Grubb’s test iteratively until
no outliers were found. In all cases, where the datasets from vehicle-treated animals were reused
for comparison in different graphs, the statistical significance depicted in the graphs derives from
one single two-way ANOVA including all groups across all figures. The T or F statistics reported in

the figure legends derive from statistical tests including only the groups shown in each individual
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graph. The statistics from experiments where we could not detect statistically significant

differences are reported in Table 5.
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Table 1. Proteins significantly differentially expressed in WT and Dp(16) hippocampi.

Protein names

Gene names

IATP-binding cassette sub-family A member 5

IAbcas

Multidrug resistance-associated protein 1 Abcc1
IAlpha/beta hydrolase domain-containing protein 13 Abhd13
IAcyl-CoA dehydrogenase family member 11 Acad11
IAngiotensinogen;Angiotensin-1;Angiotensin-2;Angiotensin-3;Angiotensin-4;Angiotensin 1_Agt
9;Angiotensin 1-7;Angiotensin 1-5;Angiotensin 1-4

IApoptosis-inducing factor 2 IAIfm2
IA-kinase anchor protein 8-like IAkap8l
IA-kinase anchor protein 9 Akap9
IArchaemetzincin-2 Amz2
IAnoctamin-8 IAno8
IAP-4 complex subunit beta-1 Ap4b1
IArginase-2, mitochondrial IArg2
Rho GTPase-activating protein 25 IArhgap25
Rho GTPase-activating protein 33 IArhgap33
BTB/POZ domain-containing protein At1g04390 At1g04390
IAutophagy-related protein 2 homolog A Atg2a
Plasma membrane calcium-transporting ATPase 3 ATP2B3
IATP synthase subunit beta, chloroplastic atpB
IAtaxin-1 Atxn1
Beta-2-microglobulin B2m
Protein PTHB1 Bbs9
\Vesicle transport protein SEC20 Bnip1
BRCA1-associated ATM activator 1 Brat1
Bromodomain-containing protein 4 Brd4
Uncharacterized protein C20rf72 homolog C20rf72
Carbonic anhydrase 1 Ca1
Calmodulin-binding transcription activator 2 Camta2
Cullin-associated NEDD8-dissociated protein 2 Cand?2
Calpain-7 Capn7
COBW domain-containing protein 1 Chwd1
Chromobox protein homolog 1 Cbx1
CD151 antigen Cd151
CD44 antigen Cd44
CD82 antigen Cd82
Cell division cycle protein 27 homolog Cdc27
Cadherin-9 Cdh9
Cyclin-dependent kinase 2-associated protein 1 Cdk2ap1
Phosphatidate cytidylyltransferase 1 Cds1
Complement factor B;Complement factor B Ba fragment;Complement factor B Bb Cib:CFB
fragment ’
Probable cytosolic iron-sulfur protein assembly protein CIAO1 Ciao1
COX assembly mitochondrial protein homolog Cmc1
Conserved oligomeric Golgi complex subunit 8 Cog8
Collagen alpha-1(ll) chain;Collagen alpha-1(ll) chain;Chondrocalcin ICOL2A1;Col2a1
Copine-3 Cpne3
Crooked neck-like protein 1 Crnkl1
Cleavage stimulation factor subunit 2 tau variant Cstf2t
Protein DENNDBA Dennd6a
Deoxyhypusine hydroxylase Dohh
Probable C-mannosyltransferase DPY19L1 Dpy19I1
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Desmoplakin Dsp

Egl nine homolog 1;Egl nine homolog 3 Egin1;Egin3
Eukaryotic translation initiation factor 5A-2 Eif5a2
Ephrin type-B receptor 6 Ephb6
Epiplakin Eppk1
Endoplasmic reticulum-Golgi intermediate compartment protein 3 Ergic3
Ethanolamine-phosphate phospho-lyase Etnppl
Exonuclease 3-5 domain-containing protein 2 Exd2
Exosome complex component RRP40 Exosc3
Protein FAM173A Fam173a
Protein FAM185A Fam185a
Protein FAM3C Fam3c
Polyphosphoinositide phosphatase Fig4
Filamin-C Flnc
FERM domain-containing protein 5 Frmd5
lAlpha-(1,3)-fucosyltransferase 11 Fut11
FXYD domain-containing ion transport regulator 7 Fxyd7
H/ACA ribonucleoprotein complex subunit 1 Gar1
Glycosyltransferase 1 domain-containing protein 1 Glt1d1
Phosphatidylinositol-glycan-specific phospholipase D Gpld1
Probable G-protein coupled receptor 162 Gpr162
14-3-3-like protein GF14 omega GRF2
General transcription factor 3C polypeptide 4 Gtf3c4
[Translation factor Guf1, mitochondrial Guf1
Protein Hook homolog 1 Hook1
11-beta-hydroxysteroid dehydrogenase-like 5 HSD5
Interferon-induced protein with tetratricopeptide repeats 3 Ifit3
|Intraf|agel|artransp0rt protein 172 homolog Ift172
Ilntegrin-linked kinase-associated serine/threonine phosphatase 2C llkap
[Type | inositol 3,4-bisphosphate 4-phosphatase Inpp4a
|Inteqrator complex subunit 7 Ints?7
|Interactor protein for cytohesin exchange factors 1 Ipcef1
Integrin alpha-3;Integrin alpha-3 heavy chain;Integrin alpha-3 light chain ltga3
Kalirin Kalrn
Pumilio domain-containing protein KIAA0020 Kiaa0020
Kelch-like protein 26 Klhi26
L-lactate dehydrogenase A chain LDHA
Lysosomal acid lipase/cholesteryl ester hydrolase Lipa
Leucine-rich repeat flightless-interacting protein 2 Lrrfip2
U6 snRNA-associated Sm-like protein LSm5 Lsm5
Lysophospholipid acyltransferase 2 Mboat2
Protein-methionine sulfoxide oxidase MICAL1 Mical1
Molybdopterin synthase sulfur carrier subunit Mocs2
Vacuolar fusion protein MON1 homolog B Mon1b
128S ribosomal protein S10, mitochondrial Mrps10
Metastasis suppressor protein 1 Miss1
Unconventional myosin-If;Unconventional myosin-le Myo1f;:Myole
N-alpha-acetyltransferase 20 Naa20
NADH dehydrogenase [ubiquinone] flavoprotein 3, mitochondrial Ndufv3
Negative elongation factor D Nelfcd
Merlin Nf2
NudC domain-containing protein 2 Nudcd?2
Peroxisomal NADH pyrophosphatase NUDT12 Nudt12
Nucleoporin p58/p45 Nupl1
NACHT domain- and WD repeat-containing protein 1 Nwd1
Peroxisomal N(1)-acetyl-spermine/spermidine oxidase Paox
Presenilins-associated rhomboid-like protein, mitochondrial;P-beta Parl
Pterin-4-alpha-carbinolamine dehydratase 2 Pcbd2
Protocadherin-8 Pcdh8
Neuroendocrine convertase 1 Pcsk1
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icGMP-specific 3,5-cyclic phosphodiesterase

Pde5a

Serine/threonine-protein phosphatase PGAMS5, mitochondrial Pgam5
Phosphatase and actin requlator 3 Phactr3
PH domain leucine-rich repeat-containing protein phosphatase 1 Phlpp1
Podocalyxin Podxl
Pogo transposable element with ZNF domain Pogz
Phragmoplast orienting kinesin-1 POK1
Proteasome inhibitor P131 subunit Psmf1
Peroxisomal membrane protein 2 Pxmp2
Ras-related protein Rab-34 Rab34
Guanine nucleotide exchange factor for Rab-3A Rab3il1
RNA-binding protein Raly RALY
Rap guanine nucleotide exchange factor 5 Rapgef5
Regulating synaptic membrane exocytosis protein 3 Rims3
E3 ubiquitin-protein ligase RNF213 Rnf213
mRNA-capping enzyme;Polynucleotide 5-triphosphatase;mRNA guanylyltransferase Rngtt
60S ribosomal protein L36 Rpl36
Ribosomal protein S6 kinase beta-1 Rps6kb1
Sphingomyelin synthase-related protein 1 Samd8
Serine dehydratase-like Sdsl
Septin-10 Sept10
Pigment epithelium-derived factor Serpinf1
Serine hydroxymethyltransferase, cytosolic Shmt1
Solute carrier family 25 member 35 Slc25a35
4F2 cell-surface antigen heavy chain Slc3a2
lAnion exchange protein 2 Slcda2
Protein SMG9 Smg9
Sphingomyelin phosphodiesterase 4 Smpd4
Single-strand selective monofunctional uracil DNA glycosylase Smug1
Histone-lysine N-methyltransferase SMYD3 Smyd3
IVPS10 domain-containing receptor SorCS3 Sorcs3
Sperm-associated antigen 7 Spag?
Spermatogenesis-associated serine-rich protein 2 Spats2
Cytospin-A Speccil
STAM-binding protein Stambp
[TBC1 domain family member 22A Tbc1d22a
F-box-like/WD repeat-containing protein TBL1X Thl1x
[T-cell activation inhibitor, mitochondrial [TCAIM
ITranscription factor 4 Tcf4
ITudor domain-containing protein 7 ITdrd7
IThyroid hormone receptor alpha Thra
Delta(14)-sterol reductase Tm7sf2
[Transmembrane protein 115 Tmem115
[Transmembrane protein 151B;Transmembrane protein 151A Tmem151a/b
[Transmembrane protein 200A Tmem200a
Macoilin [Tmem57
ITransmembrane protein 70, mitochondrial Tmem70
[Transmembrane and ubiquitin-like domain-containing protein 1 Tmub1
[Torsin-2A;Prosalusin;Salusin-beta [Tor2a
Ubiquitin-associated protein 1 Ubap1
Ubiquitin-conjugating enzyme E2 J1 Ube2j1
Ubiquitin-conjugating enzyme E2 R2 Ube2r2
E3 ubiquitin-protein ligase UBR2 Ubr2

UDP-glucuronosyltransferase 1-1;UDP-glucuronosyltransferase 1-9;UDP-
glucuronosyltransferase 1-7C;UDP-glucuronosyltransferase 1-6;UDP-
[glucuronosyltransferase 1-2

Ugt1a1;Ugt1a9;Ugt
1a7c;Ugt1a6;Ugt1a
2

IWD repeat-containing protein 34 Wdr34
IWW domain-containing oxidoreductase Wwox
Ubiquitin thioesterase OTU1 lYod1
Zinc finger CCCH domain-containing protein 14 Zc3h14
Zinc finger CCHC domain-containing protein 8 Zcchc8
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Table 2. Gene Ontology Biological Process Between WT and Dp(16) hippocampi.

Flavonoid and Xenobiotic Glucuronidation

Official Gene Symbol

Gene Name

Species

394436

UDP glucuronosyltransferase 1 family, polypeptide A1(Ugt1a1)

Mus musculus

22236

UDP glucuronosyltransferase 1 family, polypeptide A2(Ugt1a2)

Mus musculus

394432

UDP glucuronosyltransferase 1 family, polypeptide A7C(Ugt1a7c)

Mus musculus

394434

UDP glucuronosyltransferase 1 family, polypeptide A9(Ugt1a9)

Mus musculus

Cell Migration

Official Gene Symbol

Gene Name

Species

like(Speccil)

231841 BRCA1-associated ATM activator 1(Brat1) Mus musculus
12476 CD151 antigen(Cd151) Mus musculus
12505 CD44 antigen(Cd44) Mus musculus
27205 podocalyxin-like(Podxl) Mus musculus
72508 ribosomal protein S6 kinase, polypeptide 1(Rps6kb1) Mus musculus
74392 sperm antigen with calponin homology and coiled-coil domains 1- Mus musculus

Peptidyl-Ser Phosphorylation

Official Gene Symbol

Gene Name

Species

100986 A kinase (PRKA) anchor protein (yotiao) 9(Akap9) Mus musculus
12505 CD44 antigen(Cd44) Mus musculus
69726 SET and MYND domain containing 3(Smyd3) Mus musculus
11606 angiotensinogen (serpin peptidase inhibitor,clade A,8)(Agt) Mus musculus
Memory
Official Gene Symbol Gene Name Species
16400 integrin alpha 3(ltga3) Mus musculus
545156 kalirin, RhoGEF kinase(Kalrn) Mus musculus
110893 solute carrier family 8 (sodium/calcium exchanger), member Mus musculus
3(Slc8a3)
66673 sortilin-related VPS10 domain containing receptor 3(Sorcs3)  |[Mus musculus

mRNA Processing

Official Gene Symbol

Gene Name

Species

54194 A kinase (PRKA) anchor protein 8-like(Akap8l) Mus musculus
66877 Crn, crooked neck-like 1 (Drosophila)(Crnkl1) Mus musculus
66373 LSM5 homolog, U6 small nuglear RNA and mRNA degradation Mus musculus
associated(Lsm5)
24018 RNA guanylyltransferase and 5'-phosphatase(Rngtt) Mus musculus
83410 cleavage stimulation factor, 3' pre-RNA subunit 2, tau(Cstf2t) [Mus musculus
19383 hnRNP-associated with lethal yellow(Raly) Mus musculus
70650 zinc finger, CCHC domain containing 8(Zcchc8) Mus musculus

REDOX Process

Official Gene Symbol

Gene Name

Species

78330 NADH dehydrogenase (ubiguinone) flavoprotein 3(Ndufv3) Mus musculus
80707 WW domain-containing oxidoreductase(Wwox) Mus musculus
102632 acyl-Coenzyme A dehydrogenase family, member 11(Acad11) |Mus musculus
71361 apoptosis-inducing factor, mitochondrion-associated 2(Aifm2) | Mus musculus
102115 deoxyhypusine hydroxylase/monooxygenase(Dohh) Mus musculus
112405 egl-9 family hypoxia-inducible factor 1(Egin1) Mus musculus
112407 egl-9 family hypoxia-inducible factor 3(Egin3) Mus musculus
16828 lactate dehydrogenase A(Ldha) Mus musculus
171580 microtubule associatgd monolo?wgena.se, calponin and LIM Mus musculus
domain containing 1(Mical1)
212503 polyamine oxidase (exo-N4-amino)(Paox) Mus musculus
73166 transmembrane 7 superfamily member 2(Tm7sf2) Mus musculus
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Table 3. Human samples used in this work for immunchistochemistry

Case Number|Diagnosis|Age (years)|Gender AD Signs Source
13250 Control 49 F Absent Neurobiobank USA
13149 Control 46 F |Beta-Ad plaques were presentin the CA4| o | hiohank USA

region of the hippocampus
1570 Control 86 F Absent Biobank Spain
2 Control 53 M Absent Neurobiobank USA
3 Control 46 M Absent Neurobiobank USA
5 Control 53 M Absent Neurobiobank USA
1169 Control 62 M Vascular dementia Biobank Spain
1434 Control 40 M Neuroaxonal pathology Biobank Spain
1468 Control 64 M Few neurofibrillar tangles Biobank Spain
13202 DS 43 F Absent Neurobiobank USA
13235 DS 44 F Tangles in the megglr:;emporal lobe were Neurobiobank USA
5005 DS 39 F Absent Neurobiobank USA
714 DS 36 F Minimal neurofibrillar pathology (Braak I) Biobank Spain
1028 DS 67 F E Alzheimer V Biobank Spain
1335 DS 62 F E Alzheimer VI Biobank Spain
5439 DS 57 M Senile ce_rebr:all disease diffuse Neurobiobank USA
Alzheimer's type severe
5713 DS 5 M Amyloid-beta |rpmuqosta|n|ng shows rare Neurobiobank USA
neocortical diffuse plaques
6135 DS 55 M Cerebral amyloid angiopathy present Neurobiobank USA
974 DS 44 M Some amiloid deposits Biobank Spain
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Table 4. Triplicated genes in Dp(16) mice that play a role in the function of the immune system
(red). Table from Li et al. 2007.

Supplementary Table 1 From Li et al. 2007. Orthologous genes on HSA21 and MMU 16

Names of human Genome coordinates (Start Names of mouse Genome coordinates (Start
genes position) genes position)
LIPI 14403005 D930038D03Rik 75423194
RBM11 14510350 Rbm11 75475524
STCH 14665310 Stch 75637868
SAMSN1 14779428 Samsn1 75741474
NRIP1 15258908 Nrip1 76172581
USP25 16024215 Usp25 76896661
CXADR 17807201 Cxadr 78184283
BTG3 17887846 Btg3 78242452
C210rf91 18083163 D16Ertd472e 78426122
CHODL 18539021 Chodl 78813540
PRSS7 18563561 Prss7 78835600
NCAM?2 21574767 Ncam?2 81315299
MRPL39 25879843 Mrpl39 84600170
JAM2 25933515 Jam2 84657025
ATP5J 26018663 Atp5j 84710458
GABPA 26028752 Gabpa 84717716
APP 26174733 App 84837873
CYYR1 26760402 Cyyr1 85345428
ADAMTS1 27130479 Adamts1 85683023
ADAMTSS 27212112 Adamts5 85751616
HEMK2 HUMAN 29166400 Hemk?2 87243381
ZNF294 29222337 Zfp294 87267869
CU006 HUMAN 29299953 ORF5 87322527
USP16 29318809 Usp16 87344207
CCT8 29350518 Cct8 87372523
TAK1L HUMAN 29380053 ORF63 87442526
BACH1 29593091 Bach1 87588150
GRIK1 29831422 Grik1 87785053
CLDN17 30460132 Cldn17 88395024
CLDN8 30508196 Cldn8 88451217
KR241 HUMAN 30576357 Gm312 88500349
KR261 HUMAN 30613592 2310002B14Rik 88535943
KRTAP13-2 30665875 2310061NO2Rik 88596242
KRTAP13-1 30690213 Krtap13-1 88617721
KRTAP13-3 30719583 Krtap13 88639864
KRTAP19-1 30774235 Krtap16-1 88762689
KRTAP19-2 30781380 Krtap16-5 88766578
KRTAP19-4 30791045 Krtap16-4 88773671
KRTAP19-5 30796061 Krtap8-2 88785093
KRTAP20-1 30910645 Krtap6-1 88930037
KRTAP6-2 30892876 Krtap16-8 88936466
KRTAP21-2 31041140 Krtap21-1 89292225
KRTAP21-1 31049328 Krtap6-2 89308469
KRTAPS8-1 31107218 Krtap8-1 89376581
TIAM1 31414352 Tiam1 89675970
SOD1 31953954 Sod1 90109717
SFR15 HUMAN 31965223 Sfrs15 90118157
HUNK 32167499 Hunk 90275244
C210rf45 32562403 2610039C10Rik 90603533
MRAP_ HUMAN 32593030 Mrap 90627183
NPA1P_HUMAN 32605200 4921511H13Rik 90640868
CuU063 HUMAN 32706560 4931408A02Rik 90715578
C210rf59 32895848 1110004E09Rik 90814670
SYNJ1 32922944 Synj1 90827099
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GCFC HUMAN 33028081 1810007M14Rik 90903775
CuU062 HUMAN 33087746 4932438H23Rik 90942794
OLIG2 33320023 Olig2 91114409
OLIG1 33364320 Olig1 91158628
IFNAR2 33524076 Ifnar2 91261758
IL10RB 33560533 1110rb 91295167
IFNAR1 33619079 Ifnar1 91374108
IFNGR2 33697072 Ifngr2 91435953
TMEM50B 33743312 Tmem50b 91463367
CU055 HUMAN 33779707 ORF28 91504573
GART 33798108 Gart 91510268
SON 33836794 Son 91536739
DONSON 33869653 Donson 91568126
CRYZL1 33883517 Cryzl1 91578183
ITSN1 33936634 Itsn1 91618368
ATP50 34197627 Atp5o 91814082
KCNE?2 34658193 Kcne2 92181248
C21orf51 34669669 1190017012Rik 92190162
KCNE1 34740858 Kcne1 92234860
DSCR1 34810656 Dscr1 92280810
CLICB 34963558 Clic 92386993
RUNX1 35081975 Runx1 92492515
SETD4 36328710 Setd4 93471997
CBR1 36364155 Cbr1 93496379
CBR3 36429080 Cbr3 93571755
DOPEY2 36458876 Dopey?2 93600447
MORC3 36614376 Morc3 93720824
CHAF1B 36679559 Chaf1b 93772441
CLDN14 36754793 Cldn14 93807573
SIM2 36993851 Sim2 93974356
HLCS 37045066 Hics 94239207
DSCR6 37300733 Dscr6 94437218
PIGP 37359534 Pigp 94467561
TTC3 37367441 Ttc3 94479537
DSCR3 37517598 Dscr3 94606586
DYRK1A 37713077 Dyrk1a 94720258
KCNJ6 37918656 Kcnj6 94869867
KCNJ15 38550534 Kcnj15 95366449
ERG 38675671 Erg 95469604
ETS2 39099719 Ets2 95815219
DSCR2 39468565 Dscr2 96084845
BRWD1 39477972 Brwd1 96097357
HMGN1 39636111 Hmgn1 96225528
WRB 39674040 Wrb 96250329
CU013 HUMAN 39699640 4921526F01Rik 96263961
SH3BGR 39739651 Sh3bgr 96305581
B3GALTHS 39850239 B3galts 96420079
QINSI5 HUMAN 40039204 Jam4 96466704
PCP4 40161113 Pcp4 96572516
DSCAM 40306831 Dscam 96697969
BACE2 41462061 Bace2 97461672
MX1 41725838 Mx1 97553052
FAM3B 41610531 ORF9 97576044
MX2 41655820 Mx2 97690999
TMPRSS2 41758351 Tmprss2 97721930
RIPK4 42032614 Ripk4 97896851
PRDM15 42094394 Prdm15 97946794
CuU025 HUMAN 42178290 5830404H04Rik 98010132
ZNF295 42280009 Zfp295 98102306
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Table 5. Non-significant statistics

Figure Test Statistic Values
Fig. 8c ;L\.;?-Talled Unpaired Student's t- t=0.13 df=9 p=0.898
Fig. 8k Two-Tailed Mann-Whitney Test U=17 p=0.628
Fig. 9f Two-Way ANOVA Finteraciion (30, 17081) = 0.5774 p = 0.9684
Fig. 9g ;I;.::)-Talled Unpaired Student'’s t- 1=0.08 df=8 p=0.938
Fig. 9i ;I;.::)-Tauled Unpaired Student's t- 1=0.86 df=18 p=0.397
Fig. 17a Two-Way ANOVA Firteraction (2, 79) = 0.661p = 0.519
Fig. 18e Two-Way ANOVA Finteraction (33, 6324) = 0.9459 p = 0.5563
Fig. 25a Two-Way ANOVA Finteraction (3, 102) = 1.002 p = 0.3950
Fig. 25b Two-Way ANOVA Finteraction (3, 103) =0.8147 p = 0.489
Fig. 25c Vehicle Two-Way ANOVA Finteraction (2, 108) = 1.393 p = 0.2527
Fig. 25c PLX3397 Two-Way ANOVA Finteraction (2, 99)=1.22p =0.3
Fig. 25c APAP Two-Way ANOVA Finteraction (2, 48)=1.049p =0.35
Fig. 25¢ Ruxolitinib Two-Way ANOVA Finteraction (2, 54) = 0.45 p = 0.6365
Fig. 26a Two-Way ANOVA Firteraction (3, 75) =0.8154 p = 0.4894
Fig. 26b Two-Way ANOVA Finteraction (3, 75) = 0.2080 p = 0.8906
Fig. 26¢ Vehicle Two-Way ANOVA Fnteraction (1, 56) =2.019p = 0.1609
Fig. 26c PLX3397 Two-Way ANOVA Finteraction (1, 34) = 0.92 p = 0.3426
Fig. 26c Ruxolitinib Two-Way ANOVA Finteraction (1, 20) = 0.008 p = 0.9264
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ABBREVIATION INDEX

AD — Alzheimer’s Disease

APAP — Acetaminophen

APP — Amyloid Precursor Protein

BBB — Blood Brain Barrier

BDNF - Brain-Derived Neurotrophic Factor
CNS — Central nervous System

DS — Down Syndrome

ERK — Extracellular Signal-Regulated Kinase
HSA21 — Human Chromosome 21

IFN — Interferon

IL — Interleukin

LPS — Lipopolysaccharide

LTD — Long-Term Depression

LTP — Long-Term Potentiation

MCP — Monocyte Chemoattractant Protein-1

—
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MIP — Macrophage Inflammatory Protein
MMU16 — Murine Chromosome 16
NOR — Novel Object Recognition

NSAID - Non-Steroidal Anti Inflammatory
Drugs

OLT — Object Location Test

P — Postnatal Day

PET — Positron-Emission Tomography
PGE — Prostaglandin

Poly I:C — Polyinosinic:polycytidylic Acid
Redox — Reduction/Oxidation

RTT — Rett Syndrome

SVZ - Sub Ventricular Zone

TNF — Tumor Necrosis Factor

WT — Wild Type
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Abstract

Accurate and timely expression of specific genes guarantees the healthy development and function
of the brain. Indeed, variations in the correct amount or timing of gene expression lead to improper
development and/or pathological conditions. Almost forty years after the first successful gene
transfection in /i vitro cell cultures, it is currently possible to regulate gene expression in an area-
specific manner at any step of central nervous system development and in adulthood in
experimental animals i vivo, even overcoming the very poor accessibility of the brain. Here, we
will review the diverse approaches for acute gene transfer in vivo, highlighting their advantages
and disadvantages with respect to the efficiency and specificity of transfection as well as to brain
accessibility. In particular, we will present well-established chemical, physical and virus-based
approaches suitable for different animal models, pointing out their current and future possible
applications in basic and translational research as well as in gene therapy.

Keywords

In vivo genetic manipulations; Nanoparticles; Polymers; Electroporation; Sonoporation; Viruses

1 Introduction

Proper development of the central nervous system (CNS) determines its function and
consequent behaviors. Accordingly, numerous gene alterations during development lead to
brain disorders characterized by a variety of abnormal behaviors, often depending on which
brain area is mostly affected. On the other hand, gene alterations during adulthood may also
lead to a variety of brain-related diseases and neurodegenerative disorders that vary in their
symptoms, depending on the affected brain areas. This complexity highlights the need for
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temporal and spatial regulation of specific genes for proper brain function. Accordingly, the
development of reliable techniques for gene transfection i vivo has recently attracted the
attention of an increasing number of researchers as a means to study and understand the
roles of the diverse genes underlying the basic mechanisms of CNS development and
function (basic research) and to study genes involved in CNS disorders to find new possible
treatments (translational research). In particular, in recent years, basic research has benefited
from new tools for gene editing (¢e.g., CRISPR-Cas9 technology; Ahmad et al., 2018) and
neuronal-activity modulation (optogenetics and chemogenetics; Dobrzanski and Kossut,
2017; Towne and Thompson, 2016), which both need to be coupled to a nucleic acid
delivery system. For translational research, a fast-growing field of study focuses on the
possibility of treating CNS disorders by manipulating gene expression (gene therapy) rather
than by classical pharmacology, which has proven highly ineffective in the last 10 years
(GribkofTf and Kaczmarek, 2017). Thus, regardless of the final application, the development
of novel methods for modulating gene expression 7nn vivo has acquired increasing importance
in recent years. This modulation can be achieved either by the generation of genetically
modified animals or by acute procedures for gene expression modulation. Here, we will only
review the latter.

Generally, an acute modulation of gene expression requires a transfection or transduction
process (1.¢., a procedure that introduces foreign nucleic acids, such as DNA/RNA, into a
cell) to produce genetically modified cells or organisms by nonviral or viral methods,
respectively. Indeed, many molecules, such as nucleic acids and certain drugs, are not able to
diffuse through the lipophilic cell membrane due to their physicochemical properties (e.2.,
hydrophilicity, charge) and/or size. Thus, the support of specific carriers or chemical/
physical stimulation is often necessary to increase the efficiency of the transfection process.

Although highly efficient, acute introduction of DNA into mammalian cells 7n vitro was
achieved a long time ago (Graham and van der Eb, 1973), for the last four decades, scientists
have struggled to increase the efficiency of this process iz vivo (Crystal, 2014). For example,
circulating nucleic acids for transfection have a very short half-life in vivo because they are
degraded by circulating nucleases in the blood. Moreover, targeting specific organs and cell
types at discrete times is generally challenging 7nn vive and is particularly difficult in the case
of the brain for a number of reasons. First, the brain is an isolated, inaccessible environment
due to the presence of the skull and the blood-brain barrier (BBB), which separates
circulating blood from the brain’s extracellular fluid. Second, the brain contains several
different areas that are each characterized by specific functions, rendering area-specific
transfection crucial in this organ. Third, the CNS contains hundreds of billions of neuronal
and glial cells characterized by high diversity (e.g., even among neurons, there is a wide
variety of diverse types with diverse functions). Finally, neurons are postmitotic cells that do
not divide, requiring a cell cycle-independent introduction of genetic material.

Since almost ninety-five percent of the animals used in research are mice and rats (Badyal
and Desai, 2014), we will focus this review on rodents. For a long time, the dominant
approach for acute gene transfer in vivo in rodents was the design of different viral vectors
with increasingly higher efficiency of transfection and tissue specificity (see viral methods
below). Nevertheless, due to limitations related to the safety of viral gene transfer, many
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physical strategies have also been adopted, such as electroporation and sonoporation (see
physical methods below). However, physical methods require strong conditions (e.g., strong
clectric field or ultrasound) for efficient transfection, and thus a range of synthetic carriers
for nucleic acids suited for chemical transfection have also been created (see chemical
methods below; Yin et al., 2014). In recent years, different methods have also been
combined (e.g., physical and chemical methods or viruses and physical methods) to try to
overcome the shortcomings of one method vs the other while taking advantage of the
positive features of both.

In this review, we describe the currently available methods for the delivery of nucleic acids
to the CNS 1 vivo. First, we focus on chemical methods, which include a wide selection of
nucleic acid carriers that allow crossing of the cell membrane. Second, we describe physical
methods, which take advantage of physical forces to increase membrane permeability and
possibly direct nucleic acids to the desired location. Third, we address viral-based
techniques, which explore the intrinsic transfection ability of viruses. Interestingly, all of the
described techniques are very different, but they each present some level of overlap, creating
a great portfolio to choose from when designing diverse experiments with gene transfer in
vivo. Here, we will note the advantages and disadvantages of each described method and
will indicate their best-suited applications.

2 Chemical methods for transfection

21 Lipids

Chemical methods of transfection are a set of techniques that rely on external carriers
characterized by specific chemical properties that are essential for transfection of the
exogenous nucleic acids of interest (Table 1). In particular, chemical carriers are prepared to
favor the formation of complexes with the nucleic acids and internalization by endocytosis
in the target cells. There, the genetic material is released into the cytoplasm through
endosomal escape and subsequently enters the nucleus for transcription into messenger RNA
(mRNA), followed by translation into functional proteins in the cytoplasm (Fig. 1).
Chemical methods often have good gene-packaging capacity and low immunogenicity and
toxicity, and they are relatively safe for the operator (Zhi et al., 2018). Nevertheless, most
chemical methods have low efficiency, and they still rely on invasive methods of
administration for /n vivo applications (e.g., intrathecal/intraventricular injections). Only
recently, the rapid development of materials science and nanoscience has allowed the
construction of more efficient chemical vectors for in vivo transfection; these vectors are
useful for not only basic research but also the biomedical field (Glover et al., 2005; Lu and
Jiang, 2017; Ramamoorth and Narvekar, 2015; Yin et al., 2014). Here, we will focus on
three main groups of chemicals that are often used as vectors.

The use of lipid carriers for transfection (Ze., lipofection) for in vitro cell delivery has been
widespread since the 1980s (Fraley et al., 1980; Lu et al., 1989). Cationic lipids — the most
commonly used lipids — are synthetic lipids with a positively charged hydrophilic domain
connected by a linker to a long lipophilic tail. During transfection, the negatively charged
phosphate on the backbone of the nucleic acids interacts with the hydrophilic domain on the
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lipid, creating a structure called /ipoplex (2200 nm in diameter; (Higuchi et al., 2006; Inoh
etal., 2017; Ramamoorth and Narvekar, 2015; Ross and Hui et al., 1999)). Once the lipoplex
reaches the cell membrane, it is internalized by endocytosis, and the genetic material is then
released from the endosomes inside the cell (Nayerossadat et al., 2012; Fig. 1). Although the
highly positive charge on the surface of the lipids protects the genetic material from cleavage
by circulating endonucleases (Ramamoorth and Narvekar, 2015), lipid-based vectors still
suffer from a short half-life in vivo because. This is due to the rapid degradation of lipid
particles by the reticuloendothelial system, which is composed of phagocytic cells located in
connective tissues (Nayerossadat et al., 2012; Petschauer et al., 2015; Song et al., 2014). To
overcome this issue, the DNA and cationic lipid mixture is often supplemented with so-
called helper lipids (the most common being polyethylene glycol (PEG) and 1,2-dioleoyl-
phosphatidyl-cthanolamine (DOPE)). These are neutral lipids that increase the lipoplex’s
stability, thus increasing its serum half-life. Moreover, the addition of helper lipids also
increases the fusion between the lipid particle and the cell membrane and facilitates the
movement of genetic material between the endosomes and the cell nucleus (Hassani et al.,
2003; Nayerossadat et al., 2012; Yin et al., 2014; Zhi et al., 2018). Finally, depending on the
composition of the cationic lipid mixture and the concentration of the genetic material,
lipoplexes may assume different tertiary structures that may favor transfection efficiency.
This structural variation is mainly due to different charge distributions on their surface and
different areas of interaction with the cell. For example, the hexagonal phases of a lipoplex
can spontancously release the DNA content when these lipoplexes are in contact with an
anionic vesicle, whereas a multilamellar vesicular structure (where the genetic material is
sandwiched between lipid multilayers) tends not to release its contents. Interestingly, the
transition from multilamellar to hexagonal structures is favored by the addition of DOPE to
the lipid-DNA mixtures (Dan, 2015; Ma et al., 2007). Due to all these practices that increase
transfection efficiency, lipids have proven to be efficient i vivo for gene transfection by
direct injection in the ventricle or brain of mice (Hassani et al., 2005; Roessler and Davidson
et al., 1994). Moreover, lipids have been used as a gene-delivery method for the treatment of
glioblastomas by intratumoral injection (Cikankowitz et al., 2017; Lagarce and Passirani,
2016; Pulkkanen and Yla-Herttuala, 2005).

Another structural arrangement that may occur among cationic lipids is a nanoemulsion. A
lipid nanoemulsion (LNE) is a dispersion of nanoparticles of lipids (100—400 nm in
diameter) in a liquid phase that is obtained /n2 vitro by the addition of a surfactant agent to
prevent the lipids from coalescing into a macroscopic phase. The main advantages of LNEs
include easy processing, low costs and easy scale up to large-scale production (Liu and Yu et
al., 2010; Ramamoorth and Narvekar, 2015). LNEs have been successfully used in vitro,
showing a higher efficiency than liposomes (Liu and Yu et al., 2010). The usage of
nanoemulsions 7z vive is becoming more popular due to their low toxicity and high stability
(Ramamoorth and Narvekar, 2015). For example, successful delivery of tumor necrosis
factor alpha (TNF-a) small interfering RNA (siRNA) to treat lipopolysaccharide (LPS)-
induced neuroinflammation has been achieved in rats (Kim et al., 2010). Of note, the small
dimension of the nanoparticles has also allowed intranasal delivery, a convenient way of
overcoming the impermeability of the BBB and preventing the action of blood-circulating
nucleases that may digest the DNA of interest (Yadav et al., 2016).
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Lastly, lipid carriers have also been recently used in the form of so/id /ipid nanoparticles
(SLNs). SLNs are lipid nanospheres (70-230 nm in diameter) with an outer hydrophilic
shell made of a phospholipid double layer and an inner core containing long-chained lipids,
generating particles that are solid and stable at body temperature (Kaur et al., 2008). In the
last decade, there has been increased interest in the use of these nanoparticles for gene
delivery, mainly due to their stability and biocompatibility (Pathak et al., 2017).
Interestingly, SLNs were used to deliver siRNAs against c-met in a murine model of
glioblastoma vza intravenous injection in vivo, and the treatment showed positive outcomes
(Jin et al., 2011). This result highlights the fact that SLNs are very stable and may cross the
BBB, making them a very desirable vector for /n vivo gene transfection in the brain.

2.2 Nanoparticles

With the rapid development of nanotechnology in the last decade, the use of nanoparticles as
a gene-delivery tool has quickly grown. The main advantage of this kind of carrier is its high
stability, great protection against circulating nucleases and low risk of toxicity (Bharali et al.,
2005). Here, we will focus on the most studied nanoparticles.

2.2.1 Silica and gold nanoparticles—Si/ica (an oxide of silicon) is a very malleable
material that finds applications in all realms of science and engineering. Silica nanoparticles
are spheres (30 nm in diameter) that can be relatively easily made and modified during
synthesis. In particular, silica nanoparticles coated with organic amino acids can interact
with nucleic acids and can protect the genetic material from endonucleases. In vitro studies
have shown that upon phagocytosis, coated silica nanoparticles can then be internalized,
subsequently releasing DNA (Kneuer et al., 2000a, b). Interestingly, silica nanoparticles
have also been used to study the development of newly born neurons iz vivo by transfecting
an EFGFR1-coding plasmid in the subventricular zone of adult mice with no signs of cell
degeneration or systemic or brain-specific toxicity (Bharali et al., 2005; Luo and Saltzman,
2006). However, a recent report showed signs of neuroinflammation in rats following
intranasal administration of silica nanoparticles (Parveen et al., 2017). Further studies on the
effect of these vectors in the brain are necessary.

Goldnanoparticles are also used as vectors for gene delivery, as gold has been extensively
studied in a biological context due to its very low toxicity and its capability to bind a wide
array of organic molecules. In particular, some in vitro studies have shown that gold
nanoparticles coated with organic cationic molecules are able to bind nucleic acids and are
endocytosed, providing efficient delivery of the genetic material (Bishop et al., 2015;
Connor et al., 2005; Ekin et al., 2014; Jensen et al., 2013; Levy et al., 2010; Peng et al.,
2016). In addition, gold nanoparticles also display strong and tunable optical properties that
have been tested inn vitro (Pissuwan et al., 2011; Wijaya and Hamad-Schifferli, 2008).
Interestingly, gold nanoparticles can possibly cross the BBB, as tested in not only an 2 vitro
model of the BBB (Bonoiu et al., 2009) but also in vive (Jensen et al., 2013). In particular,
successful transfection of a siRNA against the antiapoptotic gene Bcl2 L12 was achieved in
glioma cells upon systemic injection of gold nanoparticles in mice. Notably, the siRNA
showed little enzymatic degradation (Jensen et al., 2013). Recently, gold nanoparticles
functionalized with PEG or other long organic molecules showed much higher BBB
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permeability (Escudero-Francos et al., 2017; Takeuchi et al., 2018). Remarkably, gold
nanoparticles were also used to downregulate a-synuclein in a murine model of Parkinson’s
disease following intraperitoneal injection and had positive outcomes on anatomical
landmarks of Parkinson’s (Hu et al., 2018).

2.2.2 Fullerenes—Fullerenes are carbon molecules of various shapes and dimensions:
spherical fullerenes (SFs) are called Buckminster fullerenes, whereas cylindrical fullerenes
with a hollow core are called carbon nanotubes (CNTs). The incredible properties of
fullerenes, such as high thermal and electrical conductivity, great strength, and rigidity, put
these molecules at the forefront of the fast-developing nanoengineering industry (Yang et al.,
2006). Moreover, SF3 can be functionalized with cationic charges and thus can stably
condense double-stranded DNA into globules (< 100 nm in diameter), which are protective
against intracellular and circulating nucleases. Nevertheless, the only known in vivo
application to date of SFs is the successful delivery of the Insulin 2 gene directly to the liver
in mice with no signs of systemic toxicity (Maeda-Mamiya et al., 2010). Finally, it has been
reported that SFs are able to cross the BBB, although there are no reports of their use to
deliver genes to the CNS (Quick et al., 2008).

Additionally, CNTs have been studied as a possible vector for gene delivery. Nevertheless,
applying their use to the biomedical realm has proven difficult because CNTs are poorly
soluble in water. One strategy to increase their water solubility is functionalization of their
surface. Indeed, CNTs functionalized with peptides and conjugated to DNA or RNA are able
to successfully penetrate the cell membrane, and the DNA-functionalized CNTs are able
translocate to the nucleus in in vitro systems (Lacerda et al., 2008; Pantarotto et al., 2004;
Singh et al., 2005). Nevertheless, the in vivo application of CNTs is still in its early stages
(Lacerda et al., 2008; Zhang et al., 2014). Notably, Khuloud et al. transfected the brain
cortex in a rat model of ischemia with CNTs functionalized with siRNA for Caspase 3. This
treatment successfully decreased the apoptotic cells around the lesion, with amelioration of
motor deficits in the operated rats (Al-Jamal et al., 2011; Costa et al., 2016). Thus, although
the application of fullerenes in biology is still in its infancy, it is clear that these carbon
nanomolecules offer a new, interesting perspective on the upcoming development of gene-
delivery vectors (Montellano et al., 2011)

2.3 Polymers

Polymers are macromolecules composed of repeated units. Similar to lipoplexes, the
polymers used for gene delivery have a positively charged surface that interacts with the
negatively charged backbone of nucleic acids to form complexes called polyplexes. Among
the polymer materials used for transfection, polyethylenimine (PEI) is one of the most
effective vectors i1 vitro and in vive (Pack et al., 2005). PEI is a synthetic, water-soluble
polymer (0.8 —1000 kDa in molecular weight), and its structural complexity can vary from
linear to highly branched (Ewe et al., 2016; Ramamoorth and Narvekar, 2015). PEIs are
internalized through phagocytosis by cells and can avoid endosome digestion/degradation
via a proton-sponge effect. Due to their highly positive charge (derived from the large
number of partially protonated amino groups that they possess), PEIs can stop the natural
acidification of the endosome, generating strong osmotic imbalances, ultimately causing
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endosome rupture and release of the polymer and the conjugated genetic material into the
cytoplasm. Moreover, the highly positive charge acts as a protective factor against the action
of cytoplasmatic nucleases (Ewe et al., 2016). Interestingly, many studies showed promising
prospects for the use of PEI in vivo. For example, in a classic study, PEI-based vectors were
used to successfully and safely deliver luciferase DNA to the brain through intracortical and
intrahippocampal injections with no animal morbidity (Abdallah et al., 1996). Since then,
PEI-based vectors have been used to deliver genetic material to different CNS regions, such
as the spinal cord (Shi et al., 2003; Shimamura et al., 2004), the cortex in a murine model of
ischemia (Oh et al., 2017) and stem cells located in the subventricular zone (Lemkine et al.,
2002). The delivery occurred by direct brain injection since PEI-based vectors were believed
not to cross the BBB (Lungwitz et al., 2005). Recently, a PEI-based vector was used to
successfully downregulate a-synuclein using a specific siRNA in a rat model of Parkinson’s
disease after one single intraventricular injection (Helmschrodt et al., 2017).

To overcome the potential low BBB permeability, PEI was linked to a peptide from the
rabies virus (RVG), and this method was used to successfully deliver microRNA to the brain
in vivo following tail injection (Hwang et al., 2011). Moreover, PEI functionalized with PEG
was used to deliver a plasmid coding the gene CD200 in a mouse model of multiple sclerosis
(CD200 shows decreased expression in this condition). Notably, the PEI-based carrier
functionalized with PEG was able to cross the BBB (Nourt et al., 2017). Remarkably, the
transfection of hypoglossal motor neurons was achieved by retrograde axonal transport,
which followed the injection of PEI complexed with DNA into the tongue of an
experimental rat (Wang et al., 2001).

Despite the abovementioned successes, further use of PEI for in vivo transfection has been
hindered by the relatively high toxicity of this polymer and its low rate of uptake by living
cells, leading to low transfection efficiency. Thus, in the past few years, attention has turned
to less toxic polymers, such as chifosans. Chitosans are natural polymers made of randomly
distributed B-(1-4)-linked D-glucosamine and N-acetyl-D-glucosamine and are considered
very attractive vectors for gene delivery 1z vivo. Indeed, chitosans are nontoxic at all
concentrations and can be efficiently functionalized (Duceppe and Tabrizian, 2010;
Ramamoorth and Narvekar, 2015). For example, PEGylated chitosan polymers were used to
deliver siRNA against Galectine-1 and EGFR, two genes known to increase the resistance of
glioblastoma cells to treatment with temozolomide. The delivery, which was performed by
intratumoral injection, resulted in an increased survival rate of the animals (Danhier et al.,
2015). Although chitosan-based polymers cannot readily cross the BBB, this issue was
overcome by extensively modifying the chitosan structure. In particular, chitosans were first
trimethylated, generating a trimethylated chitosan (TMC), which increased the solubility and
siRNA binding to the polymer. Subsequently, PEG was conjugated to TMC. Similar to the
reports for lipid-based delivery methods, the addition of PEG increased the biocompatibility
and serum stability of the construct. Notably, upon intravenous administration, the specific
delivery of Cy5.5-siRNA (a fluorescent probe used to visualize RNA) to the brain /n vivo
was obtained by adding a fragment derived from a rabies virus glycoprotein to PEG-
modified TMC (Gao et al., 2014). Remarkably, chitosan-based vectors were used to transfect
HIV-infected astrocytes with siRNA against genes necessary for viral replication,
successfully halting the HIV infection. In this study, the chitosan nanoparticles were
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conjugated to antibodies that could bind to the transferrin receptor in the BBB strongly,
increasing the permeability of the brain to the vectors (Gu et al., 2017).

Another class of polymers is dendrimers, highly branched synthetic polymers that have been
growing in popularity in biomedical research. This interest is mainly due to their well-
defined structure and high density of easily modifiable functional groups (Hu et al., 2016).
Topologically, dendrimers are composed of a core, and the branching is organized around
this core, forming a spherical structure that is usually positively charged with modifiable
functional groups on the surface. Due to their high density of positive charges, dendrimers
escape the endosome through the “proton sponge mechanism”, similar to PEI-based
polymers (Hu et al., 2016). Among the large array of dendrimers, the most commonly used
and the best-characterized one is polyamidoamine (PAMAM; (Hu et al., 2016; Pack et al.,
2005)). PAMAM has been extensively used in vitro due to its low cytotoxicity (Eichman et
al., 2000). To increase gene transfer efficiency and biocompatibility, many functionalizations
of PAMAM have been performed; these functionalizations include the substitution of
positive charges with arginine groups (Choi et al., 2004), PEG (Luo and Saltzman, 20006;
Wang et al., 2009), and pyridine/histidine (Hashemi et al., 2016) and the addition of
hydrophobic chains, including lauroyl (Santos et al., 2010). Nevertheless, as a positively
charged hydrophilic molecule, PAMAM cannot cross the BBB n vivo. To circumvent this
problem, PAMAM was functionalized with PEG and SRL, a small, artificially generated
peptide, and was able to cross the BBB. After internalization by phagocytosis and
interaction with the low-density lipoprotein receptor-related protein (LRP) on the BBB,
PAMAMSs functionalized with SRL were able to efficiently transfect neurons in vivo with a
plasmid DNA coding EGFP following their intravenous injection in the tail of mice
(Zarebkohan et al., 2015). Similarly, different peptides that present high brain penetration,
such as angiopep-2 (Ke et al., 2009), lactoferrin (Huang et al., 2008) and transferrin (Huang
et al., 2007), were used to transfect brain cells 7n vivo. Thus, due to its possible
functionalizations and increased BBB permeation, PAMAM potentially has great promise in
applications as a gene-delivery vector in vivo.

3 Physical methods for transfection

Physical methods are a collection of nonviral techniques for cell transfection that rely on
physical stimulation to deliver and direct genetic material inside the living cell (Table 2).
Physical methods promote reversible alterations in the cell plasma membrane or endocytosis
to allow the direct passage of the molecules of interest into the cell, either alone or with the
support of chemical carriers, as described above (Fig. 2). Physical stimulations can, at least
in part, overcome many of the side effects linked to biochemical or viral techniques. In
particular, the lack of toxicity, the lack of limitations on the length of the coding sequence,
and the low costs are among the main advantages. Physical methods have outstanding
experimental value in basic brain research. On the other hand, their potential translational
application in gene therapy is heavily hampered by the invasiveness of their procedures (e.g.,
the application of strong electric fields and intraventricular injections) and their low
cfficiency when DNA delivery is performed systemically (e.g., reduced brain accessibility
through the BBB).
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The first successful in vitro gene transfer supported by physical stimulation was performed
in 1980 with transfers into mouse glioma cells by electroporation. The same approach was
used for the first in vivo transfection in skin cells of mice (Titomirov et al., 1991). Over the
years, other physical methods were proposed for in vivo gene transfer, including magnet-
assisted transfection (Mah et al., 2002b; Scherer et al., 2002) and ultrasound application
(Sheyn et al., 2008).

3.1 Electroporation

The electroporation technique was already used /n vitro in the 1980s (Neumann et al., 1982;
Potrykus et al., 1985; Potter, 1988) as an acute, quick, easy, highly efficient, low cost and
mostly nontoxic procedure to transfect bacteria and most cell types and to create transgenic
plants. Electroporation enables the transfection of large, highly charged molecules that
cannot passively diffuse across the lipophilic cell membrane by creating temporary water-
filled holes in the membrane (20-120 nm in diameter; (Chang and Reese et al., 1990))
through the application of a series of electric-field pulses. Moreover, application of the
electric field also directs the charged molecules for transfection towards the anode side, thus
driving them in the desired direction towards the arca where the cells of interest are located.
Conveniently, once the exposure to the electric pulse is completed, the cell membrane
reorganizes by closing the temporary hydrophilic pores and returning to its physiological
structure, which traps the exogenous material inside the cell. Recently, the electroporation
technique has evolved into diverse applications iz vivo (in and ex ovo, in and ex utero, as
well as postnatal electroporation) with one of the main advantages being the fast onset of
expression of the protein encoded by the transfected DNA. In general, all the iz vivo
electroporation methods for the CNS share the same concept: the DNA solution is injected
into the lumen of the CNS ventricular system. Indeed, at the interface between the lumen of
the ventricular system and the brain, there is a neuroepithelium where the neuronal
progenitors of different brain areas are located. Thus, following exposure to an electric field
applied by a multipolar electrode, negatively charged DNA is directed towards the positively
charged electrode and incorporated in the specific populations of neuronal progenitor cells.
Those progenitors will generate newly born neurons committed to different brain arcas,
where the neurons will start migrating upon birth, eventually allowing transfection of those
discrete brain regions.

3.1.1 In utero, exo utero and postnatal electroporation—/n vivo electroporation
was applied as a gene transfer method in 1997 in chick embryos /n ove (Muramatsu et al.,
1997). Just four years later, the first CNS transfections of mouse and rat embryos were
performed using 7n utero and exo utero electroporation (Fukuchi-Shimogori and Grove et al.,
2001; Saito and Nakatsuji, 2001; Tabata and Nakajima, 2001).

The in utero electroporation (IUE) technique is based on the direct injection of exogenous
nucleic acids into the ventricular system of embryos through the uterine wall of a pregnant
dam. Then, the electric field is applied to the neuronal progenitors by means of two
extrauterine forceps-type electrodes placed on the sides on the embryo head. Since the
injection of the nucleic acid solution occurs through the uterine walls with no major damage
to the uterus, the pregnant dam is able to deliver the pups. This process allows both
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embryonal and postnatal studies of the electroporated pups. High efficiency with the two
standard forceps-type paddle electrodes has been achieved for the electroporation of
pyramidal neurons in the rodent somatosensory cortex (Saito, 2006). Since then, IUE has
become the gold standard for studies on cortical development ex vivo, both at the anatomical
and functional levels (LoTurco et al., 2009; Tabata and Nakajima, 2008; Taniguchi et al.,
2012). Over the years, researchers have achieved targeting of many other brain regions by
simply changing the orientation of the forceps-type electrodes. Indeed, by tilting the bipolar
electrode, it is possible to target the visual cortex (Cang et al., 2005; Mizuno et al., 2007,
Saito and Nakatsuji, 2001), hippocampus (Conrad et al., 2010; Saito and Nakatsuji, 2001;
Tomita et al., 2011), olfactory bulb (Imamura and Greer et al., 2013), ganglionic eminence
(Borrell et al., 2005; Tanaka et al., 20006), thalamus (Haddad-Tovolli et al., 2013),
hypothalamus (Haddad-Tovolli et al., 2013), midbrain, amygdala (Remedios et al., 2007;
Soma et al., 2009) cerebellum (dal Maschio et al., 2012; Kita et al., 2013; Szczurkowska et
al., 2016; Yamada et al., 2014), spinal cord (Saba et al., 2003) and brainstem (David et al.,
2014), but with a highly variable degree of efficiency (dal Maschio et al., 2012;
Szczurkowska et al., 2016). Recently, the addition of a third electrode to the standard
electroporation configuration has enabled highly reliable bilateral transfection of the
hippocampus; the prefrontal, motor and visual cortices; and the cerebellum in a single
electroporation episode (dal Maschio et al., 2012; Szczurkowska et al., 2016, 2013).
Notably, although transfection is confined to a specific brain region and although not all
cells in that region are transfected, successful behavioral studies have been performed. For
example, animals have been transfected /n ufero with DISC1 cDNA, leading to amphetamine
hypersensitivity (Vomund et al., 2013), and DCX KO mice have been transfected with DCX
cDNA, leading to rescued epileptic-seizure susceptibility (Manent et al., 2009). Moreover,
TUE has also been used in studies on psychiatric disorders, such as schizophrenia, indicating
the molecular pathways that lead to cognitive deficits (Kamiya, 2009; Taniguchi et al.,
2012).

One of the possible variations of the IUE technique is exo utero electroporation (EUE). In
this case, during surgery, embryos are removed from the urerus. After DNA injection and
delivery of the electric field with the forceps-type electrodes, the embryos are placed back
inside the abdominal cavity of the dam without stitching the uterine walls. Since EUE
guarantees better accessibility to the embryos than IUE, difficult-to-reach structures, such as
the rhombencephalon (Akamatsu et al., 1999), spinal cord and caudal hindbrain (Saba et al.,
2003), can be transfected with higher precision. Exo utero electroporation is mostly used for
studying prenatal stages, as development of the embryos out of the uterus does not allow
vaginal delivery. However, for postnatal studies, it is possible to rescue the electroporated
embryos right before birth (E18.5) by Cesarean section, followed by immediate fostering
with a stranger mother. Nevertheless, this procedure carries the risk of the pup’s rejection by
the foster mother.

It is possible to use the same principle of IUE to transfect animal brains after birth, enabling
the study of postnatal brain development. In carly postnatal electroporation, DNA is
delivered to the brain ventricle or to the subventricular zone using a stereotactic
microinjector (Boutin et al., 2008; Chesler et al., 2008), and the animal’s head is
conveniently placed between the plates of the forceps-type electrodes. This process allows
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transfection of the progenitors located in the lateral, septal, and dorsal walls of the lateral
ventricle, resulting in the transfection of different types of olfactory bulb neurons (Boutin et
al., 2008; Chesler et al., 2008; De Vry et al., 2010; Fernandez et al., 2011; Sonego et al.,
2013).

Finally, in adult rodents (up to 3,5 months old), DNA can be injected into the ventricle or
directly into the targeted brain area to achieve the selective transfection of specific brain
regions without affecting neurodevelopment. In the case of adult electroporation, the electric
pulses can be applied with the standard forceps electrode (Chesler et al., 2008; Kitamura et
al., 2008), or - for more precise and region-specific electroporation - a needle-like electrode
can be inserted directly in the targeted brain region after local application of the DNA
solution (Tanaka et al., 2000; Zhao et al., 2005). Late postnatal electroporation has been
used to target the dentate gyrus (DG; (De Vry et al., 2010)) and the CA1 region (Tanaka et
al., 2000) of the hippocampus, the prefrontal cortex (Zhao et al., 2005), the barrel cortex
(Kitamura et al., 2008), and the cerebellum (Kitamura et al., 2008).

3.2 Sonoporation

Sonoporation takes advantage of temporary pores created in the cell membrane by
ultrasound (US) exposure. The uptake of the DNA carriers during exposure to US occurs by
mechanical stress, which causes endocytosis and/or large membrane wounds that are later
closed by endogenous vesicle-based repair mechanisms (Fig. 2; Escoffre et al., 2013). US
pulses can be delivered on their own, but their delivery in combination with a local
application of microbubbles increases the efficiency of transfection (Taniyama and
Morishita, 2006). Indeed, microbubbles are gas-filled structures (1-8 um in diameter) that
can react to the ultrasound waves by sequential expansion and compression (Lentacker et al.,
2014), causing their own local oscillation close to the cell membrane and increasing the
permeability to exogenous material (e.g., DNA). Moreover, the physicochemical
composition of the microbubbles can increase their chances of binding or capturing DNA. In
particular, the most commonly used microbubbles are proteins, lipids or polymers (see
chemical methods above). So far, the most suitable solution for microbubbles comprises
cationic lipids, which can easily bind negatively charged plasmid DNA and are easily
disrupted by US.

Although sonoporation is a promising technique that is well established for in vitro gene
transfer (Fischer et al., 2006), its 7nn vivo application is hindered by the possible aversive
reactions of live tissue to US exposure (e.g., increased temperature and production of
reactive oxygen species; Juffermans et al., 2006; Wu, 1998). In the embryonic or newborn
mouse, brain ultrasound was nevertheless used to attempt transfection of plasmid DNA in
combination with microbubbles, both by intraventricular injection and systemically.
However, the transfection efficiency was relatively low, and 50% of the injected embryos
suffered from hydrocephaly (Endoh et al., 2002). On the other hand, microbubble-enhanced
ultrasound improved gene transfer to the sub-ventricular zone after intraventricular injection
in adult mice 7 vivo (Tan et al., 2016).
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3.3 Magnet-assisted transfection

Magnetism-based targeted delivery was first described almost forty years ago (Widder et al.,
1978) as a means to use magnetic micro- and nanoparticles for drug delivery to the
circulatory system in vivo. The technique takes advantage of a magnetic field to direct
magnetic nanoparticles (MNPs) containing nucleic acids into the target cells. The MNPs
used as carriers are mostly composed of an iron oxide (magnetic) core with an additional
organic or inorganic coating (e.g., arabic gum ((Zhang et al., 2009), liposomes (Linemann et
al., 2013), polymers, peptides and ligands/receptors (Estelrich et al., 2015)). Coated MNPs
have major advantages (Chatterjee et al., 2001; Estelrich et al., 2015). Moreover, due to their
positively charged magnetic core, the binding of negatively charged molecules (e.g., DNA)
is a relatively fast and ecasy process. Upon activation of the magnetic field, MNPs are drawn
towards the target cells, where they undergo endocytosis or pinocytosis, followed by nucleic-
acid release, leaving the membrane composition of the target cell intact (Fig. 2).

In in vitro studies, magnetofection has been commonly used due to its simplicity and high
efficiency (Scherer et al., 2002). The application of a magnetic field, together with MNPs, is
also a promising approach for in vivo gene transfer due to its noninvasive nature, ability to
direct DNA to the region of interest and lack of toxicity. Nevertheless, magnetofection in the
CNS is still in its infancy. Indeed, in one report describing MNPs functionalized with PEI
that were administered in the rat spinal cord after lumbar intrathecal injection (Song et al.,
2010), the experiment was not fully successful due to the dispersion of MNPs in the
cerebrospinal fluid after exposure to the magnetic field. On the other hand, highly efficient
and long-term magnetofection of complexes of EYFP channelrhodopsin and MNPs for
optogenetic applications in the rat visual cortex iz vivo has also been reported upon direct
brain injection (Soto-Sanchez et al., 2015).

4 Virus-mediated trasduction

Viruses are nanometric infective agents composed of a protein capsid that protects their
genetic material and, in some cases, a lipid envelope derived from the host cell membrane
that protects the capsid. Viruses can therefore be classified as naked or envelopedbased on
the absence or presence of this lipid structure, respectively. All viruses are dependent on the
host cell to successfully replicate: they hijack the replication machinery of the host cell and
guide it to replicate the viral genetic material. Indeed, during laboratory synthesis of viral
particles for experimental applications, cells are first infected with the aim of synthetizing
high numbers of new viral particles that are subsequently purified and used at a high
concentration in future experiments (Farson et al., 2004). Depending on the type of virus
used for the transfection during experimental applications, the genetic material can be
integrated in the host DNA or can be temporarily expressed (Fig. 3, Table 3). All cells can be
infected by specific viruses (Koonin et al., 2006), and it is the capsid itself or in some cases,
the envelope protein sequence and shape that determines what kind of cell a virus will infect,
a property called fropism. As the genetic material carried by a virus can be modified or
substituted by a synthetic construct altogether, viruses have been widely utilized as a means
to perform genetic manipulations in live cells. Interestingly, the capsid can also be
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artificially modified, thus generating viruses with a desired tropism for specific cell types
(Freire et al., 2015).

The use of viral vectors for gene delivery into living cells dates back to 1976 when, for the
first time, a DNA segment of a bacteriophage lambda was transfected into mammalian cells
using a Simian Virus 40 (SV40) vector (Goff and Berg, 1976). Since then, the use of viruses
in biological and biomedical research grew exponentially, and today, viral vectors are the
most powerful technique for gene delivery in vitro and in vivo. The main advantages of the
use of viral vectors are their extremely high specificity towards a certain cellular type and
the high efficiency of reliable transfection. On the other hand, once engineered, the viral
particle has to be purified. Easy and fast purification protocols are currently available.
However, the process may sometimes damage the genomic material (Kay et al., 2001).
Moreover, the size of the construct is limited by the packing capacity of the capsid.
Furthermore, viruses are administered vza intrathecal or intraventricular injection, which is
extremely invasive (Artegiani and Calegari et al., 2013; Kotterman et al., 2015a; Thomas et
al., 2003). Finally, most viruses require several days before transduction of the genetic
material, although the precise expression timing varies for each type of viruses (e.g., herpes
simplex peaks at 24 h following infection; adeno-associated viruses require approximately 3
weeks to peak, although the expression is already visible as soon as 24 h following
administration; Penrod et al., 2015; Reimsnider et al., 2007). Unlike the other methods for
gene delivery, some viral vectors can lead to viral genetic material becoming stably
integrated into the host genome (e.g., Herpes Simplex viruses), which makes viral vectors
particularly suited for the transfection of dividing cells. On the other hand, integrated viruses
may be dangerous because the integration may occur in undesirable zones of the genome,
leading to harmful mutations, which hinders their usage in biomedical research (Thomas et
al., 2003). Conversely, with some other viral vectors (e.g., adenoviruses), the genetic
material remains in the nucleus as a so-called episome. Thus, nonintegrative viruses are safer
but are mostly suitable only for nondividing cells, as the nonintegrated plasmid becomes too
diluted in rapidly dividing cells to give the desired level of transfection (Kotterman et al.,
2015a; Thomas et al., 2003). Here, we will review the four main viral classes that have in
vivo applications in basic and biomedical research.

4.1 Lentiviruses

Lentiviruses are enveloped viruses belonging to the class of retroviruses (viruses bearing
RNA genetic material) with the unique characteristic of being able to infect nondividing
cells in a long-term manner. Being in the class of viruses bearing RNA, these viruses rely on
retrotranscription to integrate their genetic material in the host genome (Fig. 3).
Retrotranscription involves transcribing RNA into DNA with the help of a reverse
transcriptase enzyme, which is encoded by the virus genome. Although lentiviruses are
efficient viral vectors used for gene delivery, they were originally derived from pathogenic
agents (Z¢., human immunodeficiency virus, HIV). This hampers their use i vive, due to the
risks of eliciting strong immunogenic responses or even reconversion to the wild-type
pathogenic form (Cockrell and Kafri, 2007; Mah et al., 2002a). One important step made
towards the development of safe lentiviral vectors was the substitution of the envelope
protein of pathogenic viruses with one derived from a different virus (most commonly,
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vesicular stomatitis virus G glycoprotein, VSV-G), which cannot successfully multiply after
infection of the host cell and presents a wider tropism (Artegiani and Calegari et al., 2013;
Mah et al., 2002b). Nevertheless, lentiviruses have been successfully used for efficient gene
delivery in vivo for a long time (Bonci et al., 2003; Li et al., 2016; Qiao et al., 2016). Indeed,
an HIV-based VSV-G-pseudotyped virus was used for the first time i vivoin 1996 to stably
transfect fully differentiated neurons and glial cells and deliver B-galactosidase to the
hippocampus of adult rats for up to three months after inoculation, without any evident
immunogenic reaction. The stability of the infection depended on integration of the viral
genome into the host-cell genetic material (Naldini et al., 1996a, b). Other applications in
the CNS followed, and lentiviral vectors injected intracranially were used to study the effect
of ApoE isoforms on amyloid plaque deposition in a mouse model, allowing the
determination of the isoform-specific effects of ApoE on the amyloid burden in the
hippocampus (Dodart et al., 2005). Moreover, modifications of the envelope of lentiviruses
allowed preferential targeting of discrete populations of cells in the CNS with high
flexibility. For example, lentiviruses pseudotyped with a modified envelope displayed anti-
GLAST (an astrocyte-specific protein) IgG on their surfaces and preferential astrocyte
targeting in vivo (Fassler et al., 2013). Interestingly, due to their ability to infect fully
differentiated cells, lentiviruses find widespread usage in the study and development of
therapies for neurodegenerative diseases, such as Parkinson’s (Azzouz et al., 2004;
Bensadoun et al., 2000; Yin et al., 2017) Alzheimer’s (Li et al., 2017; Parsi et al., 2015; Tan
et al., 2018) and Huntington’s disease (Cui et al., 2006; Schwab et al., 2017).

4.2 Adenoviruses

Adenoviruses (ADVs) are nonintegrating naked viruses that bear double-stranded DNA.
ADVs can transfect dividing and nondividing cells with fairly high efficiency (Mah et al.,
2002a). ADVs have been successfully used in vitro to target neocortical and glial cells in
culture (Morelli et al., 1999; Smith-Arica et al., 2000; Southgate et al., 2008). Nevertheless,
their usage in vivo has been challenging due to their high virulence (Thomas et al., 2003). To
overcome this issue, ADVs have been extensively engineered during the last 35 years with
the aim of generating nonimmunogenic vectors. The first generation of modified ADVs had
their viral genome deleted, generating replication-defective ADVs; nonetheless, these ADVs
still exhibited potent T-cell-related immunogenicity. These first-generation viruses showed
potent toxicity to the CNS, causing the transfected cells to be phagocyted. Nevertheless,
usage of these vectors still led to the successful treatment of glioma in mice (Germano et al.,
2003; Immonen et al., 2004; Lentz et al., 2012). Due to their capacity to infect dividing cells,
replication-defective ADVs were also used to transfect neuronal precursors in the adult
mouse brain following intraventricular injections (Yoon et al., 1996). In a great leap forward,
safe ADV vectors were made with the development of helper-dependent ADVs (HD-ADV;
Thomas et al., 2003). The HD-ADVs lacked any viral genes; thus, another virus (the helper
virus) was needed to carry the information for their replication during the laboratory
preparation of viruses for infection. This development enabled the synthesis of viral vectors
with the ability to carry long constructs (up to 30 kB) that almost completely lacked
virulence. Nevertheless, it is virtually impossible to completely eliminate the helper virus
during the laboratory purification procedure, although currently, the amount of
contamination can be reduced to less than 0,1%. This is a promising achievement for future
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studies and applications using HD-ADVs (Kay et al., 2001). Indeed, HD-ADV has been
recently used to perform manipulations of the DNA in human pluripotent stem cells and
induced pluripotent stem cells (iPS), opening up the prospect of gene manipulation of
pluripotent stem cells for therapeutic applications (Mitani, 2014).

4.3 Adeno-associated viruses

Adeno-associated viruses (AAVs) are viruses strictly related to ADVs. Indeed, AAVs were
first isolated in 1965 as a contaminant in the preparation of ADV (Atchison et al., 1965; Kay
etal., 2001). AAVs have a single-stranded DNA (ssDNA) genome composed of two genes,
one for their replication (rep) and one for their encapsulation (cap), even though AAVs
cannot replicate on their own. Similar to ADVs, AAVs require a helper virus to multiply.
The AAV genome remains in the nucleus of host cells as an episome, or at a lower
frequency, the AAV genome stably integrates in the host genome. The natural replication
deficiency of AAVs in the absence of an HV gives them a natural safety mechanism in in
vivo applications (Kay et al., 2001; Mabh et al., 2002b; Samulski and Muzyczka, 2014; Yan
et al., 2005). Indeed, these viruses have never been associated with any pathology, and they
are the most studied viral vectors for gene delivery 7n vive (Mah et al., 2000). Their main
drawback is their small packing capacity (not exceeding 5 kb), which can nevertheless be
increased by clever molecular biology tricks (e.g., dividing the expression plasmid into two
vectors and reconstituting a fully functional expression cassette after concatemerization of
episomes in the nucleus (Thomas et al., 2003)). So far, AAVs are the method of choice for
the study of in vivo brain physiology, since the transfection can be stable for strikingly long
times. Moreover, different serotypes of AAVs can have different tropisms for discrete cell
populations (Burger et al., 2004; Lentz et al., 2012). For example, an AAV infection was
stably expressed up to six months in the rat brain (Klein et al., 1999) and up to 6 years in the
bone marrow of nonhuman primates (Rivera et al., 2005). Moreover, due to their
neurotropism and their ability to be transported along the axon, AAVY9 and AAVrh10 may be
used for the development of therapeutic approaches for local interventions of axonally
connected structures (Choudhury et al., 2016b). Finally, different AAV serotypes can
transfect different cell types (e.g., astrocytes and oligodendrocytes) in the brain i vivo
(Foust et al., 2009; Lawlor et al., 2009). This transfection was achieved by shuffling random
pieces of the cap gene together to generate a large variety of different cap proteins and later
screening for specific tropism for different cell types. Indeed, gene shuffling of the heparin-
binding domain (HBD) in individual hybrid capsids of various AAV serotypes (AAV-type 2/
type 8/type 9 chimera) helped in the creation of the AAV-DJ-derived viral peptide library for
cell-specific tropism 7n vive in mice (Grimm et al., 2008). The effect of the HBD on viral
tropism was demonstrated by transduction to diverse tissues, including the brain (Grimm et
al., 2008). Notably, cap-gene shuffling was also used to develop chimeric AAVs with the
remarkable ability to pass through the seizure-compromised BBB in rats after kainic acid-
induced seizures (Gray et al., 2010). In addition to capsid shuffling, packaged plasmids with
specific promoters can also be used to achieve the goal of cell specificity (see the discussion
section for further information about promoters). Interestingly, other AAV serotypes -when
administered intravenously - were unexpectedly shown to cross even an intact BBB in young
and adult animals (Bourdenx et al., 2014; Duque et al., 2009; Foust and Kaspar et al., 2009;
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Foust et al., 2009). All these findings further fuel the interest in basic and biomedical
research on AAVs.

4.4 Herpes simplex viruses

The herpes simplex viruses (HSVs) are enveloped viruses bearing double-stranded DNA
genetic material. Their genome is relatively large, having a length of approximately 152 kb
and containing more than 80 genes. Because many of the genes are not essential for viral
replication, HSVs can carry at least 30 kb of nonviral DNA suitable for experimental
purposes (Kay et al., 2001). The main advantages of HSVs are their high tropism for the
CNS (for an unknown reason, especially sensory neurons; Menendez and Carr, 2017) and
the fact that after infection, the HSV genome mostly remains in a latent form as a stable
circular episome in the nucleus of fully differentiated cells for a very long time without
eliciting any immunogenic response (Lentz et al., 2012). On the other hand, their strikingly
complex envelope makes the development of cell-specific HSVs very challenging, although
pseudotyping of HSV with the VSV-G protein can reduce off-target transfection rn vitro
(Andersen et al., 1982). Moreover, HSVs may still cause a massive activation of the immune
system by starting replication in the host cell. This activation remains one of the main
concerns for the use of HSV for gene delivery in vivo. One way to avoid self-replication is to
delete some of the viral genetic material, generating nonself-replicating viral particles,
which nevertheless need to be coupled to helper viruses for their replication during
preparation (Kay et al., 2001; Spaete and Frenkel, 1982). With this process, cytotoxicity was
strongly reduced, and neurons in culture were stably transfected for more than three weeks
(Krisky et al., 1998). Although HSVs have been widely studied in vivo to treat glioblastoma
in rodents (Nakashima et al., 2018; Ning and Wakimoto, 2014; Wollmann et al., 2005), their
application to the transduction of neurons is still limited. Nevertheless, HSVs have been
already used to transfect the striatum (for up to 7 months) in a rat model of Parkinson’s
discase with genes necessary for the functioning of dopaminergic neurons, providing
significant recovery of the phenotype (Sun et al., 2003).

5 Discussion

5.1 Challenges of in vivo gene delivery to the brain

The study of the CNS through acute genetic manipulations 7z vivo to understand brain
function in health and discase has always been a challenging issue for scientists. First, there
are technical issues related to the inaccessibility of the brain due to the presence of the skull
and the BBB, Additionally, the great complexity of brain ¢ircuits (Ze., the variety of
neuronal and nonneuronal cell types) and network functionality (7e., the long- and short-
range connectivity among different brain regions) renders it difficult to establish causal
relationships between genetic manipulations and cellular/behavioral outcomes in basic
research. Finally, the invasiveness of surgical procedures and viral vector safety constitute
additional challenges for translational applications. The various methods for in vivo gene
manipulations highlighted above present positives and negatives in regard to applications for
basic research or translational purposes in the difficult to access brain, which we will discuss
below.
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5.1.1 CNS penetration—The first difficulty in achieving acute gene manipulations in
the brain /n vivo is the need to bypass the skull or the BBB. To this end, tremendous efforts
have been made to improve brain-delivery methods or maximize vector permeability. One of
the first and simplest ideas developed in the past was the injection of DNA directly into the
brain area of interest. The first studies in this regard were performed in the late 1980s and
carly 1990s (Breakefield and Geller, 1987), when different groups performed genetic
manipulations by viral injection directly into the rodent retina and brain (Davidson et al.,
1993; Palella et al., 1989; Price et al., 1987). Furthermore, lipofectin-supported DNA
transfection, which overcomes the electrostatic repulsion of DNA by the cell membrane, was
also successfully performed by direct injection into the mouse brain (Ono et al., 1990).
Subsequently, chemical polymers such as PEI were used to directly inject genetic material
into the cortex, hippocampus (Abdallah et al., 1996), spinal cord (Shi et al., 2003), and SVZ
(Lemkine et al., 2002) of rodents. Moreover, lipid vectors were also effectively injected in
the ventricles of early postnatal mice (Hassani et al., 2005; Roessler and Davidson et al.,
1994) for basic research or in rodent glioblastoma to investigate possible therapeutic
approaches (Cikankowitz et al., 2017; Lagarce and Passirani, 2016; Pulkkanen and Yla-
Herttuala, 2005). Currently, physical methods, such as IUE and EUE, are particularly
suitable for studies of neurodevelopment, as DNA can be directly injected into the large
ventricles of developing embryos and a strong electric field can be casily applied to the head
of the embryos. Indeed, embryos have no bony skull, which guarantees high transfection
efficiency (Saito, 2006; Szczurkowska et al., 2016). Moreover, the quick expression of
transfected genetic material upon electroporation also contributes to the successful
application of this technique for neurodevelopmental studies. On the other hand, for viral
vectors, the main strategy used for their delivery in the brain remains the direct
intraparenchymal infusion of viral particles. Indeed, ventricle injection requires a large
quantity of viral material at high concentrations, which may be difficult to obtain, as well as
costly. Thus, viral injection is more suitable for local transfection in the postnatal and adult
brain. Moreover, unlike electroporation, which becomes difficult when the electric field
needs to be delivered through the bony skull of an adult animal, small amounts of viral
vectors can be delivered by direct stereotaxic injection in a specific brain region of adult
animals, following a minor craniotomy. Thus, viral vectors are the technique of choice for
the study of brain functionality at later postnatal ages, which is also compatible with the fact
that these vectors may require days before driving efficient expression of the genetic
material that they carry.

Since direct injection in the brain - especially when considered for translational applications
- is still an invasive technique due to the procedure itself and the risks of possible side effects
related to the surgical intervention, new strategies have been developed to bypass the BBB in
recent years. In particular, lipids and polymers supplemented with helper lipids or
functionalized with peptides to increase their BBB permeation were successfully used with
intravenous injection. For example, dendrimers, PEI and nanoparticles have been
functionalized with PEG and other organic molecules to enable them to cross the BBB
(Zarebkohan et al., 2015). In addition, viral capsids have been engineered to be more BBB
permeable (Choudhury et al., 2016a, ¢; Deverman et al., 2016; Zhang et al., 201 1).
Moreover, a portion of the produced AAV particles remain associated with cell membranes
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(exosome-AAVs). Compared with AAVs, exosome-AAVs have a longer half-life in the
blood and increased BBB permeability (Hudry et al., 2016; Maguire et al., 2012).
Alternatively, nanoparticles have been conjugated to genetic material, and their small
dimensions allow direct intranasal delivery; thus, this method guarantees direct brain access
because it does not require BBB crossing (Yadav et al., 2016).

5.1.2 Transfection specificity in the brain—Another open issue to address when
studying brain function and possibly conceiving new treatments for brain disorders is the
complexity of brain networks: the ability to transfect a precise cell population among many
others has always been a challenge. The possibility of directing the electric field and thus the
DNA in a specific direction allowed the easy transfection of discrete populations of neuronal
progenitors of specific brain areas by IUE and EUE (dal Maschio et al., 2012; Saito, 2006;
Saito and Nakatsuji, 2001; Szczurkowska et al., 2016). Nevertheless, while this method is
very useful for in vivo developmental studies, it is less suitable for studies performed in
adult animals, where chemical methods or viruses are the method of choice. With these
chemical or viral methods, the selection of an appropriate cell-specific promoter upstream of
the gene of interest enables the transfection of discrete cell types (Murlidharan et al., 2014;
Qjala et al., 2015). For this purpose, several neuron- and glial-specific promoters have been
identified and tested for their ability to enable cell-specific transduction (Hashimoto et al.,
1996; Miura et al., 1990; Morelli et al., 1999; Oellig and Seliger, 1990; Quinn, 1996).
Nevertheless, the cell-specific promoters tend to be too large to be packaged into viral
vectors, and the resulting gene expression is weaker than that driven by constitutive viral
promoters (e.g., CMV; Hioki et al., 2007; Shevtsova et al., 2005). Thus, novel, smaller
hybrid promoters that are able to efficiently induce a strong, specific gene expression pattern
have been generated (Gray et al., 2011; Hioki et al., 2007; Kugler, 20106).

5.1.3 Combinations of the diverse in vivo transfection methods—To try and
further overcome the difficulties related to modulation of gene expression /n vivo in the CNS
in terms of brain accessibility, transfection efficiency and/or space and time specificity,
coupling of the different delivery techniques has offered unquestionable advantages. For
example, BBB opening by focused US was combined with systemic administration of DNA
bound to nanoparticles, resulting in a noninvasive strategy for achieving safe, highly
localized, robust, and sustained transgene expression in the CNS (Mead et al., 2016).
Morcover, a combination of US with the intravenous administration of naked microbubbles -
together with naked plasmid DNA (Shimamura et al., 2004), AAVs (Hsu et al., 2013; Wang
et al., 2017), liposomal-plasmid DNA (Lin et al., 2015), liposome-shRNA-NGR complexes
(Zhao et al., 2018), polyethylene glycol-modified lipid-based bubbles (Negishi et al., 2015),
or folate-conjugated gene-carrying microbubbles (Fan et al., 2016) - can induce reversible
openings in the BBB and can increase the transfection efficiency in rodents. Furthermore, a
more efficient, brain area-specific infection was achieved by coupling adenoviral vectors
with magnet-assisted transfection in the brain of rodent embryos in utero (Hashimoto and
Hisano, 2011; Sapet et al., 2012).

5.1.4 Combinations of in vivo transfection methods with newly emerging
techniques—The coupling of molecular biology tools, including newly emerging
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techniques, with techniques for gene delivery in vivo also has tremendous potential. For
example, to achieve a transfection that is better confined in time and space, IUE was coupled
to the Cre/loxP system in the study of retinal development (Matsuda and Cepko et al., 2007),
and AAV transfection was coupled to the tetracycline-controlled transcriptional activation
system (tet-on/off) in the study of the structure of the neural circuits in the mouse
neostriatum and primary somatosensory cortex (Sohn et al., 2017). Moreover, both viral
vectors and/or [UE were successfully used to introduce optogenetic proteins, chemogenetic
receptors or voltage sensors into specific cell-types, cortex layers or brain areas, allowing the
study of neural circuits in vivo (Ghitani et al., 2015). Furthermore, CRISPR-Cas9
technology, which allows genome editing, regulation and visualization (Gilbert et al., 2013;
Mali et al., 2013; Qi et al., 2013), was recently coupled to IUE to study the role of specific
genes in brain development in vivo by knockout (Chen et al., 2015; Cheng et al., 2016;
Kalebic et al., 2016; Rannals et al., 2016a, b; Shinmyo et al., 2016; Straub et al., 2014;
Wang, 2018) or knock-in (Tsunekawa ct al., 2016). CRISPR-Cas9 technology coupled to
TUE also enabled the study of the subcellular localization of specific proteins by inserting a
sequence for a fluorescent protein into their encoding gene (Mikuni et al., 2016). Morcover,
CRISPR-Cas9, despite its large size, can be packaged in viral vectors for in vivo delivery,
thus enabling robust transfection in the adult mouse brain (Chen and Goncalves, 2016; Chew
et al., 2016; Ortinski et al., 2017; Schmidt and Grimm, 2015). Interestingly, to increase Cas9
editing efficiency and decrease the risks of off-target effects, different groups tested the
delivery of a protein Cas9-guide RNA (gRNA) complex by nucleofection (Kim et al., 2014;
Lin et al., 2014), cationic lipids (Zuris et al., 2015), lipid nanoparticles (Wang et al., 2016;
Yu et al., 2016) and cell-penetrating peptides (Ramakrishna et al., 2014) in mammalian cells
in vitro, thus opening the possibility of a new delivery strategy to be applied 1z vivo. Indeed,
the protein Cas9/gRNA complex was recently coupled to TUE to study the effect of the Tbr2
knockout in mouse neocortical progenitors (Kalebic et al., 2016) and was injected in the
hippocampus, dorsal striatum, primary somatosensory cortex and primary visual cortex of
adult mice with a positive outcome (Staahl et al., 2017).

5.2 Specific challenges for translational research and possible therapeutic applications

Gene therapy is defined as the transfer of genetic materials to specific target cells of a patient
with the final goal of preventing or rescuing a particular disease state (Mali, 2013). The main
strategies for gene therapy utilized so far entail the introduction of a replacement allele into
cells to compensate for the loss of function of a gene, the silencing of a dominant mutant
pathological allele and the introduction of trophic factors or compensatory proteins
(Choudhury et al., 2016¢). The first gene delivery in the human brain was performed by
stereotactic injection of retrovirus- and ADV-containing nuclear-targeted B-galactosidase
¢DNA in 10 patients with malignant glioma (Puumalainen et al., 1998). For the first time,
this study evaluated the feasibility and safety of virus-mediated gene transfer in human
glioma in vivo, and it showed a positive outcome (Puumalainen et al., 1998). Since then, due
to the therapeutic benefits and the safety found in subsequent clinical trials, gene therapy has
become a possible option for clinical intervention in some otherwise terminal or severely
disabling conditions (Naldini, 2015). Indeed, in recent years, a large effort has been put into
continuously improving gene-delivery methods, and currently, more than 2000 approved

Prog Neurobiol. Author manuscript; available in PMC 2018 September 01.

159

—
| —



syduosnuepy Joyny siapung DNJ 2domnyg ¢

syduosnuepy Joymny siapun DA 2doinyg ~

Cwetsch et al.

Page 20

gene-therapy clinical trials have been conducted or are ongoing worldwide (http:/
www.abedia.com/wiley/).

However, the vast majority of the gene-therapy clinical trials so far have addressed cancer
(64,5%), with neurological diseases representing only 1.8% of the studies (http://
www.abedia.com/wiley/). On the one hand, this scarcity may be because the
neuropathological mechanisms underlying several neurological disorders are still poorly
understood. In this respect, iz vivo methods for gene delivery that have been discovered by
emerging basic research may also hold great potential in the long run for increasing our
understanding of brain pathology. On the other hand, the low number of gene-therapy
clinical trials for brain disorders may be due to the low availability of safe and efficient
delivery vectors that can cross the BBB or can be directly injected in the brain without major
complications. Nevertheless, the increasing prevalence of some neurodevelopmental
disorders (e.g., autism spectrum disorders; Neggers, 2014) and of neurodegenerative disease
(due to the increase in the average age of the population; Johnson, 2015), in combination
with the identification of clearly causative mutations and the paucity of standard
pharmacological treatments for these brain disorders, highlights the need to search for
alternative therapeutic approaches, including gene therapy. Currently, AAV vectors have
become the vehicle of choice for 7 vivo gene transfer in most of the clinical trials targeting
the brain. Nevertheless, although some AAVs that are being currently tested in animal
models can effectively cross the BBB (Choudhury et al., 2016b, ¢; Deverman et al., 2016;
Zhang et al., 2011), so far, the AAVs used in clinical trials are less permeable. Therefore,
these AAVs are commonly injected directly into the brain parenchyma, nevertheless
enabling long-term, relatively safe expression (Choudhury et al., 2016¢). For example, an
ongoing phase I/II study is testing intraputaminal brain infusion of an AAV encoding human
aromatic L-amino acid decarboxylase as a possible treatment in subjects with Parkinson’s
disease (http://www.abedia.com/wiley/). Interestingly, AAVs were recently engineered to be
able to efficiently transduce neural stem cells (Choudhury et al., 2016b; Kotterman et al.,
2015b). To avoid the risk of the surgery-related side effects of classic parenchymal injection
for virus delivery, a less invasive method, such as administration into the cerebrospinal fluid
via intracerebroventricular (ICV) or intrathecal (IT) injection, has also been proposed
(Choudhury et al., 2016c). Nevertheless, these methods of application seem to be less
effective in bypassing the BBB and less safe due to the activation of immunogenic responses
(Choudhury et al., 2016c).

Despite the rapidly increasing usage of viruses for in vivo genetic manipulations, they still
present drawbacks (e.g., the possibility of mutagenesis following viral integration in the host
genome with the risk of tumorigenesis, toxicity and immunogenicity, as well as the limited
genomic capacity). Thus, considerable interest has been recently concentrated on the
development of nonviral vectors (e.g., lipids, nanoparticles and polymers) for translational
purposes. Interestingly, some clinical trials based on the use of lipofection to treat
glioblastoma are ongoing (http://www.abedia.com/wiley/), and the use of US combined with
microbubbles to deliver nanoparticles carrying the tumor-suppressive miRNA-34a was
recently evaluated in mice as a new possible treatment (Vega et al., 2016). Moreover, the
C2-9r peptide delivering a siRNA against a-synuclein (Javed et al., 2016) and the US-
mediated delivery of the GDNF plasmid (Fan et al., 2016) or of nanomicrobubbles
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containing the factor Nrf2 (Long et al., 2017) were recently tested in rodents as a novel
approach to treat Parkinson’s disease.

Finally, development of the CRISPR-Cas9 tool has opened new avenues and possibilities for
translational research and gene therapy. Recently, some groups have started to investigate the
potential of CRISPR-Cas9 technology to recover mutations and correct monogenic disorders
in both cultured and 12 vivo stem cells (Maeder and Gersbach, 2016; Prakash et al., 2016).
Moreover, CRISPR-Cas9 technology has also been used to manipulate the cancer genome or
epigenome for therapeutic purposes in vivo. These changes include loss- or gain-of-function
mutations in oncogenes, tumor suppressor genes, and modulators of cellular transformation
or drug response (Sanchez-Rivera and Jacks, 2015). Nevertheless, the application of
CRISPR-Cas9 technology as a therapeutic approach for brain disorders has been slowed
down, in part, by difficulties in delivery due to its large dimensions (Walters et al., 2015).
Interestingly, recent promising results have been obtained in a Huntington mouse model by
reducing the mutant Huntingtin (mHTT) gene expression through the injection of Cas9 and
mHTT-gRNA packaged in an AAV vector in the striatum (Yang et al., 2017).

5.3 Concluding remarks

Starting from the first attempts to deliver DNA to the difficult-to-reach brain, much progress
has been obtained in terms of the efficiency of transfection, target specificity and safety in
the CNS. This issue is of great importance since the basic mechanisms of brain functions are
far from being resolved and since most brain disorders are still lacking a cure. In this
respect, the currently available variety of delivery methods, which can be chosen to meet
different experimental needs, and the continuous effort to find new and/or more efficient and
safer ways to perform gene delivery in vivo will possibly aid basic research on animal
models and translational attempts. The coupling of different delivery systems, such as
chemical, physical and viral methods, together with new technological revolutions, such as
optogenetics, chemogenetics and CRISPR-Cas9 technology, will further advance the ficld to
further broaden our understanding of the brain and address several neurological disorders
with new possible treatment options.
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AAV adeno-associated viruses
ADV adenoviruses
ApoE apolypoprotein E
BBB blood brain barrier
cap encapsulation
Cas9 CRISPR associated protein 9
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c¢DNA coding DNA
CMV cytomegalovirus
CNS central nervous system
CNT carbon nanotubes

CRISPR  clustered regularly interspaced short palindromic repeats
DCX doublecortin
DNA deoxyribonucleic acid

DOPE 1,2-dioleoyl-phosphatidyl-ethanolamine

EGFP enhanced green fluorescent protein
EUE exo utero electroporation
EYFP enhanced yellow fluorescent protein

gRNA guide RNA
HBD heparin-binding domain

HD-ADV  helper-dependent ADVs

HIV human immunodeficiency virus
HSV herpes simplex viruses

HV helper virus

ICV intracerebroventricular

iPS induced pluripotent stem-cells
IT intrathecal

IUE in utero electroporation

LNE lipid nanoemulsion

LPS lipopolysaccharide

LRP lipoprotein receptor-related protein
mHTT mutant huntingtin

miRNA micro-RNA
MNP magnetic nanoparticles
mRNA messenger RNA

PAMAM  polyamidoamine
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PEG polyethylene Glycol
PEI polyethylenimine
rep replication
RNA ribonucleic acid
RVG rabies virus glycoprotein
SF spherical fullerenes

shRNA short hairpin RNA
siRNA small-interfering RNA
SLN solid lipid nanoparticles

ssDNA single-stranded DNA

Sv40 simian virus 40

SVZ subventricular zone

T™C trimethylated chitosan

TNF-a tumor necrosis factor alpha

US ultrasound

VSV-G vesicular stomatitis virus glycoprotein
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Fig. 1. Chemical methods of gene delivery.
Lipid-mediated gene transfer (left) occurs by the interaction between the positively charged

surface of the carriers and the negatively charged cell membrane. This interaction promotes
endocytosis, creating an endosome lipocomplex. The complex is then degraded in the cell
cytoplasm, and the released DNA is transported to the nucleus. Nanoparticle-mediated gene
transfer (middle) occurs by the nanoparticles binding to receptors on the cell surface,
followed by endocytosis. During endosome degradation in the cell cytoplasm, the DNA
attached to the core of the nanoparticles is released and transported to the nucleus. Similar to
lipid-mediated gene transfer, polymer-mediated gene transfer (right) occurs via charge
differences between the carriers and the cell membrane, which promotes binding and
endocytosis. During endosome degradation, the DNA is released from the polymer structure
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and is transported to the nucleus. After DNA transcription, the mRNA exits the nucleus, and
it is translated into a protein in the cytoplasm.
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Fig. 2. Physical methods of gene delivery.

Electroporation-mediated gene transfer (left) enables the directional guidance of plasmids
carrying the negatively charged DNA of interest towards the positive pole of the electrode.
At the same time, electroporation causes destabilization of the structure of the cell
membrane, creating temporary pores in its surface and allowing the plasmid to enter the cell.
The plasmid is then transported to the nucleus. Sonoporation-mediated gene transfer
(middle) occurs by ultrasound application, which promotes destabilization of the cell
membrane in the presence of oscillating microbubbles. During this process, the plasmid
contained in the microbubble mixture enters the cell and is then transported to the nucleus.
Magnet-assisted transfection (right) is mediated by magnetic field oscillations that guide and
promote endocytosis of the magnetic carriers with attached DNA. In the cytoplasm of the
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cell, the endosome undergoes degradation and the released DNA enters the cell nucleus.
After DNA transcription, the mRNA exits the nucleus, and it is translated into a protein in
the cytoplasm.

Prog Neurobiol. Author manuscript; available in PMC 2018 September 01.




Cwetsch et al.

Page 42

Fig. 3. Virus-mediated transduction.
A lentivirus (left) can carry RNA inside its capsid. Contact with cell-specific receptors

induces the fusion of the capsid with the cell membrane, followed by RNA release. In the
cell cytoplasm, the released RNA undergoes reverse transcription, and upon transport to the
nucleus, the RNA is integrated with the host DNA. Adenovirus infection (middle left) is
mediated by specific receptor binding on the cell membrane, followed by endocytosis.
Endosome degradation then results in the release of the virus capsid and lysosomal
degradation of the endosome. The released virus capsid binds to the nuclear pore of the
infected-cell nucleus, allowing the introduction of the double-stranded DNA inside the
nucleus. Adeno-associated virus infection (middle right) is mediated by receptor binding on
the host-cell surface and endocytosis. Endosome degradation results in the release of single-
stranded DNA. The single-stranded DNA enters the nucleus and undergoes a conversion to
double-stranded DNA, which can be either integrated in the host DNA (and later
transcribed) or can remain in the host cell nucleus as nonintegrated viral DNA. Herpes
simplex virus-mediated gene delivery (right) is the result of receptor binding and fusion of
the virus with the cell membrane of the host cell. Inside the cell, the released capsid binds to
the nuclear pore and introduces double-stranded DNA into the nucleus to be transcribed. The
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viral DNA in the host cell nucleus is transcribed into mRNA. The transcribed viral mRNA
exits the nucleus, and it is translated into a protein in the cytoplasm of the host cell.
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Table 2
Physical methods for transfection.
Group Type/Helper Toxicity In vive delivery Efficiency/Stability ~BBB accessibility =~ Most Prominent
method Applications
(references)
Electroporation In utero i Intraventricular injection T N/A Saito, 2006;Dal
Maschio et al.,
2012;Szczurkowska
etal, 2016
Exo ufero | Intraventricular injection 1 N/A Akamatsu et al.,
1999; Saba et al.,
2003
Postnatal | Intraventricular 1 N/A Boutin et al., 2008;
injection, Stereotaxic Chesler et al.,
micro injection 2008;Kitamura et
al., 2008
Sonoporation Microbubbles > Systemic injection, 4 - Endoh etal.,
Intraventricular injection 2002;Tan et al.,
2016
Magnet-assisted transfection  Magnetic nanoparticles/PEI | Lumbar intrathecal — - Song et al.,
injection, Stercotaxic 2010;Soto-Sanchez
injection etal, 2015

Thigh / —medium / vlow / +yes / -no / N/A-information not available.
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APPENDIX 1l

Activity-dependent expression of Channelrhodopsin at neuronal synapses.

Francesco Gobbo, Laura Marchetti, Ajesh Jacob, Bruno Pinto, Noemi Binini, Federico
Pecoraro Bisogni, Claudia Alia, Stefano Luin, Matteo Caleo, Tommaso Fellin, Laura
Cancedda, Antonino Cattaneo.
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Increasing evidence points to the importance of dendritic spines in the formation and
allocation of memories, and alterations of spine number and physiology are associated to
memory and cognitive disarders. Modifications of the activity of subsets of synapses are
believed to be crucial for memory establishment. However, the development of a method to
directly test this hypothesis, by selectively controlling the activity of potentiated spines, is
currently lagging. Here we introduce a hybrid RNA/protein approach to regulate the
expression of a light-sensitive membrane channel at activated synapses, enabling selective
tagging of potentiated spines following the encading of a novel context in the hippocampus.
This approach can be used to map potentiated synapses in the brain and will make it possible
to re-activate the neuron only at previously activated synapses, extending current neuron-
tagging technologies in the investigation of memory processes.
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nderstanding the mnemonic processes is one of the
greatest challenges in neuroscience. Long-lasting changes
in the synaptic connectivity between neurons are gen-
erally accepted to be crucial for the establishment and main-
tenance of memories’™’. Similarities between synaptic and
memory consolidation suggest shared mechanisms®~, and
synaptic modifications have been shown to be critically involved
in memory formation, strengthening, and recall®’. Recently, it
has become possible to define sets of neurons involved in specific
memories by activity-dependent tagging® '. However, many
details remain to be worked out on the role of the modifications
at the synapse level in the encoding and establishment of
memories®! =13,
Whereas much progress in the understanding of neural circuits
has been made using optogenetics®’, to date no direct
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modulation of specific synapses involved in the formation of
memories has been possible using state-of-the-art optogenetic
tools. Indeed, the current spatial resolution of opsin expression in
activity-dependent tagging is the whole neuron. Cell-wide exci-
tation does not take into account, for instance, the complexity of
different incoming pathways converging onto the same post-
synaptic neuron'! and the synchronous activation of the whole
cell may fail to mimic a physiological condition'"!°, Tn recent
attempts, subcellular localization of light-sensitive effectors has
taken advantage of trafficking signals inserted into the opsin
aminoacidic sequence'® '®, For example, channelrhodopsin-2
(ChR2) and halorhodopsin were differentially targeted with
protein-targeting signals to the soma and dendrites of retinal
ganglion cells, to recreate antagonistic center-surround receptive
fields'”, and fusion with a MyosinVa-binding domain targeted
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Fig. 1 Activity-dependent SA-Ch expression at spines. a Schematic construct of palmitoyl-Cherry/MS2 reporter. Left, Cherry (top) and EGFP-MS2
(bottom) distribution in living neurons under resting conditions. In the presence of Arc DTE, MS2/RNA signal is granular. Inset, top to bottom, neuron
profile, EGFP-MS2, merge (stretched levels). Right, Arc DTE regulates reporter expression in response to neuron activity. Cherry expression in proximal
dendrites (“soma”) and 100 pm away from the soma (“100 pm”) after 1h saline (top) or 10 mM KCI (bottom) treatment. b Schematic S-Ch, A-Ch and SA-
Ch constructs. Below, dendritic pattern of ChETA-Cherry expression (left), EGFP filler (centre) and merge (right) for unmodified ChETA-Cherry and the
three constructs above. ¢ Enrichment Index for the three constructs and unmodified ChETA-Cherry under different stimulation conditions (see Methods).
*P<0.01 and **P < 0.001, one-way ANOVA, Bonferroni comparison of means, within group. 7P < 0.05 and #P < 0.001 to SA-Ch, saline treated, one-way
ANOVA, Bonferroni comparison of means. d Fraction of ChETA-Cherry-expressing spines under different stimulation conditions, grouped for construct.
*P < 0.001 to A-Ch saline and #P < 0.001 to SA-Ch saline, one-way ANOVA, Bonferroni comparison of means. Differences within and between S-Ch and
ChETA values are not significant at the 0.05 level. e Representative images of SA-Ch-expressing neurons under different treatment conditions. Following
KCl or NMDA-dependent LTP, bright ChETA-Cherry puncta are evident along dendrites. Bars are mean + SEM. Data in d and e are reported as boxplots in
Supplementary Fig. 5. Scale bar () 5 pm, (b,e) 2 um. N and replicate numbers for all figures are listed in Supplementary Table 1
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ChR2 to the somatodendritic compartment of neurons in living
mice'®. These approaches can be useful to refine spatial stimu-
lation specificity and to activate specific subcellular compart-
ments'®, However, tagging different subsets of synapses based on
their activity in order to selectively stimulate them appear
demanding tasks for this protein-based approach, as it is not
straightforward to integrate it with activity-tagging methodolo-
gies. Indeed, synapses are at the same time a subcellular com-
partment of the neuron and the physical site of circuit
connections, enabling them to undergo local modifications in an
autonomous way”. Single-synapse optog.,enetlcs can be achieved
by restricting 1llunnmt10n to single spines®, but this requires a
priori knowledge of the identity of the synapses involved in the
circuit, in order to test their role in a memory pracess,

A functionally relevant reactivation of the incoming stimulus

in an unbiased, synapse-specific way would require the tagging of

activated synapses by locally expressing opsins. Towards this aim,
here we describe a novel strategy, named SynActive (SA), for the
expression of proteins at synapses in an input-specific, activity-
dependent manner by combining RNA targeting elements and a
short protein tag. The SA-Channelrhodopsin variant presented
here is locally translated at synapses in vitro and in vivo, and the
exploration of a novel context increases the number of hippo-
campal synapses expressing the opsin, revealing a non-random
dist'ribution of the activated synapses along dendrites.

Results

Arc mRNA targeting element regulates translation. We devel-
oped a dual RNA/protein reporter to compare possible RNA
synaptic tags. Transcripts encode membrane-anchored fast-
maturing fluorescent mCherry®! and bear different dendritic or
axonal targeting elements (DTEs and ATEs, see Qupplcnuntary
Methods); MS2-binding sites in the 3'-untranslated region (UTR)
bind EGFP-MS2 protein to visualize RNA®?, Arc is transcribed in
an activity-dependent manner and its messenger RNA localizes
near synapses that experienced recent activity; in resting condi-
tions, it is believed to be transhtl(mally l‘{.pTLSS(,d ulthm ribo-
nucleoparticle (RNP) gnnulu We found that a minimal DTE
from Arc 3'-UTR™ determmed a significantly lower level of
mCherry expression in non-stimulated neurons than strong or
constitutive DTEs from alphaCaMKIT or MAP2 (Fig. la and
Supplementary Fig. 1), whereas a discrete, granule-like Arc/
MS2 signal was detected in the soma and along dendrites (Fig.
la). KCl activation of neurons expressing the Arc DTE construct
dramatically increased mCherry fluorescence in dendrites as far
as 100 pm away from the soma in as little as 1 h (Fig. la), sig-
nificantly increasing mCherry dendritic pool; conversely, the
increase driven by alphaCaMKII DTE was less prominent (Sup-
plementary Fig. 1).

Synergistic action of RNA and protein. To enrich opsin
expression at synapses, we combined RNA- and protem targeting
sequences. We cloned fast-spiking ChETA-Cherry™ between Arc
5- and 3'-UTRs. Although 3'-UTR may contain DTEs, 5’-UTR
and other parts of 3-UTR generally regulate translation®. For
mstance Are 5-UTR has IRES (internal ribosome entry site)-like
activity”’, a process involved in the synaptic translation associated
to long-term potentiation (LTP)?®. As ribosomes typically lie at
the dendrite-spine junction, we reasoned that a protein tag
interacting with postsynaptic components would improve spine
retention and enrichment of the newly synthesized protein. We
therefore fused to the C terminus of ChETA-Cherry a short
bipartite tag (AAAASIESDVAAAAETQV, hereafter SYN tag)
composed of the N-methyl-D-aspartate receptor (NMDAR) C
terminus  SIESDV  and the PSD95-PDZ-binding consensus

[8:1629 | DOI
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ETQV, which has been previously reported to enrich proteins at
postsynaptic sites”>2".

To compare the distinct contributions of the protein and RNA
instructive signals, we generated three constructs and expressed
them in primary neurons: (i) Arc 5-ChETA-Cherry-MS2-Arc 3'-
UTR (hereafter A-Ch}; (i) ChRETA-Cherry-SYN tag-MS2 (S-Ch),
and (iii) Arc 5'-ChETA-Cherry-SYN tag-MS2-Arc 3'-UTR (SA-
Ch) (Fig. 1b). Neurons expressing the constructs were morpho-
logically similar to each other or to neurons expressing enhanced
green fluorescent protein (EGFP) alone; neither the modified
SYN-ChETA nor Arc UTRs determined significant changes in
spine number and morphology (Supplementary Fig. 2a-c). In
addition, SA-Ch expression did not alter the ratio of surface
NMDAR/AMPAR (Supplementary Fig. 2d).

Brain-derived neurotrophic factor (BDNF) administration,
which causes a translation-dependent late form of LTP induced
dendritic expression ot A-Ch, but not ot 5-Ch; tollowing BDNF
treatment, A-Ch signal in dendrites was significantly higher than
that of EGFP, which lacks DTEs and is translated in the soma
only (Supplementary Fig. 3a). Conversely, dendritic S-Ch
distribution was quite similar to that of EGFP. This is consistent
with previous observations that BDNF boosts the translation of
transcripts bearing alphaCaMKII 3°-UTR, in(.redsing the protein
levels along dendrites as compared to the soma®’. In addition, A-
Ch and SA-Ch RNA in unstimulated neurons, 1dcnt1ﬁad by RNA-
tethered EGFP-MS2, was prevalently granular along dendrites.
Following KCI treatment, the RNA/MS2 signal became much
more diffuse (Supplementary Fig. 4a, b), indicating RNA exit
from granule, allowing local $A-Ch translation”®.

We then co-expressed the three ChETA-Cherry variants with
EGEFP in cortical neurons to compare their subcellular expression
pattern. S-Ch was enriched at spines compared to unmodified
ChETA-Cherry (Fig. 1b, ¢), but spines were labelled quite evenly.
Conversely, A-Ch labelled spines in a sparse way (Fig. 1b). In
many cases the base of the spine, rather than the head, was
labelled most intensely, and Cherry fluorescence was also
prominent on the dendritic shaft. SA-Ch recapitulated the sparse
expression pattern typical of A-Ch, while more trustfully tagging
spine heads (Fig. 1b).

A quantitative enrichment index (EI), the ratio of ChETA-
fused Cherry intensity at the synapse to that measured in the
dendritic shaft (1 to 2 pm from the spine junction), demonstrated
effective SA-Ch accumulation at synapses. The EI calculated for
SA-Ch was significantly higher than that for A-Ch or S-Ch, and
all three constructs had higher EI than ChETA-Cherry (Fig. 1c).

Activity-dependent SA-Ch expression and synapse enrichment.
We next characterized the activity-dependent regulation of SA-
Ch expression at synapses. Treatment of cortical neurons with (i)
BDNF, that induces L-LTP?®, (ii) KCI, and (iii) NMDA, under
conditions that promote spine potentiation (NMDA-induced
LTP) (sce Methods and Supplementary Fig. 6) dramatically
increased the number of SA-Ch-positive spines (Fig. 1d, e).
Conversely, NMDAR inhibition with AP5 drastically reduced the
number of SA-Ch-positive spines. Translation inhibition with
G418 (geneticin) blocked BDNF effect on SA-Ch expression,
demonstrating its dependence on novel protein synthesis. In
terms of expressing spines, SA-Ch response to treatments was
identical to that of A-Ch, whereas neither S-Ch nor ChETA-
Cherry expression was affected by treatments that increased or
decreased neural activity (Fig. 1d). Importantly, treatments that
activate neurons or induce synaptic LTP significantly increase
SA-Ch EI relative to saline treatment (Fig. 1c), and A-Ch EI was
only modestly responsive to treatments. We ascribe this last effect
to the fact that, following translation, A-Ch can diffuse in the

10.1038/541467-017-01699-7 | www.nature com/naturecommunications 3
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Fig. 2 Synergistic action of RNA and protein regulatory sequences. SYN tag confers synaptic localization of SA-Ch protein (a-d), whereas RNA sequences
maps its expression to potentiated spines (e-g). a Schematic drawing for the determination of “docked" vs. positive but non-"docked” spines. Cherry
fluorescence peaks within a circle of 1.2 um diameter (red circle) centered on the postsynaptic density (PSD - blue area) for positive spines, and on the PSD
for "docked"” spines. Quantification of “docked” b and total positive spines (¢ following cLTP treatment (see Methods) for A-Ch and SA-Ch. Bars are mean
+ SEM. ***P < 0.001 two-tailed Student's t-test. NS, not significant at the « = 0.05 level. d Representative dendrites of neurons expressing the two
constructs. White arrowheads indicate "docked"” spines, empty arrowheads positive, non-"docked" spines. Another example is reported in Supplementary
Fig. 7a. @ SA-Ch co-localizes with PSD marker Homer1c-EGFP. In stimulated as well as in unstimulated neurons, SA-Ch was expressed at Homerlc-EGFP
puncta (top). SA-Ch correlation with Homer1c-EGFP is supralinear, indicating that SA-Ch is preferentially enriched at spines with larger PSD (bottom
graph). Spines that do not express SA-Ch are assigned a value of zero. White dots are spines from unstimulated neurons, red dots from stimulated ones,
black line represents the diagonal. Because the plot has double-log scale, any linear correlation has unitary slope and is parallel to this line. f Comparison of
SA-Ch and S-Ch expression: SA-Ch is only expressed at SEP-GluA1-tagged spines, whereas S-Ch has no preference for SEP-GluAT-positive spines. g SA-Ch
(grey dots) significantly correlates with SEP-GIuAT expression in a linear fashion, whereas S-Ch (blue dots) does not. A proportion of SEP-GIuA1-
positive spines do not express SA-Ch and those spines are assigned an enrichment value of zero. Red lines indicate the regression lines. Scale bar, Tpm
(d, e) and 2 um (f)

membrane both onto the spine head and along the dendritic
shaft; conversely, the SYN tag helps retention of SA-Ch in the
spine (Fig. 1¢). The observed somatic SA-Ch protein (Fig. le and
Supplementary Fig. 4) can probably be ascribed to the global level
of the stimulations, which can signal the overexpressed transcript
to be de-repressed also in the soma. In fact, in non-stimulated

4

—

neurons somatic expression is much lower (Fig. le, first row and
Supplementary Fig. 4a, second row), and can be further reduced
by controlling promoter strength and localizing stimulation (see
section “In vivo synaptic tagging with SA-Ch”).

To probe the specificity of SA-Ch accumulation at synapses, we
performed double immunofluorescence (IF) against Cherry and

| 8:1629 | DOI: 10.1038/541467-017-01699-7 | www.nature.com/naturecommunications
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Fig. 3 Synapse specificity of SA-Ch expression at potentiated synapses. SA-
Ch is specifically expressed at potentiated synapses. DIV 8-10 neurons
were focally stimulated by uncaging glutamate in close proximity to
selected spines. a Neurons were maintained in standard J‘\/\g”—free ACSFin
the presence of forskolin and TTX for 20 min before uncaging with or
without MNI-caged glutamate. Following twao-photon uncaging, medium
was changed to TmM Mg2' ACSF supplemented with B27. b Local release
of glutamate stimulates SA-Ch translation at stimulated (s), but not nearby
(n) spines. This effect was specific to glutamate release, as it was absent
when MNI-glutamate was not added to the medium. Following stimulation,
S-Ch change was much lower and is an effect of spine enlargement.
f71P < 0.001, one-way ANOVA, Bonferroni comparison of means.
#H#H P < 0.001 unpaired samples Student's t-test, two-tailed. Bars are
mean + SEM, ¢ Translation inhibition with anysomicin blocked SA-Ch
accumulation at stimulated synapses. Representative images of stimulated
dendrites in neurons transfected with SA-Ch. Red dots in the EGFP channel
indicate the location of two-photon uncaging. Experimental conditions are
indicated on top of images. Scale bar, 2pm. d Time course of relative
changes in volume (AV/V, top graphs, measured by the EGFP intensity)
and SA-Ch intensity (ACh/Ch, bottom graphs) following uncaging of
stimulated (red) and near spines (blue). Stimulation induced a long-lasting
volume change, paralleled by a slowly rising accumulation of SA-Ch; in the
presence of anysomicin, volume change was transient and no accumulation
of SA-Ch was evident. Bold lines represent mean + EM, whereas narrow
lines are single traces for depicted data for stimulated (light red) and
nonstimulated (light blue) spines. d Carresponding conditions in ¢ above:
from left to right, samples with MNI-Glu/forskolin, MNI-Glu/forskolin/
anysomicin, forskolin only/no MNI-Glu. Open circles are corresponding
AV/V values at 60 min for SA-Ch spines in b
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PSD95, a major component of the post-synaptic density (PSD),
and compared the localization of A-Ch and SA-Ch, tollowing
NMDAR-dependent L'TP. Spines were considered “docked” if
mCherry signal coincided with that of PSD95, and positive, but
not “docked”, if it peaked outside the PSD, but within a circle of
0.6 pm radius centered on the PSD (Fig. 2a). About half of the
spines expressing A-Ch were “docked” (14 + 7%), whereas these
constituted the vast majority (83 + 6%) of SA-Ch spines (Fig. 2b).
The total number of positive spines was the same for both
constructs (Fig. 2¢). Representative images are presented in Fig.
2d and in Supplementary Fig. 7a.

Above data demonstrate the strong dependence of SA-Ch
expression on neural activity. This suggests that, in untreated
cultures, positive spines received a sustained stimulation from the
spontaneous activity of the culture, which could amplify basal
NMDAR activation™. Consistently, blocking NMDAR activity
with AP5 drastically reduces A-Ch and SA-Ch expression
(Fig. 1d), and SA-Ch localized preferentially to larger PSDs, as
indicated by the supralinear correlation between SA-Ch enrich-
ment at synapses and Homerlc- EGFP contmt an excellent
indicator of spine volume and PSD size*** (Fig. 2¢). As spme
enlargement strongly correlates with functional potentmtmn
this suggests SA-Ch expression at potentiated synapses; mdeed, a
significant proportion of spines with lower Homerlc content
were devoid of any SA-Ch signal in non stimulated neurons. In
addition, SA-Ch was preferentially expressed at synapses
exposing the AMPAR-subunit 1 fused to supu'cch})tlc EGFP
(SEP-GluAT), a marker of functional potentiation™ (SA-Ch-
positive spines were 63 + 3% of SEP-GluAl-positive spines, and
6+ 2% of SEP-GluAl-negative spines, P<0.001, y*-test). The
relationship between SA-Ch and SEP-GluAl enrichment was
linear (Fig. 21), indicating that SA-Ch is expressed at potentiated
synapses. Notably, some of the spines with lower SEP-GluAl
enrichment did not express SA-Ch, most likely because they
received a weaker stimulation. In fact, AMPAR exocytosis takes
place during E-L'TP phase, which has a lower threshold than
translation-dependent L-LTP**°. On the contrary, S-Ch enrich-
ment only showed a modest dependence on SEP-GluA1 (Fig, 2g).

Experiments in hippocampal neuron cultures yield almost
identical results to cortical neurons: SA-Ch co-localized with
Homerlc-EGFP and NMDA-LTP strongly increased the number
of SA-Ch-positive synapses (Supplementary Fig. 7b, c). Alto-
gether, these data demonstrate the activity dependence of SA-Ch
translation, as well as its preferential localization at postsynaptic
sites.

Synapse-specificity of SA-Ch expression. We demonstrated
synapse specificity of SA-Ch t.xprtsmon by focally stimulating
selected synapses from neurons expressing EGFP and SA-Ch with
two-photon glutamate uncaging in the presence of the protein
kinase A(PKA) activator forskolin®’. Tetrodotoxin (TTX) pre-
vented potentiation from hpontantous activity under these ele-
vated cAMP conditions, as well as synaptic capture. Glutamate
uncaging induced SA-Ch expression at stimulated, but not at
neighbor synapses or at other synapses on the same dendrite (Fig.
3). When caged glutamate was absent, no significant change in
SA-Ch intensity was observed following focal illumination (Fig.
3b). Stimulated spines showed a sus’ramed increase in volume
(Fig. 3d), a‘gtructural rearrangement that parallels functional
potentiation””. The increased Cherry intensity at stimulated
spines observed for §-Ch, which is translated exclusively in the
soma (Supplementary Fig. 3), is likely due to the PSD expansion
following the volume change, and was significantly lower than
what observed for SA-Ch (Fig. 3b).

10.1038/541467-017-016599-7 | www.nature.com/ naturecommunications 5

—t



ARTICLE

It is unlikely that the increase in SA-Ch at the potentiated
synapse is due to protein mobilization from surrounding regions,
as no significant change in intensity in neighboring spines and in
the dendritic shaft was apparent. The time course of SA-Ch
increase also rules out this possibility, because it shows a slow
rising phase following the stimulation that reaches a plateau
between 30 and 60 min (Fig. 3d). Most importantly, translation
inhibition with anysomicin blocked SA-Ch accumulation at
stimulated spines (Fig. 3¢, d) and the change in spine volume
observed after stimulation slowly declined to pre-stimulation
levels (Fig. 3d). Thus, synapse potentiation drives local SA-Ch
expression in a protein-synthesis-dependent, synapse-specific
way.

Optogenetic activation of SA-Ch-tagged synapses. Having
established synapse specificity of SA-Ch expression, we asked
whether the locally synthesized SA-Ch is eftective in driving
synaptic currents. Calcium intlux is an established indicator of
spine activation, both in vitro and in vivo™ 1, We therefore co-
expressed SA-Ch with the green calcium indicator GCaMPés™.
To minimize ChETA activation while imaging GCaMP6s, we
stimulated SA-Ch spines with laser scanning at 488 nm wave-
length and imaged GCaMP6s stimulating at 990 nm with two-
photon excitation®*? in a region encompassing the base of the
spine and the corresponding dendrite. We observed light-induced
AF/F calcium transients in most stimulated spines, but not when
blue light stimulation was omitted; consistently, 1'T'X inhibition
of presynaptic activity did not influence the recording of light-
induced calcium transients (Fig. 4a). Channelrhodopsins are
weakly permeable to calcium™, but their stimulation could lead
to the opening of voltage-gated calcium channels (VGCCs).
Accordingly, blue light stimulation performed in the presence of
VGCC inhibitors nifedipine, Ni**, and Zn®* induced a markedly
reduced response (Fig. 4a). In neurons expressing untargeted
ChETA-Cherry, both the spine and the nearby dendrite could
evoke light-dependent AF/F calcium transients when illuminated,
in accordance with ref. 2% on the contrary, only spines, and not
dendrites, of SA-Ch-expressing neurons were responsive to blue
light stimulation (Fig. 4b). SA-Ch expression does not appear to
alter the normal synaptic transmission, as spontaneous AF/F
calcium events that could be sometimes recorded from SA-Ch
spines were not significantly difterent from those recorded trom
control neurons expressing palmitoyl-Cherry and GCaMPé6s
(Supplementary Fig. 8).

To see whether the activation of Channelrhodopsin-tagged
synapses would mirror a physiological activation based on
neurotransmitter release, we expressed SA-Ch or unmodified
ChETA-Cherry in hippocampal neurons and determined CaM-
KII phosphorylation by IF 7.5 min after optogenetically stimulat-
ing them with a light pattern similar to ¢ burst stimuli used to
induce L'TP in the hippocampus (see Methads). In fact, sustained
glutamate release activates synaptic CaMKIT and determines its
rapid phosphorylation that lasts for minutes™. To reduce
background CaMKII phosphorylation, spontaneous activity was
pharmacologically suppressed with TTX and glutamate receptors
inhibitors, for the 3h preceding light stimulation (Fig. 4c).
During and after illumination, action potentials were inhibited
with TTX. Light stimulation strongly increased phospho-CaMKII
signal in SA-Ch-expressing neurons compared with neurons that
were maintained in the dark. Light alone had no effect, as EGFP-
only-expressing neurons were not affected by the stimulation and
synaptic levels of phospho-CaMKII were comparable to those in
unstimulated neurons expressing SA-Ch (Fig. 4¢, d). Importantly,
in optically stimulated neurons CaMKII phosphorylation was
specific to SA-Ch-positive spines, as spines from the sanme neuron
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lacking Cherry signal did not differ from non-stimulated neurons.
Indeed, physiologically, CaMKII activation is specific to stimu-
lated spines™. Cell-wide activation of untargeted ChETA-Cherry
also activated CaMKII, although the synaptic phospho-staining
was lower than for SA-Ch (Fig. 4c). Interestingly, phospho-
CaMKII staining was evident in the dendritic shaft of illuminated
ChETA-Cherry, but not of SA-Ch neurons (Fig. 4d). A possible
explanation is that, in ChETA-Cherry-expressing neurons, part of
the CaMKII pool fails to translocate from the shaft into the spine
due to concomitant extrasynaptic depolarization, as also data
presented in Fig. 4b suggest; conversely, localized SA-Ch
activation could more readily induce CamKIT phosphorylation
and mobilization, just as neurotransmitter-mediated synapse
stimulation mobilizes CaMKII from the dendritic shaft and
accumulates it at the spine head*!. We conclude that large-field
optical stimulation of synaptic SA-Ch is able to simulate an
input-specific excitation onto the postsynaptic neuron; conver-
sely, whole-cell activation of ChETA-Cherry has a difterent
outcome on the neuron response at the subcellular level.

We next asked whether the optical activation of SA-Ch
synapses could also drive global neuronal activation by
illuminating cultured hippocampal neurons with blue light pulses
as above and evaluating c-fos expression, an immediate early gene
that is induced in neurons shortly after strong synaptic
stimulation®. Light-stimulated neurons expressing SA-Ch and
EGFP displayed evident nuclear c¢-fos staining 1h after
optogenetic activation {Supplementary Fig. 9). Conversely, c-fos
staining was lower in control cells transfected with SA-Ch and
EGFP that were maintained in the dark. Exposure to light alone
had no effect on c-fos expression, as illuminated neurons that
expressed  EGFP only had lower levels of nuclear c-fos,
comparable to those in SA-Ch, not stimulated neurons
(Supplementary Fig. 9). Thus, optogenetic stimulation of
neuronal cultures demonstrates that optical activation of SA-
Ch-expressing synapses by large-field illumination is able to
recapitulate key features of neuron-to-neuron communication.

In vive synaptic tagging with SA-Ch. Our work in culture
demonstrates that SA-Ch is expressed at potentiated spines in
cortical and hippocampal neurons. We next sought to investigate
SA-Ch behavior in vivo, in order to (i) compare its somatic vs.
synaptic expression and (ii) evaluate its expression tollowing a
natural stimulus such as the exploration of an unfamiliar envir-
onment, a paradigm that rapidly activates c-fos, as well as Are
expression in the hippocampus of mice and rats*™*°, Blockage of
Arc translation or of general protein synthesis with Arc antisense
oligo-nucleotides or anysomicin inhibits context memory™",
Indeed, a large body of evidence has identified populations of cells
that are activated in the hippocampus when animals are pre-
sented a novel context™. We expressed SA-Ch under the Tet-
responsive TRE promoter in the hippocampus by means of
triple-electrode in utero electroporation’”. Mouse embryos were
co-electroporated with constitutive transactivator rtTA and Tet-
responsive EGFP. SA-Ch and EGFP transcription is induced with
intraperitoneal administration of the tetracycline analog dox-
yeycline, allowing us to restrict synapse tagging by SA-Ch to a
defined time window. Control mice that did not receive dox-
yeycline showed no expression. SA-Ch expression in the hippo-
campus in vivo showed a remarkable synaptic selectivity, as it was
detected almost exclusively at spines of electroporated neurons,
whereas somas were largely devoid of Cherry fluorescence (Fig. 5a
and Supplementary Fig. 10). Conversely, untargeted ChR2 labeled
intensely both dendrites in the stratum radiatum and stratum
oriens, and somas in the stratum pyramidale (Supplementary
Fig. 10¢).
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Fig. 4 Optogenetic activation of SA-Ch in neurons. a Activation of SA-Ch by means of 488 nm laser illumination drives calcium influx in the neuron.
GCaMP6s was expressed along with SA-Ch and illuminated at 990 nm. Top, example of GCaMP6s AF/F time course following 10 ms light stimulation
(blue mark above) in ACSF (left, black trace) or in ACSF with voltage-gated calcium channel (VGCC) blockers nifedipine, Ni“*, and Zn’* (right, gray trace).
Single traces are in light gray and bold lines are the average. Above images show SA-Ch fluorescence in corresponding spines and yellow dotted

trace shows neuron profile as inferred from GCaMP6s fluorescence; scale bar, 1pum. Bottom, integrated area of AF/F against time plot after light
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on the same spine, bars are mean +SD. **P < 0.0, Kruskal-Wallis test, Dunn's post-hoc comparisons. b lllumination of spines in SA-Ch-expressing
neurons drives calcium influx, but not when laser illumination is focused on the nearby dendrite. Conversely, ChETA neurans can be excited both by

a spine-focused and a dendrite-focused laser beam. **P < 0.01 paired Student's t-test, two-tailed. NS, not significant at the a = 0.05 level. Lines connect
single paired data points, bars are mean. ¢ Qutline of time course of the experiment. Cells were pretreated for 3 h with CNQX, AP5, and TTX, to reduce
background CaMKIl activation. Neurons were fixed 7.5 min after light stimulation and stained for phospho-CaMKIL Spines in SA-Ch-expressing
neurons were subgrouped into Cherry-positive (filled bars) and Cherry-negative spines (empty bars). Light stimulation induced a significant increase of
phospho-CaMKIl staining in SA-Ch-expressing spines “**P < 0.001, one-way ANOVA, Bonferroni comparison of means. Bars are mean = SEM

d Representative images of data shown in ¢. Panels show phospho-CaMKIl immunofluorescence (p-CKIl), anti-Cherry immunofluorescence (Cherry),

and EGFP signal. Scale bar, 5pm

To address possible concerns that targeting SA-Ch at the
synapse may alter synaptic physiology, we electroporated mice as
above, with TRE:SA-Ch, constitutive rtTA, and soluble mCherry,
and we induced SA-Ch expression with doxycycline. We recorded
AMPA- and NMDA-EPSCs in CA1 pyramidal neurons, while
stimulating the Schaffer collateral with a bipolar electrode, and
calculated the NMDA/AMPA ratio™. Importantly, the NMDA/
AMPA ratio was not significantly different in CA1 neurons
expressing the transgene (Cherry-positive cells) and in control
non-electroporated CA1 neurons (Cherry-negative cells, Supple-
mentary Fig. 11).

Next, electroporated mice with TRE:SA-Ch and TRE:EGEFP
were treated for 3 days with doxycycline and on the fourth day,
while still on doxycycline, were exposed to a novel context with
unfamiliar visual cues; control animals remained in the home
cage. The exposure to a novel context significantly increased the
number of SA-Ch spines in the CAl and in the dentate gyrus
(DG) regions (Fig. 5b, ¢). Interestingly, both in CAl and in the
DG, SA-Ch spines were closer to each other than what we
calculated by randomly shuffling their positions along dendrites
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(Fig. 5d); consistently, the closest non-expressing spine was
located at a greater distance than what would be expected by
chance (Supplementary Fig. 12a). Not only the first neighbor
spine, but also the second and third neighbor spines were
significantly more likely to express SA-Ch than what would
happen by chance (Fig. 5¢). This implies the existence of clusters
of SA-Ch-expressing spines and, hence, ot potentiated synapses.
We defined a cluster of potentiated synapses as a set of SA-Ch
synapses comprising at least two spines separated by no more
than 2 pm, i.e., two spines belong to the same cluster if their
interdistance is <2 pm. In home-caged animals, 86% and 85% of
spines in CA1 and DG, respectively, belonged to a cluster and the
exposure to a novel context increased this proportion to 95% and
94%, respectively. As clusters ranged from 2 to 13 spines, context
exploration significantly increased the average dimension of spine
units, i.c. clusters and single spines taken together, both in the
CALl and in the DG (Fig. 51).

SA-Ch spines also appeared to be non-randomly distributed
across ditterent dendrites: some dendrites had a higher density of
potentiated synapses than nearby dendrites. This was more
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P < 0.001 Kruskal-Wallis test, Dunn’s comparison. Bars are mean + SEM.
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strikingly observed in the DG granule cells, whereas CAl
pyramidal neurons were more uniform (Fig. 5g and Supplemen-
tary Fig. 12b). We calculated the difference between the number
of SA-Ch spines in each dendrite and the number that would be
expected if potentiated spines were uniformly distributed in
dendrites in the same region of the slice (Separation Index, see
Methods). We found that in the new context-exposed mice the
dendrites of DG granule cells had a significantly higher
Separation Index (SI) than CA1 pyramidal neurons (Fig. 5h). In
addition, the majority of DG neurons had a high SI, implying
that, in the DG, neurons were divided in two populations with
either a high or a low number of potentiated synapses (Fig. 5i).

Discussion

The current paradigm in memory studies, based on theoretical
and experimental data, points to synaptic ensembles underlying
the generation and storage of new memories®! >, Accordingly,
learning different tasks involves different sets of spines, which
turther supports the idea that spines, and not whole neureons, are
the more relevant entities for information storage in the
brain®!>?, At the same time, methods for activity mapping and
causally probing memories heavily rely on promoters from
immediate early genes™!?,

We propose here the SA approach to refine the investigation
on memory (and other) circuits to map brain activity at the
synaptic scale. pSA plasmids combine activity-dependent trans-
lation at potentiated synapses with Arc mRNA regulatory
sequences and a protein tag to drive synaptic expression of any
desired gene (including, but not limited to, opsins).

Our findings are consistent with most observations implying a
role for Arc in synapse potentiation?*™3, SA-Ch is preferentially
found at larger spines (Fig. 2e) and is expressed at focally sti-
mulated spines {Fig. 3). We tested regulatory sequences and DTEs
from other mRNAs, including BDNF, which is also targeted to
dendrites in an activity-dependent manner’™. However, the
BDNF splice variants that we emploved (exons Ila, Ilc, and V1),
out of the many BDNF transcripts™, were much less responsive
to neural activity, either due to high basal translation (ITa and ITc)
or to almost undetectable translation competence (VI form). The
Arc sequences that we tested gave the best results; however, we
envisage that background expression can be further lowered to
increase synaptic enrichment; in any case, the use of less strong or
tunable promoters (as the TRE promoter) can also be helpful, as
our data in vivo suggest. This would also help further reducing
the residual somatic expression.

Current imaging techniques to label synapses, such as
mGRASP, can be modified to restrict synapse mapping to
determinate regions, projections or cellular types with long-
established genetic or tracing technologies™. On the other hand,
efforts in the implementation of activity sensors have made it
possible to record real-time synapse activity in response to sen-
sory stimulations’*. However, activity alone does not imply the
involvement in the storage of a defined status and not all active
synapses become potentiated’®"°, Recently, activity reporter SEP-
GluAl, which labels synapses incorporating fluorescent AMPA
receptor subunit 1 on the membrane surface, has been proposed
as a marker for synapse potentiation’®". AMPA receptors are
rapidly exposed on the surface of spines that undergo sustained
stimulation®”, which is generally accepted to be responsible for
the increased currents following potentiation. However, poten-
tiation comprises dissociable events, and different forms of
potentiation exist™®, Some do not last indefinitely and AMPA
receptors incorporation may be transient™’, Tnstead, our strategy
can act as reporter of a late-phase, translation-dependent L'TP (L-
LTP)™ and can be used to map potentiated synapses across a
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population of neurons in memory tasks, thus enabling to identify
candidate “synaptic engrams.” Indeed, SA-Ch significantly cor-
relates with SEP-GluAl accumulation on  postsynaptic  sites;
however, spines with lower SEP-GluA1 enrichment were also in
many cases devoid of SA-Ch (Fig. 21), suggesting that SA proteins
would tag the subpopulation of SEP-GluAl-expressing spines
that undergo L-LTP, a likely candidate for memory storage unit
in the brain'?,

Work in acute hippocampal slices identified potentiated spines
in CAl with the incorporation of fluorescent phalloidin™”.
Recently, the incorporation of fluorescently tagged AMPA
receptors has been observed in vivo in the mouse barrel cortex
following whisker stimulation®’, providing the first observation of
potentiated spines in vivo. Here we demonstrate the usefulness of
the SA approach by labeling synapses that underwent
translational-dependent potentiation in the hippocampus of live
mice exploring a novel context. Exposure to a novel environment
has been linked to an increase in active neurons, as identified by
¢-fos staining or catFISH technique'™'”, but no parallel has been
done so far with long-lasting synaptic changes such as
translation-dependent L'TP.

Previous work identified functional clusters of synapses in
cortical areas and hippocampal slices (spines with correlated
activity)*®1%0!: clustering has been proposed in models for
cooperative integration of synaptic activity in neuron computa-
tion, sensory integration, and memory formation®2 %%, We
identified clusters of potentiated synapses in hippocampal regions
CAT and DG, which comprised most of the potentiated spines. Tt
must be noted that the exact number of spines in each cluster is
dependent on the chosen cutoff (2 um) in our working definition.
However, we consider this choice reasonable, when taking into
account the physical dimensions of a typical mushroom spine.
Indeed, the range (2-13 spines) that we calculated for the cluster
dimension (Fig. 5f) is in accordance to what reported for func-
tional clusters identified by calcium imaging of synaptic activity
(2-12 synapses)°'.

Our approach enabled us to map potentiated synapses across
different dendrites, highlighting differences in the distribution
between the DG and the CAl regions (Fig. 5h, i). Our data
suggest that single dendrites of granule cells function as a highly
homogeneous unit in terms of activity integration and plasticity,
supporting a role of the DG for pattern separation’ >, According
to this model, DG cells encode highly orthogonal contextual
information, whereas downstream CA3 and CAl complete and
process this information. Consistently, whole-cell optogenetic
activation of engram cells in the DG, but not in CA1, served as an
effective contextual stimulus in the fear conditioning protocolg,
despite other experiments clearly advocating a role for CA1 in the
encoding of contextual information®.

In order to highlight the role of potentiated synapses in a
memory recall framework, it is necessary to envisage an experi-
mental strategy to selectively act on them, but cell-wide neuron
activation also recruits other learning-related mechanisms at the
cellular level®. Although subcellular optogenetic stimulation can
be achieved by restricting the illumination pattern down to single
spines™, this requires a priori knowledge of the sites to be sti-
mulated, which are not always known. Moreover, the feasible
number and sparseness of distinct illumination spots heavily
depend on technological aspects. On the other hand, the biolo-
gically achieved spatial restriction of Channelrhodopsin expres-
sion presented here, would allow unbiased excitation of recently
activated synapses with standard experimental setups for wide-
field illumination. In this scenario, light power should be adjusted
so that the effect of the optical stimulation is similar to physio-
logical synaptic events; from our results in culture, we have found
that although blue light reactivation of the locally expressed SA-
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Ch is able to elicit calcium transients in a specific manner, these
evoked calcium signals look somewhat smaller than calcium
events occurring in the same spines spontancously (Supplemen-
tary Fig. 9). However, it must be noted that ChETA itself does
not have the greatest photocurrents among the opsin family”>°®
and a number of ChR2 variants now exists with larger photo-
currents®”. The majority of these variants differ from the parental
ChR2 by a few point mutations®, so we expect that the sub-
stitution of ChETA complementary DNA to encode an opsin
with a higher photoconductance would replicate the key expres-
sion features of SA-Ch in tagging potentiated synapses. Changing
the fluorescent proteins attached to SA-Ch could also increase
photocurrents, as Cherry-fused ChR2 have been sometimes
reported to have a reduced tratficking to the plasma membrane
than fusion proteins of the GFP family”",

SA-Ch application (or any of its relatives) could help clarifying
the role of synaptic potentiation in the formation and recall of
encoded memories. Synapse re-excitation could be performed
more physiologically than what existing technologies used to
tag and reactivate whole neurons can achieve. For instance,
the work presented in this paper lays the ground for the use of
SA-Ch to test the hypothesis of a “qynaptlc engram,” parallel
to the identified “population engram™!>!3. It is likely to be
that the two activity-tagging approaches (cel]ular Vs, synaptic)
would give similar results where there is large identity overlap
between the unit of plasticity and the single neuron, as in the
DGO On the other hand, CAL neurons receive multiple
converging inputs whose crosstalk, following activation by
current whole-cell optogenetic protocols, is likely to result in
memorv occlusion”.

Taking advantage of Arc RNA regulatory sequences, we were
able to express a Channelrhodopsin variant at synapses under-
going potentiation, establishing a novel tool to map and reactivate
these sites. Recently, a novel approach towards the development
of “synaptic optogenetic” strategies was proposed’’; by expressing
a photoactivable form of Racl in the motor cortex, Kasai and
colleagues”™ demonstrated that the light-induced shrinkage of
recently potentiated spines severely impairs motor learning. That
study emphasizes the necessity of controlling selected inputs,
rather than a selected population of neurons, underscoring the
interest of synaptic optogenetic approaches, such as the one
presented here. However, by dramatically altering actin dynamics,
such approach determined a drastic alteration of the spine
structure; therefore, the interference with the memory trace could
not be reverted. Accordingly, it was not possible to perform a
memory recall task, as the intervention was purely destructive.
Although establishing a first important step in highlighting, and
interfering with, established engrams at the synaptic level, the
sufficiency of those potentiated synaptic inputs for memory
encoding remains to be addressed. Our approach allows, in
principle, to re-excite those synapses. In addition, it is likely to be
naturally extended to any variant opsin family, thus enabling the
bidirectional interference of the synaptic inputs involved in cir-
cuit traces and memories.

Methods

Constructs. Palmitoyl-Cherry-MS2 was generated by cloning palmitoylation
sequence MLCCMRRTKQ from GAP43 to Cherry N-terminal, whereas

MS2 sequence was derived from plasmid pSL-MS$2 12X (Addgene 27119), Ar¢ DTE
comprises nucleotides 2035-2701 of Arc transcript (NCBI NM_019361.1), in
accordance to ref. 2!, EGFP-MS2 coat protein-NLS was constructed and cloned
into pcDNA3.1(+) (Invitrogen) from plasmid Cherry-MS2 coat protein-NLS (a gift
from A. Marcello, ICGEB Trieste). ChETA Cherry ¢cDNA was PCR amplified from
plasmid pAAV-CaMKII-hChR2 (E123A)-mC. hLl’lV WPRE™, ChETA-Cherry-SYN
(5-Ch) was generated by cloning 3 "GCTTCAATTGAAAGT-
GACGTGGCCGCAGCTGCCGAAAC 'GTAATAA-3 oligo sequence
(IDT Technologies) in frame to ChE 'f\—(jherr.y using unique site BgllT site at 3'-
end of Cherry ¢cDNA. A-Ch and SA-Ch constructs were generated by inserting Are
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5'-and 3 -UTRs before and after ChETA-Cherry and S-Ch ¢DNA, respectively,
Arc UTRs were amplified from plasmid pCMV-ArcF encompassing whole 5-UTR
and first 13 nucleotides of Arc CDS, where start ATG was mutated to ACG, and
whole 3"-UTR1. MS2 sequence was inserted downstream STOP codon before 3'-
UTR. Constructs were cloned into plasmid pcDNA3(+) (Invitrogen) under
cytomegalovirus (CMV) promoter. EGFP was expressed from plasmid pN1-EGFP
(Clontech). Homerlc-EGFP was kindly provided by D. Choquet, Tnstitut inter-
disciplinaire de Neurosciences CNRS, Université Bordeaux 2. Palmitoyl-
Turquoise2 is Addgene plasmid 36209, GCaMP6s was expressed from pGP-CMV-
GCaMP6s (Addgene 40753). SEP-GluAl was expressed from Addgene plasmid
64942, For in utero c]ulrupumllun SA-Ch was inserted downstream of third
generation TRE promoter* in a plasmid containing the minimal CK0.4 promoter
driving the (xpnswlon of rtTA25 M2 transactivator amplilied from vector
TMPriTA™ , vielding pTRE3-SA-CK-rtTA. Parental plasmid was custom synthe-
sised by Life Technologies (USA). It was cotransfected with plasmid pCAGGS-
tTA-TRE-EGFP, which was gencrated by cloning rtTA25-M2 and TRE-EGFP
sequences into plasmid pCAGGSY. TRE-EGFP was amplificd by PCR from
plasmid pSIN-TRE-EGFP, provided by Dr L. Marchetti, pCAGGS-rtTA-TRES-
mCherry was generated analogously and IRES sequence was derived from
pCAGGS™

Cell culture. Primary cortical and hippocampal neurons were extracted from PO
B6129 mice as follows: after surgery and tissue isolation, tissue was triturated in
cold calcium-free Hank's balanced salt solution with 100 Uml™" penicillin, 0.1 mg
ml~! streptomyein, and digested in 0.1% trypsin, followed by inactivation in 10%
fetal bovine serum (FBS) Dulbecco's modified Eagle's medium (Invitrogen) 100 U
ml™! DNase, Neurons were seeded on previously poly-D-lysine-coated glass cov-
erslips or plasma-treated poly-D-lysine-coated Willco dishes. For initial plating,
neurons were maintained in Neurobasal- A medium (Invitrogen) supplemented
with 4.5 g 17! D-glucose, 10% FBS, 2% B27 (Invitrogen), 1% Glutamax (Invitrogen),
I mM pyruvate, 4 pM reduced glutathione, and 12.5 pM glutamate. From the fol
lowing day on, neurons were grown in Neurobasal-A medium (Invitrogen) sup-
plemented with 2% B27 (Invitrogen), 1% Glutamax (Invitrogen), and 110 pg ml~*
gentamicin, Medium was refreshed every 2-4 days. For experiments in Fig. Ia and
Supplementary Fig. 1, div 12 neurons were used. All other experiments employed
div 17-19 neurons. Neurons were transfected with calcium phosphate method the
day before experiment. The procedure was approved by the National Council for
Research Ethical Committee,

Treatments. Neurons as in Fig. 1 were treated for 1h with either KCl to a final
concentration of 10 mM, or with saling, added to bath. Otherwise, treatments
are (i) BDNF: hBDNF (Alomone) 100 ngml’l 90" (i1) KCl: KCI 10 mM 907

(iii) L'TP: 20" in 2 mM CaCl,, 1 mM MgCl, ACSF (artificial cerebrospinal fluid: 136
mM NaCl, 2.5 mM KCI, 10 mM glucose, 2 mM sodium pyruvate, 1 mM ascorbic
acid, 0.5 mM myo-inositol, 10 mM HEPES pH 7.3, with 2 mM CaCl, and 1 mM
MgCl, unless otherwise indicated) followed by 107 in 2 mM CaCly/Mg>*-free
ACSF, 5.4 mM KCI, 100 pM NMDA (Sigma-Aldrich, Saint Louis, MQO), 20 uM
glycine (Sigma-Aldrich), and 0.1 pM rolipram (Sigma-Aldrich) as described™,
followed by 90" in culture medium; (iv) AP5: 50 uM AP5 (Sigma-Aldrich) from
transfection to analysis (17-20 h). See also Supplementary Fig. 6 for temporal
outline of treatments. Stimulated neurons in Tig. 2¢ are treated with 207 2 mM
CaCl2, 1 mM MgCl, ACSE followed by 5 in 2 mM CaCl,/Mg*-free ACSFE, 60 mM
KCI, 100 uM NMDA (Sigma-Aldrich), 20 pM glycine (Sigma-Aldrich), and fixed
after 90" (see below).

Immunofluorescence. Neurons expressing A Ch or SA-Ch were fixed in 2%
formaldehyde 5% sucrose phosphate-buffered saline (PBS) and permeabilized in
0.1% Triton X-100. After PBS washing, samples were blocked in 1% bovine serum
albumin (BSA) PBS, and primary antibodies anti-Cherry {Genelex GTX59788,
1:500) and anti-PSD95 (Abcam ab9909, 1:600) were used in 0.5% BSA PBS. After
washing, primary antibodies were detected with anti-rabbit-TRITC (Sigma-Aldrich
Ta778, 1:200) and anti mouse Alexa647 (Thermo Fisher A32728, 1:200) in 0.5%
BSA PBS. Coverslips were mounted in Fluoroshield (Sigma-Aldrich) mounting
medium. Hippocampal neurons expressing EGFP, ChETA/EGFP, S-Ch/EGFP, or
SA-Ch/EGFP for 24 h were processed as above. Primary antibody was 1:2,500 anti-
MAP2 (Abcam ab5392) and it detected with anti-chicken-Alexa647 (Abcam
abl50171, 1:250). For surface NMDAR/AMPAR immunostaining, div 9 neurons
were transfected with SA-Ch and palmitoyl-Turquoise2, or palmitoyl-Turquoise2
alone; on the third day from transfection, neurons were fixed in 4% formaldehyde,

5% sucrose PBS and washcd blocked in 5% BSA PBS, and stained with 1:500 anti-
GluR1-NT (Millipore MAB2263) and 1:500 anti- GIluNT (Alomone AGC 001), and
followed by 1:200 anti-mouse-Alexad488 (Thermo Fisher A32723)/1:200 anti-
rabbit-Alexa647 (Thermo Fisher A32733) and mounting,

Microscopy. Optical sections (512 % 512 pixels) were acquired with a confocal
microscope (Leica TCS SP5 SMD on an inverted DM6000 microscope) using an oil
objective HHCX PL APO CS 40 x (numerical aperture NA = 1.25), and pinhole was
set to 1.47 AU. Digital zoom was adjusted for sampling spines correctly. For whole-
cell reconstruction, z-stacks were acquired every 0.5 pm. Sequential illumination
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with HeNe 633, Ar 561, Ar 488, Ar 458, and diode (Picoquant, Berlin, Germany)
405 laser lines was used for Alexa647, TRITC and Cherry, ? and Alexad88,
Turquoise2 and 4',6-diamidino-2-phenylindole (DAPI), respectively. Neurons in
Fig. la and Supplementary Fig. | were acquired with the same acquisition
paramelers.

For two-photon uncaging, images were acquired using an Olympus FV 1000
confocal module on an inverted TX81 microscope with immersion oil objective
UPLSAPO 60x (NA = 1.35) and pinhole was set to 180 pm. Digital zoom was set to
8x. Used laser lines were Ar 488 and HeNe 543 for EGIP and Cherry excitation,
respectively. For two-photon uncaging, 720 nm line was set on a tunable
Chameleon Vision IT Ti:Sapphire pulsed laser (Coherent, 80 MHz). Green and red
channels were acquired before 720 nm stimulation (5" time point) and 60" after
medium change (see the following two-photon uncaging section).

Two-photon uncaging. DIV 8-10 cortical neurons were seeded on plasma-treated,
poly-D-lysine-coated Willco dishes, and transfected the day before experiment.
Neurons were maintained in Mgl*—frcc ACSF (in mM, 136 NaCl, 2.5 KCI, 2 CaCl,
10 D glucose, 10 HEPES, 2 pyruvale, 1 ascorbic acid, nyo-inositol) with 10 pM
forskolin (Tocris BioSciences), 1 uM 11X (Tocris BioSciences) and, where indi-
cated, 2.5 mM MNI-caged glutamate (Tocris BioSciences, Bristol, UK) for 20
before uncaging, Following EGFP and Cherry acquisition, 30 pulses (720 nm,
9-13 mW at the objective lens) of 7 ms were delivered at 0.5 Hz at 0.5-1 pm from
spine head as in ref. 7. After 5, medium was changed to 1 mM MgCl, ACSF
supplemented with 2% B27 and the same dendrite was imaged after 607, The mock
stimulation was conducted in the same way, except that MNI-glutamate was not
added in the medium. For time-course experiments, red and green channels were
acquired 20" and 5’ before the uncaging start. Green channel was acquired at 0.5,
17, 2,5, 30, 60, and 90" following uncaging, and red channel was acquired at 57,
30, 60, and 90". Throughout the whole protocols, neurons were maintained at 37°
C under humidified 5% CQ, atmosphere. In experiments with translation inhibi-
tors, 5 pM anysomicin (Sigma) was present in the medium all the time staring from
the 20" preincubation.

Calcium imaging. Div 7-11 cortical neurons grown on glass-bottom coverslip,
expressing GCaMPés and SA-Ch were imaged using an Olympus FV1000 confocal
madule on an inverted IX81 microscope with immersion oil objective UPLSAPO
60x (NA = 1.35). Neurons were maintained in ACSF containing 2 mM CaCl,,

I mM MgCl, at 37 °C under humidified atmosphere. In a parallel sets of experi-
ments, we included (i) VGCC inhibitors nifedipine 5 pM (Sigma), Ni®* (as NiSO,)
500 uM, and Zn?* (as ZnCly) 500 uM, or (i) 1 pM TTX (Tocris Biosciences). SA-
Ch was imaged at 543 nm and GCaMP6s was excited with Chameleon Vision IT Tt
Sapphire pulsed laser (Coherent, 80 MHz) tuned at 990 nm (actual Pcak was
detected at 988 + 2 nm), to minimize Channelrhodopsin excitation™. Selected
spines were identified comparing the 543 nm and the two-photon channel. A
rectangular imaging region of interest (ROI) was defined on the dendrite imme-
diately under the selected spine, whereas the excitation ROT was set on the spine.
We acquired 500 frames every 20 ms by exciting at 990 nm using RM690 filter;
GCaMP6s fluorescence was acquired in the 500 600 nm range. The size and
dimension of the ROIs were maintained constant in all experiments. After 50
frames, we stimulated the spine with a 10 ms pulse of the 488 nm laser line in spiral
scanning mode in the excitation ROI and continued imaging. Laser power

(488 nm) was measured to be 8.9 10.7 pW upon steady illumination®’ and 990 nm
laser power was 2.5-3.7 mW. Randomly between stimulations, trains were per-
formed identically, except the 488 nm Jaser line was kept switched off. After dark
frame subtraction, AF/F values were integrated for the first 200 frames following
stimulation.

For the recording of low-frequency spontancous events, two-photon GCaMPeés
imaging of a region under a defined spine was performed as above, except the
duration of cach recording session was extended up to 40s. Neurons transfected
with palmitoyl-Cherry-MS2 or SA-Ch, and GCaMP6s were recorded in ACSF;
spontaneous events from SA-Ch were derived from long recording sessions
without stimulation of SA-Ch expressing spines that were responsive to light (see
above).

Neurons in Fig. 4b expressing SA-Ch or ChETA-Cherry and GCaMPés were
recorded as described above. The recording ROT under the spine was maintained
constant across recording sessions, whereas the excitation ROI was set on the spine
or on the dendrite adjacent to the imaging ROT; for cach session, both recordings
with spine-centered and dendrite-centered excitation ROIs were performed. The
position of the excitation ROI for the first recording of a session (i.e., spine or
dendrite) was chosen randomly.

Culture optogenetics. DIV 17-12 hippocampal neurons were grown on paly-1>-
lysine-coated glass coverslips in 24 wells. The day after transfection, neurons
expressing SA-Ch and EGFP, ChETA-Cherry and EGFP, or EGFP alone, were put
in standard 2 mM CaCl, 1 mM MgCl, ACSF and illuminated with single-channel
PlexBright LED Module 450 nm connected to an optical fiber (THORLABS, 200
pM diameter, 0.39 NA, ceramic ferrule) at 1-3 mW peak power (measured at the
end of the fiber). Ten trains of 13 pulses at 100 Hz were repeated at 0.5 Hz;

4 stimulations at different positions were performed on each culture, in order to
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evenly illuminate the whole culture area, In a first set of experiments, neurons were
pre-treated for 3 h with 40 pM CNQX, 100 pM APS5, and | pM TTX. Medium was
changed to ACSF, 2mM CaCly, 1 mM MgCly, and 1 pM TTX, and cultures were
light stimulated or maintained in the dark; 7.5 min after stimulation, neurons were
fixed for 15 min in 2% formaldehyde, 5% sucrose PBS supplemented with 1 mM
Na, VO, (Sigma-Aldrich), and 1 mM NaF (Sigma-Aldrich) to inhibit phosphatases;
after permeabilization in ice-cold methanol, neurons were blocked in 5% BSA,

I mM Na,VO4, I mM NakF PBS, and subsequently incubated overnight with 1:100
mouse anti-phosphoCaMKII {Thermo Fisher MAL-047 clone 22B1) and 1:300
rabbit anti-Cherry (GeneTex GTX59788) in 2% BSA PBS. Secondary antibodies
were 1:100 anti-rabbit- TRITC (Sigma-Aldrich T6778) and 1:100 anti-mouse
Alexa647 (Thermo Fisher A32728) in 2% BSA PBS, In the second set of experi-
ments, neurons were light-stimulated in ACST, 2mM CaCl,, and 1 mM MgCly;
after stimulation, neurons were put back into culture medium; parallel cultures did
not undergo such a treatment and were maintained in the dark. After 1 h, cells were
fixed in 2% formaldehyde, 5% sucrose PBS, and permeabilized in 0.5% Triton X-
100; after PBS washing, cells were blocked in 4% BSA PBS and hybridized with
1:100 rabbit polyclonal anti ¢-fos (Santa Cruz sc-32) in 2% BSA and 0.05% Triton
X-100 PBS. Secondary antibody was 1:100 anti-rabbit-Alexa647 (Thermo Fisher
A32733). Samples were mounted in Fluoroshield with DAPI (Sigma-Aldrich).

In utero electroporation and animal experiments. Animal care and experimental
procedures were approved by the TIT and CIBIO licensing, as well as with the
Italian Ministry of Health. Hippocampal in utero electroporation was performed as
described in ref. *: E15.5 timed pregnant CD1 mice (Charles River SRL, Ttaly)
were used. Time-pregnant matings were performed on the evening; the day after
mating was defined as E0.5 and the day of birth was defined as P0. The plasmids
pTRE3-SA-CK-rtTA and pCAGGS-rt TA-TRE-EGFP (or, alternatively, pTRE3-SA-
CK-rTA and pCAGGS-rITA-IRES-mCherry) were used at 1pgpl™" with Fast
Green dye (0.3 mg ml~l Sigma) to allow visualization. Briefly, the dam was
anesthetized with isofluorane (induction, 4.0%; surgery, 2.0%) and the uterine
horns were exposed by laparotomy. Each embryo was injected (3-4 pl) through the
uterine wall unilaterally with a 30 G needle (Pic indolor, Grandate, Italy). For the
clectroporation, 6 clectrical pulses (amplitude, 30V duration, 50 ms; intervals, 1)
were delivered with a square-wave electroporation generator (CUY21EDIT; Nepa
Gene). Then, the uterine horns were returned into the abdominal cavity and
embryos were allowed to continue their normal development. Mice from both
sexes were P24-P26 on the day of the experiment. A first group of mice received
0.5 mg doxycycline (1 mg per 30 g BW) in saline solution intraperitoneally once a
day for 2 days; on the third day, brains were lixed by transcardial perfusion of 4%
formaldehyde. A second group of mice received an additional intraperitoneal
injection (1 mg per mouse) on day 3 and brains were fixed on day 4. On day 4,
mice of the novel context group were put separately in a different cage (novel
context). Two of the walls had visual cues (3 cm black/white vertical stripes and 3 x
3 ¢m black/white dashboard); one object was put in the cage (a blue 50 ml Falcon
tube)”. After 3 h, brains were fixed by 4% formaldchyde transcardial perfusion.
Home-cage animals received the same doses of doxyxycline and were kept in their
cage until perfusion. After perfusion, brains were post-fixed overnight in 4% for
maldehyde in PBS, then cryoprotected in 30% sucrose PBS. Sixty micrometers of
coronal sections were cut with a cryostat. Slices were mounted in Vectashield or
Fluoroshield with DAPI (Sigma) and native fluorescence was imaged with Leica
SP5 (see above) with 1.5 AU pinhole; stacks encompassing the whole section were
acquired every 0.5 pm, To calculate intensity profiles in CA1 Targe fields (Supple-
mentary Fig. 10), [F was performed on free floating slices. Slices were blocked 1 h in
0.3% "Triton X-100 in 10% normal goat serum (NGS, Sigma-Aldrich) PBS, then
incubated overnight in 1:500 anti-GFP (Abcam ab38689), 1:500 anti-Cherry
(Abcam ab16743), in 0.3% Triton X-100, and 10% NGS PBS at 4 °C, washed three
times (10" each), and incubated in secondary antibodies (1:100 anti-mouse-
Alexad88 (Thermo Fisher A32723) and 1:100 anti-rabbit- Alexa647 (Thermo Fisher
A32733)), 1:200 in 0.3% Triton X-100, and 10% NGS for 1 h. After three washes in
PBS, slices were mounted in Fluoroshield with DAPT (Sigma- Aldrich).

Brains from Thyl-ChR2-YFP (line 18) mice (B6.Cg-Tg(Thy1-COP4/EYFP)
9GIng/], Jackson Laboratory, stock 007612) strongly expressing ChR2 in CA1 and
only modestly in CA3 and DG, were fixed with 4% formaldehyde transcardial
perfusion. Brains were post-fixed overnight in 4% formaldehyde in PBS, then
cryoprotected in 30% sucrose PBS. Coronal sections of 60 pm were cut with a
cryostat and mounted in Fluoroshield with DAPIL

Slice electrophysiology and analysis. Acute coronal slices from the mouse
neocortex were prepared at postnatal day 21-25. Slices were cut from animals
previously electroporated at E15.5 with pCAGGS-rTA-IRES-Cherry and pTRE3-
SA-CK-rtTA (for details regarding in utero electroporation, see previous section)
and kept for 4 days on doxycyeline (intraperitoneal injection, 0.5 mg per day). Mice
were anesthetized with urethane (1.65 gkg ') and the brain was quickly dissected
and placed in an ice-cold cutting solution containing: 130 mM K-gluconate, 15 mM
KCI, 0.2 mM EGTA, 20 mM HEPES, and 25 mM glucose, pH adjusted to 7.4 with
NaOH. The solution was constantly oxygenated. Slices (thickness: 300 pm) were
first cut with a vibratome (VI10008, Leica Microsystems, GmbIH, Wetzlar, Ger-
many) and immersed for T min in solution at room temperature (RT) containing:
225 mM D-mannitol, 25 mM glucose, 2.5 mM KCI, 1.25 mM Nall;PO,, 26 mM
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NallCO;5, 0.8 mM CaCly, 8 mM MgCly, pll 7.4 with 95% O,/5% CO,. Slices were
then incubated for 30 min at 35 °C in SACSF composed of: 125 mM NaCl, 2.5 mM
KCI, 25 mM NaHCO;5, 1.25 mM NaH,PO,, 2 mM MgCl, 1 mM CaCly, 25 mM
glucose, pl1 7.4 with 95% O3/ 5% CO,. After incubations slices were maintained in
sACSF at RT until use. During experiments, slices were positioned in a submerged
recording chamber (RC-26, Warner Instruments, Hamden, CT, USA) and con
tinuously perfused with fresh bathing solution (125 mM NaCl, 2.5 mM KCI,

25 mM NaHCO;, 1.25 mM NaH,PO,, 2 mM MgCl,, 2 mM CaCly, 25 mM glucose,
pH 7.4 with 95 %0,/5 % CO,) including the GABA ,-receptor antagonist picro
toxin (0.1 mM, Sigma-Aldrich) and maintained at 30-32 °C by an inline solution
heater (TC-344B, Warner Instruments). Pipettes (resistance: 3-4 MQ) were filled
with intracellular solution containing: 8 mM NaCl, 145 mM Cs-methanesulfonate,
10 mM HEPES, 10 mM phosphocreatine di(tris) salt, 2mM Na; A'TP, 0.5 mM
NaGTP, 0.3 mM EGTA, 5 mM lidocaine N-ethyl bromide, and 10 mM tetra-
ethylammonium chloride, pH adjusted to 7.25 with CsOH. Only recordings with
series resistance < 20 M€ were included in the analysis. Series resistance was not
compensated and data were not corrected for the liquid junction potential. Elec-
trical signals were amplified by a Multiclamp 700B, low-pass filtered at 2 kHz,
digitized at 50 kHz with a Digidata 1440 and acquired with pClamp 10 (Molecular
Device, Sunnyvale, CA). Electrophysiological traces were analyzed using Clampfit
10.4 software (Molecular Device).

Synaptic responses were recorded in the same animal in whole-cell voltage-
clamp configuration from Cherry-positive CA1 pyramidal cells of the
electroporated hemisphere and from Cherry-negative CA1 pyramidal cells of the
non clectroporated hemisphere. To evoke synaptic responses, Schaffer collaterals
were stimulated at 0.1 Iz (stimulus duration: 100 ps) with a bipolar metal electrode
placed in the CAT stratum radiatum, about 100200 pm from the recording site.
Stimulus intensity was adjusted to obtain half-maximal AMPA receptor-mediated
excitatory postsynaptic currents (AMPA-EPSCs, average stimulating current: 129
+ 34 pA). AMPA-EPSCs were recorded at V,, = =80 mV and completely blocked in
bathing solution containing 2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzolf]
quinoxaline-7-sulfonamide disodium salt (NBQX, 10 pM, Tocris Bioscience).
NMDA receptor-mediated EPSCs (NMDA-EPSCs) were recorded at Vi, = +
40 mV in the presence of 10 uM NBQX. The NMDA/AMPA ratio was computed as
the ratio of the NMDA-EPSC peak amplitude to the AMPA-EPSC peak amplitude
(both measured on a mean trace obtained averaging ten consecutive traces) in the
same cell.

Data quantification. Spine number and subclass for neurons in Supplementary
Fig. 3 were assigned manually based on established nomenclature. Short spines
with no apparent neck are classified as stubby; elongated spines whose head and
neck diameters are similar are classified as thin and spines with a defined neck and
a prominent head are classified as mushroom. Filopodia were few in number across
all samples and were excluded from analysis. For the calculation of surface
NMDAR/AMPAR ratio, ROIs were defined on dendrites from expressing neurons
(SA-Ch/palmitoyl-Turquoise2 or palmitoyl-Turquoise2), and mean sGluR1/
Alexa488 and sGIuUNT/Alexab47 intensities were caleulated after background sub-
traction. ‘The calculated value is the ratio of the two means,

LT was calculated as the ratio between the Cherry average intensity on the spine
region (identified using the EGFP channel) and the average intensity calculated on
the dendritic shaft between 1 and 2 pm away from the spine junction, after
background subtraction. For the EI caleulation, only expressing spines were
included in the analysis, Homerle-EGFP content was quantified by integrating
EGFP intensity in correspondence to the PSD) and normalized by the mean
intensity on the dendrite. SEP-GluAl enrichment was calculated in an analogous
manner to Cherry EI; for the comparison of the two Fls, the same regions were
considered in the two channels,

For two-photon stimulation experiments, spines were identified in the EGFP
filler channel, Cherry fluorescence was integrated in the corresponding channel
after background subtraction. Intensity was calculated for images acquired
immediately before photouncaging and after 60 for stimulated and neighboring
spines. The relative change in Cherry intensity (1) at time point i was calculated as
the difference, normalized for the initial intensity as follows: [I.(i) - [.(-5)}/
I(=5"). Volume change was calculated in an analogous way as [L(i) — I(=3)]/
1,(=5"), where I is the spine integrated density in the EGFP channel, normalized by
the mean value in the dendrite underneath,

For the intensity profiles shown in Supplementary Fig. 10, 1,024 x 1,024, 0.5 pm
stacks of immunostained slices were acquired by centering the field on the CA1
region above the DG upper blade. For each channel, slices were summed to
generate the projection image. After background subtraction, linear profiles of 325
pm (80 pm thick) were measured starting from the stratum oriens toward the
stratum lacunosum-moleculare in correspondence to all detected EGFP-positive
neurons. Profiles were aligned in the DAPI channel by setting the start of the
stratum pyramidale, identified as the stratum with packed soma, at 100 pm. Tor
EGFP and Cherry channels, baseline was subtracted and resulting profiles were
averaged. Baseline was evaluated in the non-electroporated hemisphere in an
analogous manner. To reduce noise, resulting data were smoothened with
SigmaPlot v12 (SYSTAT) with the median method (0.01 sampling) in
Supplementary Fig. 10b. To compare SA-Ch profiles and Thy1:ChR2-YFP profiles,
first values were averaged in a 5 pm window. Resulting profile data were averaged
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and normalized on the highest value, and two-way analysis of variance (ANOVA)
was performed (factor A: SA-Ch/Thy1-YFP, factor B: distance).

For in vivo experiments, spine distance was calculated as the euclidean distance
as [(x‘-xz)z + (}4-)’2)2 + (z‘-z:)z}“2 where (x,,z) are the spine coordinates in
micrometers. Distances were caleulated for cach SA-Ch-positive spine to all other
SA-Ch-positive spines and all SA-Ch-negative spines with a custom-made program
in R (version 3.3.1, available at http:/fwww.R projectorg). Distance to first
potentiated neighbor and to first non-potentiated neighbor are defined as the
minima of the two sets, respectively. The distances to first potentiated and first
non-potentiated neighbor were also calculated for randomly shuffled data by using
the “sample” module in R to randomly assign the identity of spines to the (x,1.2)
positions; for every dendrite, five shuffled datasets were considered.

Probability data were calculated as follows with a custom made program in R:
for each SA-Ch-positive spine we considered the first 20 neighbor spines (both
directions along the dendrite were considered). For each dendrite, this gave a set of
N sequences of 20 spines that could be aligned from position 1 to position 20
generating a Nx20 matrix. For each i-th column, we counted the number of
positive spines and divided it by the number of rows N. The resulting value is
the probability of finding a potentiated spine in position i. To calculate the
increase in probability, for cach dendrite probability data were divided by the
expected probability of finding a potentiated spine in the corresponding position if
they were randomly arranged. Thus, calculated values were divided by (p-1)/(T-1),
where p and T are the number of potentiated spines and the total number of spines
in cach dendrite, respectively.

Clusters of SA-Ch-positive spines were calculated with the “Hierarchical cluster
analysis” function in R (contributed to STATLIB by . Murtagh) with the “single
linkage” method with a 2 pm threshold. Thus, two spines belong to a cluster if their
distance (calculated as above) is lower than 2 pm. Together, spine clusters and
single spines (spines that do not have another SA-Ch-positive spine within 2 jum
and could thercfore be regarded as cluster with dimension = 1) constitute spine
units. Accordingly, spine unit dimension was calculated as the number of members
for each unit.

To calculate the SI, the average fraction of potentiated spines (f) was calculated
for each slice as the sum of SA-Ch-positive spines in dendrites belonging to the
slice divided by the total number of spines. Then, for each dendrite, the expected
number of potentiated spine p* was calculated as fxT, where T is the number of
spines in the dendrite. SI was calculated as the absolute value of (p-p*)/p*, where p
is the number of potentiated spines in the dendrite.

Statistics. Image analysis was performed using Image]. Statistical analysis was
performed with OriginPro v9.0 or GraphPad Prism 6. Differences between two
groups were evaluated with two-tailed Student’s t-test. Residues (Supplementary
Fig. 3) distributions were compared with Kolmogorov-Smirnov test. Multiple
comparisons were made by one-way ANOVA followed by post-hoc Bonferroni test,
unless otherwise stated. Significance was set at a = 0.05. One hundred and thirty
neurons were analyzed in Supplementary Fig. 2a-¢; 106 dendrites from 35 neurons
were analyzed in Supplementary Fig. 2d. Seven hundred and fifty-six frames
(21,564 spines) were used for ChETA constructs expression calculation. A total of
1,493 spines was analyzed for EI calculation. For PSD95/ChETA-Cherry co-loca-
lization, a total of 2,251 spines from 44 neurons were analyzed. For Homerlc-
EGFP/SA-Ch correlation, 369 spines from 37 neurons were analyzed; for SEP
GluAl experiments, 737 spines from 108 neurons were analyzed.

For two-photon uncaging experiments, a total of 48 samples were analyzed, and
a total of 118 spines were considered. For the time-course experiments in two
photon uncaging, we considered the following number of spines: uncaging,
18 stimulated and 24 nearby spines; uncaging with anysomicin, 15 stimulated and
21 nearby spines; without MNI-caged glutamate, 8 stimulated and 8 nearby spines.

For GCaMP6s imaging, 55 spines were stimulated, out of which 17 in presence
of VGCC inhibitors and 17 in the presence of TTX. For in vivo analysis, the
following number of dendrites (spines/slices/animals) were considered: CAT home
cage 93 (6703/8/4), DG home cage 52 (4157/9/4), CAT novel context 111 (10223/8/
3), and DG novel context 58 (4865/8/3). Thirteen dendrites were excluded from the
caleulation of the increase in probability according to pre-established criteria,
because (i) the fraction of positive spine was below the defined threshold of 0.05 or
(1) it was not possible to define a whole set of 20 neighbors. Data were analyzed
from two researchers; spine notation was performed by a blind researcher to
condition (home cage/context) but not to hippocampal region (CA1/DG). No
statistical method has been used to pre-determine sample size. Animals were
distributed randomly between groups. Animals where the hippocampus was not
electroporated (due to electrodes misalignment during electroporation) were
excluded from the analysis, as established before the analysis (n=1).

Comparisons between groups when distributions were not normal, or
requirements for parametric tests were not met, were performed with
Kruskal-Wallis test, followed by Dunn’s test for pairwise comparison. Non-
parametric comparisons between two samples were performed with Mann-Whitey
test. Parametric test used were Student’s f-test (two-tailed) (paired tests were used
to compare sets of coupled values in Fig. 1b), or Bonferroni correction following
one-way ANOVA for multiple comparisons.

All information is summarized in Supplementary Table 1.

| DO 10.1038/541467-017-01699-7 | www.nature.com/naturecommunications
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SUMMARY 2009; Saheki and De Camilli, 2012), although the precise
mechanisms of SV membrane retrieval and functional SV
Synaptic transmission is critically dependent on syn-  reconstitution remain highly controversial (Soykan et al., 2016;
aptic vesicle (SV) recycling. Although the precise Cousin, 2017).
mechanisms of SV retrieval are still debated, it is At the plasma membrane, the most abundant adaptor coordi-
widely accepted that a fundamental role is played nating coat recruitmen? and cargo select?on into endocytic pits
by clathrin-mediated endocytosis, a form of endocy- is the_ heterotetrameric adaptor protel_n comple?( 2 _(APZ),
tosis that capitalizes on the clathrin/adaptor protein COTPrised of two large o and (2 subunits, @ medium-size 2
complex 2 (AP2) coat and several accessory factors. subuplt, anq a small 2 subunit. .Among.thelnumerous accessory
. R proteins believed to control the internalization pathway (Slepnev
Here, we show that the previously uncharacterized . 1o camili, 2000), clathrin and AP2 constitute the two main
protein KIAA1107, predicted by bioinformatics anal- protein interaction hubs, around which an extensive and highly
ysis to be involved in the SV cycle, is an AP2-interact-  gynamic endocytic network is organized to achieve clathrin-
ing clathrin-endocytosis protein (APache). We found  coated vesicle (CCV) formation (Schmid and McMahon, 2007).
that APache is highly enriched in the CNS and is However, other alternate clathrin-associated sorting proteins
associated with clathrin-coated vesicles via interac- (CLASP) have recently been identified for the internalization of
tion with AP2. APache-silenced neurons exhibit a selected cargo membrane proteins (Traub and Bonifacino,
severe impairment of maturation at early develop- 2013). Thus, synapses have evolved distinct mechanisms to
mental stages, reduced SV density, enlarged endo- maintain membrane homeostasis and the dominant'mode' f.or
some-like structures, and defects in synaptic SV recycling may depend on .1he type of neuron and its actwutyf
transmission, consistent with an impaired clathrin/ gattem (Valtorta EIDaI" .200,1’ Kononenko :nd HiUCke’ .2015’
AP2-mediated SV recycling. Our data implicate ark et al., 2016). Despite intense research, much remains to

A y be learned about the exact molecular components of the endo-
APache as an actor in the complex regulation of ¢ pathways.

SV trafficking, neuronal development, and synaptic Here, we characterize the highly conserved AP2-interacting

plasticity. clathrin-endocytosis protein APache (NP_001007575.2) and
investigate its physiological role in neuronal development and
INTRODUCTION synaptic function. APache is a neuron-specific protein, ex-

pressed in axonal processes and presynaptic terminals, that
High-frequency and sustained neurotransmitter release is specifically interacts with AP2 on CCVs. Our data indicate that
dependent on the correct reformation of exocytosed synaptic ~ APache plays a role in neuronal development and is required
vesicles (SVs) by efficient endocytosis. During physiological ac- to maintain normal SV recycling in mature neurons. APache
tivity, clathrin-mediated endocytosis (CME) represents the best-  can thus be considered an important actor of the clathrin-
characterized pathway for recycling of fully fused SVs (Heuser ~mediated endocytic machinery at the synapse that is required
and Reese, 1973; Granseth et al., 2006; Dittman and Ryan, for normal synaptic transmission.

)

3596 Cell Reports 27, 3596-3611, December 19, 2017 © 2017 The Authors.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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RESULTS antibody recognized both overexpressed and endogenous
KIAA1107 as a band of ~140 kDa in immunoblotting assays
Identification of KIAA1107 by GAMMA (Figures S2B and S2C). Its specificity was further proved by

Global Microarray Meta-Analysis (GAMMA) is a program previ-  preadsorbing the primary antibody with a molar excess of the
ously developed to identify highly correlated transcripts within  recombinant immunizing peptide (Figure S2D).
microarray experiments, which can then be used to infer func- To silence KIAA1107 expression, we designed 3 short
tion, phenotype, genetic network, and disease relevance for hairpin RNAs (shRNAs) based on the coding sequence
uncharacterized genes (Wren, 2009). GAMMA was used to (shRNA#1) and the 3' UTR (shRNA#2 and #3) of the mouse
search for uncharacterized genes associated with SV recycling, Kiaa1707 transcript, inserted them into a bicistronic lentiviral
and KIAA1107 was the highest scoring gene without prior publi-  vector expressing the fluorescent reporter mCherry, and vali-
cations. The predicted phenotypes associated with KIAA1107  dated their specificity and efficacy by immunoblotting (Figures
disruption, predicted disease relevance, and predicted cellular/ S2B and S2C). shRNA#2 was chosen for the subsequent
anatomical structures of relevance to KIAA1107 activity are  studies, being the most active in knocking down the endogenous
shown in Figure S1. KIAA1107 expression. The specificity of the KIAA1107 antibody
KIAA1107 is evolutionarily conserved from zebrafish to human.  was subsequently demonstrated by immunocytochemistry of
The murine Kiaal107 gene (official symbol: A830010M20Rik) is  silenced neurons (Figure S2E).
located on chromosome 5 (forward strand). According to the
Ensembl database, the gene gives rise to five differentially KIAA1107 Is a Neuron-Specific and Developmentally
spliced transcripts, four of which are predicted to be protein Regulated Protein
coding. Conversely, the NCBI database includes only two We evaluated Kiaa7107 mRNA and protein levels in various
splicing variants (NCBI Refseq NM_001007574.2 and tissues and brain areas of adult mice and determined its devel-
NM_001168557.1, corresponding to ENSMUST00000112671.8  opmental expression profile in the intact mouse cortex and pri-
and ENSMUSTO00000060553.7, respectively, in the Ensembl mary neuronal cultures (Figures 1A-1F). KIAA1107 was primarily
database). Among these two, one transcript codes for a protein  expressed in brain, with the highest mRNA and protein levels in
of 1,088 amino acids (aas) and is considered the main isoform,  the cerebral cortex, hippocampus, and striatum (Figures 1A and
whereas the other codes for a smaller protein of 443 aas. We  1D). It was already present in the mouse brain at prenatal and
cloned the major isoform, with an expected molecular mass of  early postnatal stages (embryonic day 18 [E18]-postnatal day
117 kDa, and will refer to it as KIAA1107 throughout. No signifi- 5 [P5]), and its expression increased during postnatal develop-
cant similarity with other proteins could be identified with a ment to reach a plateau at 1 month of age (Figures 1B and 1E).
BLAST search of the murine KIAA1107 against the Mus musculus A similar pattern was reproduced in primary cortical neurons,
RefSeq protein database. No conserved protein domains were  where Kiaa7707 mRNA and protein levels were discernible at
predicted using bioinformatics tools, such as SMART and Inter-  early stages of development (1-3 days in vitro [DIV]) and were
ProScan, but one coiled-coil region was predicted at aa position  greatly enhanced between 7 and 21 DIV (Figures 1C and 1F).
820-841 with COILS2 (probability 62.9% with window 21; MTIDK  Consistent with the strictly neuron-specific expression of the
matrix; no weights). Hence, the sequence of KIAA1107 does not  protein, KIAA1107 was not detected in primary astroglial
reveal any particular information about its possible function or  cultures.

localization, but the GAMMA predictions on its involvement in To examine the localization of KIAA1107 in neurons during
synaptic function were really strong and persuaded us to investi-  development, 5 and 17 DIV primary cortical neurons were
gate it further. analyzed by immunocytochemistry. In early stages of in vitro

To characterize KIAA1107, we first generated a polyclonal  development, KIAA1107 was expressed in the cell body and
antibody directed against a conserved region comprising aas  growing processes, including the axon, as shown by the coloc-
732-894 of the mouse ortholog (Figure S2A). The affinity-purified  alization with the pan-axonal neurofilament marker SMI312

(B) Real-time PCR analysis of Kiaa?107 mRNA expression in the cerebral cortex of developing mice (from embryonic day 18 [E18] to postnatal day 60 [P60]).
Means + SEM of n = 3 animals/developmental stage; one-way ANOVA/Bonferroni’s multiple comparison test; “**p < 0.001 versus E18.

(C) Real-time PCR analysis of Kiaal707 mRNA expression in primary cultures of cortical neurons at various stages of development (from 1 to 21 DIV).
Means + SEM of n = 3 independent cultures/developmental stage; one-way ANOVA/Bonferroni’s multiple comparison test; ***p < 0.001 versus DIV 1.

(D) Regional expression of KIAA1107 in the adult mouse brain. Representative immunoblot (top) and relative densitometric quantification normalized on plll
tubulin levels (bottom) are shown. Means + SEM of n =4 animals. Bs, brain stem; Cb, cerebellum; Cx, cortex; Hip, hippocampus; Ob, olfactory bulb; Str, striatum.
(E) Temporal expression profile of KIAA1107 in the developing mouse cerebral cortex (from E18 to P60). Representative immunoblot of KIAA1107 levels (top) and
relative densitometric quantification normalized on Il tubulin (bottom) are shown. Means = SEM of n = 3 animals/developmental stage; one-way
ANQOVA/Bonferroni's multiple comparison test; **p < 0.01; ***p < 0.001 versus E18.

(F) Temporal expression profile of KIAA1107 in primary cortical neurons at various stages of development (from 1 to 21 DIV). Representative immunoblot of
KIAA1107 levels (top) and relative densitometric quantification normalized on calnexin (bottom) are shown. Means + SEM of n = 3 independent neuronal
cultures/developmental stage; one-way ANOVA/Bonferroni’s multiple comparison test; **p < 0.01; ***p < 0.001 versus DIV 1.

(G and H) Localization of KIAA1107 in cultured neurons during development. Representative images of cortical neurons fixed and double stained for KIAA1107
(green) and SMI312 (red) at 5 DIV (G) or for KIAA1107 (green) and synaptotagmin-1 (Syt1) (red) at 17 DIV (H) are shown. The scale bars represent 10 um. In the
bottom panel, linear intensity profiles of KIAA1107 (green) and Syt1 (red) fluorescence (measured along the dashed lines as indicated in the merge field) illustrate
the presynaptic localization of KIAA1107 in mature neurons. The scale bar represents 2 um.

See also Figures S1 and S2.
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(Figure 1G). In mature neurons, the antibody also revealed a
punctate nerve terminal pattern that partially colocalized with
the presynaptic marker synaptotagmin-1 (Figure 1H). These
data indicate that KIAA1107 is a developmentally regulated,
widely expressed neuron-specific protein, mainly present at
axonal and presynaptic terminal levels.

KIAA1107 Is an AP2 Interactor

In order to identify KIAA1107 protein-interacting partners, we
employed a mass spectrometry (MS) approach using FLAG-
KIAA1107, purified from SH-SY5Y human neuroblastoma or
COS-7 cells, as a bait to pull-down KIAA1107 interactors
from SH-SY5Y cell or subcellular fractions of mouse brain
extracts (Figure 2A). The bands of interest were excised
from the Coomassie-blue-stained gels, analyzed by liquid
chromatography (LC)-MS/MS, and the MS/MS spectra were
assigned to peptides with a >95% confidence level. In two
independent preparations, a total of 163 proteins were
reproducibly identified as specific KIAA1107-binding part-
ners (MSdataSHSY5Y_XTandem.sf3 and MSdataCOS7_
XTandem.sf3 in Data S1), seven of which resulted to be in
common between the human and murine cellular models (Fig-
ure 2B). These included AP2 (z1 and B subunits) and AP3 (2
and &1 subunits) found in CCVs that traffic cargoes from the
plasma membrane and between the endosomal and lysosomal
systems, respectively (Robinson, 2004); Numb-like protein
(NUMBL) involved in neural development and clathrin-depen-
dent endocytosis (Sestan et al., 1999; Nishimura et al., 2003;
Santolini et al., 2000); Bcl-2-associated transcription factor
that interacts with antiapoptotic members of the Bcl-2 family
(Kasof et al., 1999); V-type proton ATPase catalytic subunit A,
a component of vacuolar ATPase (van Hille et al., 1993); and
dynactin subunitt (DCTN1) involved in organelle transport
(Schroer, 2004).

We first focused our attention on AP2, the main adaptor
protein responsible for CME (Conner and Schmid, 2003) and
proceeded to co-immunoprecipitation assays to validate the
potential interaction with KIAA1107. After verifying by MS
analysis that the ~140-kDa protein band immunoprecipitated
from mouse brain extract with the KIAA1107 polyclonal anti-
body was indeed the endogenous 1,088-aa KIAA1107 isoform,
we found that both AP2 « and B subunits were specifically
co-immunoprecipitated with endogenous KIAA1107 from
mouse brain extracts (Figure 2C), whereas no interaction of
KIAA1107 with clathrin was observed under the same condi-
tions in which the AP2/clathrin binding was evident (Figure 2D).
Interestingly, KIAA1107 was also co-immunoprecipitated from
mouse brain extracts with anti-AP2« antibodies (Figure 2D),
demonstrating the reciprocity of the interaction between
KIAA1107 and AP2.

To restrict the part of the protein that interacts with AP2, we
performed additional pull-down assays in mouse brain extracts
using FLAG-KIAA1107 full-length, N- and C-terminal fragments.
Interestingly, AP2o and AP2[ were affinity purified only by the
N-terminal fragment, whereas no interactions were observed
with the C-terminal fragment (Figures S3A and S3B). In addition,
the possibility of a nonspecific immunoprecipitation of AP2 was
excluded by performing analogous co-immunoprecipitation

assays in mouse liver extracts, a tissue that expresses AP2,
but not KIAA1107 (Figure S3C).

We then combined the KIAA1107 binding proteins detected
in our study with the results of another large proteomic study
(Hein et al., 2015) that also identified KIAA1107 as a potential
NUMBL interactor. Thus, we searched for additional shared in-
teractions and overlaps with genes that GAMMA predicted to
be relevant to KIAA1107 to infer a potential genetic neighbor-
hood for KIAA1107 (Figure 2E). Such a predictive study
revealed connections between KIAA1107 and clusters of
genes playing key roles in exocytosis (SNAP25, syntaxin, syn-
taxin-binding protein, VAMP, NSF, and synaptotagmin-1),
endocytosis (dynamin1, AP2, AP3, and Eps15), and neuronal
development (Notch1, NUMB, and NUMBL).

KIAA1107 Is Expressed at Nerve Terminals and
Associates with CCVs

As AP2 is one of the major coat proteins of CCVs, it was impor-
tant to determine whether KIAA1107 is associated with CCVs.
We isolated a CCV-enriched fraction from cultured rat neurons,
successively stripped it and analyzed by immunoblotting the
various fractions. The CCV preparation was highly enriched in
the coat proteins clathrin and AP2, which were efficiently strip-
ped from the purified vesicles, and in the integral vesicle
membrane proteins synaptotagmin-1 and synaptophysin, which
were not stripped (Figure 3A). In contrast, an accessory protein
of CME, such as dynamin, was neither enriched on CCVs nor
stripped, indicating that it does not function as classical clathrin
adaptor (Slepnev and De Camilli, 2000). KIAA1107 was signifi-
cantly enriched in the CCV fraction, although to a lesser extent
than clathrin, and could be stripped by treatment with Tris buffer
(Figure 3A). These data show that KIAA1107 is a protein
associated with the coat component and not with the vesicle
fraction.

In subcellular fractions prepared from rat forebrain, KIAA1107
immunoreactivity was mostly associated with the S2 fraction,
consistent with the widespread localization of the protein in
neurons (Figure 3B). However, it co-enriched with AP2 in the
nerve-terminal-derived fractions LS1 and LP2, containing SVs
and endosomal membranes, and its distribution roughly
paralleled that of AP2 in other fractions (Figure 3B). Consistent
with the biochemical data, a close colocalization of endogenous
KIAA1107 with the essential components of the endocytic
machinery AP2 and dynamini was observed in primary cortical
neurons (17 DIV; Figure 3C). Notably, dynamin1 was identified
as an indirect KIAA1107 interactor in a recent proteomics study
(Gorini et al., 2010). These data suggest that KIAA1107 is closely
associated with intracellular vesicular structures and binds
specifically to AP2 on CCVs.

KIAA1107 Silencing Affects the Early Neuronal
Development

CME controls cell surface expression of receptors, including
those for axon guidance cues (Tojima et al., 2010), and AP2
plays a key role in directed cell migration (Raman et al,
2014). To interrogate the role of KIAA1107 in neuronal develop-
ment, we acutely downregulated KIAA1107 expression in
primary cortical neurons by RNAi with KIAA1107 shRNA#2
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A ¥ B Figure 2. Identification of AP2 as a Specific
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(Figure S4). Cell morphology analysis revealed that silenced
neurons displayed a significant impairment in neuronal devel-
opment in terms of neurite number and length at early stages
in vitro (3 and 5 DIV) compared to cells treated with control
shRNA (shRNActr) (Figures 4A-4C). Interestingly, silenced
neurons also showed a reduced expression level of AP2
(Figure S4), potentially due to partial degradation of the
protein in the absence of complex formation with KIAA1107.

3600 Cell Reports 27, 3596-3611, December 19, 2017

(CHC [clathrin heavy chain]). The same mem-
branes were stripped and re-probed for AP2a
and B. The IPs were performed three times with
similar results.

(E) Putative KIAA1107 genetic neighborhood
based upon protein-protein interactions (PPls). Our
data (light green) were combined with PPls found in
a large proteomics study by Hein et al. (2015; dark
green). Then, we searched for their shared PPls
(blue), as documented in Entrez Gene, and looked
for overlap with GAMMA-predicted genes that
fit into this network (yellow) to infer a potential ge-
netic neighborhood for KIAA1107. Exocytic (yellow
area), endocytic (blue area), and developmental
(green area) clusters of genes are highlighted.

See also Figure S3 and Data S1.

The defective neurite outgrowth was
completely rescued by the expression
of EGFP-KIAA1107, a construct intrin-
sically resistant to shRNA#2 (Figures
4A-4C), indicating that the develop-
mental impairment was specifically due to the downregulation
of endogenous KIAA1107 and not to shRNA-mediated off-
target effects. Moreover, KIAA1107 overexpression per
se did not affect neuronal maturation, as length and number
of processes did not differ between control and EGFP-
KIAA1107-overexpressing neurons at both 3 and 5 DIV.

To further investigate the role of KIAA1107 in neocortical
development in vivo, we downregulated its expression by in
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Figure 3. KIAA1107 Is a CCV-Associated Protein

(A) KIAA1107 is enriched in CCVs. (Left) The distribution of KIAA1107 immunoreactivity is compared with that of components of clathrin coats (CHC and AP2x),
SVs (Syt1 and synaptophysin [SYP]), and CCV accessory proteins (dynamin1 [DYN]). Representative immunoblots are shown. Equal amounts of protein were
loaded. H, total homogenate; s-CCV, stripped-CCV. (Right) Densitometric quantification of protein levels in the CCV-enriched fraction expressed as mean (+SEM)
percentages of H is shown (n = 3 independent experiments); **p < 0.01, ***p < 0.001 versus H, unpaired Student’s t test; °p < 0.05, °°°p < 0.001 versus CHC,
one-way ANOVA/Bonferroni’s multiple comparison test.

(B) KIAA1107 co-fractionates with AP2. (Top) Subcellular fractions of rat forebrain were analyzed by immunoblotting using KIAA1107, AP2x, and CHC antibodies.
The distribution of the specific SV marker SYP in the same fractions is shown for comparison. LP1, crude synaptic plasma membranes; LP2, crude SVs; LS1,
SV-enriched supernatant fraction; LS2, synaptosol; P2, crude synaptosomes; S1, post-nuclear supernatant; S2, cytosolic and microsomal fraction. (Bottom)
Densitometric quantification of KIAA1107 and AP2 immunoreactivities in the various subcellular fractions is shown. Data are expressed in percent of the
relative H value (means + SEM of n = 4 independent experiments).

(C) KIAA1107 colocalizes with the endocytic network. Representative confocal images of mature cortical neurons (17 DIV) double stained for KIAA1107 (green)
and AP2ux. (red, left panels) or dynamin1 (DYN) (red, right panels) showing a largely overlapping staining of the proteins (magnified in the insets) are shown.
The scale bars represent 10 um (4.2 um in the insets). Pearson’s correlation coefficient is 0.846 + 0.041 and 0.796 + 0.039 for KIAA1107/AP2x and
KIAA1107/DYN, respectively (n = 25 images obtained from n = 2 independent experiments were used for each protein).

utero electroporation (IUE) at E15.5 and analyzed the develop-  of PNs that exhibited an aberrant morphology with a significant
ment of newly generated cortical pyramidal neurons (PNs) reduction of total number and length of neurites (Figures 4F
derived from shRNA#2-positive progenitors at P7. Whereas and 4G).

the knockdown (KD) of KIAA1107 did not affect radial migra- These data suggest a crucial role of KIAA1107 in the early
tion of neural progenitors to layer II/Ill of the somatosensory  stages of in vitro and in vivo neuronal development, when active
cortex (Figures 4D and 4E), it significantly impaired maturation SV exo/endocytotic activity at the growth cone is essential for
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process outgrowth (Matteoli et al., 1992; Sabo and McAllister,
2003).

KIAA1107 Markedly Alters the Synaptic Ultrastructure
In view of the potential implication of KIAA1107 in SV endocy-
tosis at mature synapses, we examined the presynaptic
ultrastructure of KIAA1107-KD neurons by performing conven-
tional transmission electron microscopy (TEM). Mouse cortical
neurons were transduced with a lentiviral vector driving
the expression of shRNA#2 or shRNActr at 12 DIV. After
5 days, KIAA1107 became undetectable (Figure S5A), whereas
no difference in viability was observed between uninfected (ctr)
and infected cells (Figure S5B). Notably, KIAA1107-KD synapses
were characterized by a markedly reduced density of total SVs
(~50% reduction; Figures 5A and 5B), whereas synaptic area,
active zone (AZ) length, density of docked SVs, and distribution
of SVs with respect to the AZ were comparable to control synap-
ses (Figure 5C). These data were corroborated by a reduced
expression level of synaptophysin and AP2 in KIAA1107-KD
neurons compared to control (~40% reduction; Figure S5A).
Moreover, the density of CCVs was dramatically reduced in
silenced synapses (Figure 5B). Finally, KIAA1107-KD synapses
displayed enlarged endosome-like structures (~50% increase
in size) but with a preserved endosome density (Figure 5B), as
confirmed by the increased immunoreactivity of the endosomal
marker Rab5 at KIAA1107-KD synapses (Figures S6A and S6B).
To analyze in greater detail the morphology of synaptic
terminals, we performed serial sectioning followed by 3D recon-
struction of control and KIAA1107-KD synapses (Figure 5D). The
morphometric analysis confirmed the severe reduction in the
number of SVs and the parallel depletion of CCVs in silenced
synapses compared to control (Figure 5E) and revealed that
the enlarged endosome-like structures were fully separated
from the plasma membrane (Figure 5D). Notably, the ultrastruc-
tural effects of KIAA1107 KD were reversible; the silencing
phenotype was completely rescued by coinfection of the neu-
rons with EGFP-KIAA1107 (Figures 5D and 5E) resistant
to shRNA#2 silencing (Figure S5C). These results show that
KIAA1107-silenced synapses, in spite of a normal gross
morphology, display severe ultrastructural defects that are
consistent with an important role of KIAA1107 in the regulation
of SV recycling and in the maintenance of SV pools.

Clathrin/AP2-Mediated Endocytosis Is Impaired in
KIAA1107-Silenced Synapses

Mutations in the genes that encode AP2 and other adaptor-like
proteins, which are intrinsic components of the clathrin coat
and are implicated in the early steps of SV recovery, lead to ultra-
structural phenotypes that are similar to that induced by
KIAA1107 silencing (Gonzalez-Gaitan and Jackle, 1997; Ferges-
tad et al., 1999; Zhang et al., 1998).

To uncover whether SV recycling is impaired in KIAA1107-KD
synapses, we imaged shRNActr- and shRNA#2-infected neu-
rons by electron microscopy upon action potential (AP) firing in
the presence of soluble horseradish peroxidase (HRP) to visu-
alize the formation of endocytic intermediates.

We first analyzed synapses under conditions of low-frequency
stimulation, when compensatory during-stimulus membrane
retrieval largely (but not exclusively) occurs through CME (Gran-
seth et al., 2006; Dittman and Ryan, 2009; Kononenko et al.,
2014). Samples were fixed under basal conditions, immediately
at the end of the field stimulation (200 APs at 5 Hz) or after 2- and
20-min wash in the absence of HRP. At the end of the stimulus, a
significantly decreased density of HRP-positive (HRP*) SVs,
HRP* CCVs, and HRP* endosome-like structures, all represen-
tative of active cycling during stimulation, was observed in
KIAA1107-KD terminals compared to control (Figures 6A and
6B). Moreover, the percentage of synapses displaying HRP*
CCVs at the end of the stimulus versus total synapses was
decreased by about 75% in silenced neurons compared to
control (40.9% =+ 2.7% and 10.3% =+ 6.9% for shRNActr and
shRNA#-2-infected neurons, respectively). After 2-min wash in
the absence of HRP, a significant impairment in the formation
of HRP* SVs was still evident in KIAA1107-KD terminals,
whereas the formation of HRP* endosomal vacuoles recovered
to control levels. Finally, after 20-min wash in the absence of
HRP, SVs and endosomal structures lost their HRP content in
both experimental groups, indicating an active and complete
recovery. These results indicate that, in KIAA1107-KD synapses,
the recovery of SVs, budding either directly from the plasma
membrane or from endosome-like structures, was delayed dur-
ing mild stimulation. The formation of HRP* endosomal struc-
tures derived from either homotypic fusion of CME-derived
vesicles or fusion of such vesicles with early endosomes (Heuser
and Reese, 1973; Rizzoliet al., 2006; Hoopmann et al., 2010) was

Figure 4. KIAA1107-Silenced Cortical Neurons Display an Impaired Maturation at Early Stages of In Vitro and In Vivo Development

(A) Representative merged images of 3 and 5 DIV cortical neurons nucleofected before plating with either ShRNActr or ShRNA#2 (red) and Sh-resistant EGFP-
KIAA1107 (green). The scale bars represent 50 um.

(B and C) Quantification of total process length and number of processes at 3 (B) and 5 (C) DIV using ImagedJ. Data are means + SEM (n = 101 and 83 for ShRNActr
neurons; n = 98 and 105 for ShRNA#2 neurons; n = 74 and 89 for ShRNActr+KIAA1107 neurons; n = 66 and 61 for ShRNA#2+KIAA1107 neurons; at 3and 5 DIV,
respectively, from n = 3 independent experiments). *p < 0.05; **p < 0.001 versus ShRNActr neurons; one-way ANOVA/Bonferroni's multiple comparison test.
(D-G) KIAA1107-silencing in vivo does not impair radial migration but causes impairment in pyramidal neurons’ morphology.

(D, top) Cartoon depicting the experimental design of the in vivo experiments is shown. (Bottom) Representative images of GFP fluorescence in neurons
transfected with either ShRNActr (black) or ShARNA#2 (red) in the somatosensory cortex are shown. The slices were counterstained with DAPI to allow the
visualization of cortical layers 2/3/4 (L2/3 and L4), here divided in 8 sub-layers (named from A to G, left). The scale bars represent 50 pm.

(E) Quantification of the percentage of total transfected cells in each layer is shown. Data are means + SEM (n = 8 animals per condition, 1 slice per animal).
(F) Representative high-magnification images of GFP fluorescence in neurons transfected with either ShRNActr (black) or ShRNA#2 (red) in layer I/l of the
somatosensory cortex are shown. The scale bars represent 15 um.

(G) Quantification of total process length (left) and number (right) using ImageJ is shown. Data are means + SEM (n = 21 cells from 8 different animals for
ShRNActr; n = 23 cells from 8 different animals for ShRNA#2); **p < 0.01; unpaired Student’s t test.

See also Figure S4.
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Figure 5. Reduced SV Density and
Increased Size of Endosome-like Structures
at KIAA1107-Silenced Cortical Synapses

(A) Representative TEM images of nerve terminals
from cultured cortical neurons transduced with
either ShRNActr or ShRNA#2 at 12 DIV and pro-
cessed at 17 DIV. Note the reduced SV density in
the KIAA1107-KD synapse compared to control
(CCVs, red arrowheads). The scale bar represents
200 nm.

(B) Morphometric analysis from serial ultrathin
. sections obtained from ShRNActr- (black bars)
and ShRNA#2- (red bars) treated synapses re-
vealed (from left to right) a reduction in the density
of total SVs and CCVs and an increase in the area
of endosome-like structures in KIAA1107-KD
synapses compared to control. *p < 0.05; "p <
0.01; unpaired Student’s t test.

(C) No changes were observed in the density of
AZ-docked SVs and in the spatial distribution of
8Vs in the nerve terminals of KIAA1107-KD neu-
rons compared to control. The density of SVs
located within successive 50-nm shells from the
AZ was normalized for the total SV content of each
terminals and is given as a function of the distance
from the AZ. Nerve terminal areas (0.716 =
0.059 pm? and 0.800 + 0.024 um? for ShRNActr
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and ShRNA#2-infected neurons, respectively)
and AZ lengths (0.350 + 0.016 pm and 0.335 +
0.007 pum for ShRNActr and ShRNA#2-infected
neurons, respectively) were similar in the
two experimental groups. Data are means = SEM
(n =157 and n = 160 synapses for ShRNActr and
ShRNA#2-infected neurons, respectively, from
n = 4 independent preparations).

(D) Representative 3D reconstructions of synaptic
terminals from 60-nm-thick serial sections ob-
tained from cortical neurons confirmed the severe
reduction in SV (light blue spheres) and CCV
(vellow spheres) number in ShRNA#2-treated
neurons, which was completely rescued in
ShRNA#2+KIAA1107-treated neurons. Endo-
somal structures (green), not connected with the
plasma membrane, are also visible. The AZ and
AZ-docked SVs are shown in red and blue,
respectively. The scale bar represents 200 nm.
(E) Morphometric analysis of the number of SVs
and CCVs in 3D-reconstructed synapses from
neurons transduced with ShRNActr (black bars),
ShRNA#2 (red bars), or ShRNA#2+KIAA1107
(white bars). Docked SVs (19.3 + 2.38, 14.57 +
237, and 2037 + 4.15 for ShRNActr,
ShRNA#2, and ShRNA#2+KIAA1107-infected

ShRNA#2+KIAA

neurons, respectively) were similar in the three experimental groups. Data are means + SEM (n = 10 synapses per genotype from n = 3 independent preparations).

*p < 0.05; **p < 0.01; one-way ANOVA/Bonferroni’s multiple comparison test.

See also Figures S5 and S6.

also delayed in silenced terminals compared to controls. The
increased endosomal size observed in silenced synapses both
under basal conditions (Figures 5B, S6A, and S6B) and after
stimulation (Figure S6C) is compatible with a longer retention
of SVs at endosomal level, strongly suggesting an impaired
clathrin-mediated SV reformation from endosomal structures.
When neurons were stimulated at higher frequency (200 APs
at 40 Hz), i.e., a frequency known to trigger fast membrane
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retrieval via endocytic intermediates upstream of clathrin-coat
assembly (Clayton et al., 2008; Cheung et al., 2010; Kononenko
etal., 2014; Watanabe et al., 2013, 2014), a decreased density of
HRP" SVs was observed only at the end of the stimulus in
KIAA1107-KD terminals compared to control (Figure 6C), evi-
dence of a moderate impairment of SV reformation at this intense
activity level. HRP" CCVs were nearly absent in both genotypes,
consistent with the idea that CME is largely dispensable for
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Figure 6. KIAA1107 Knockdown Impairs Clathrin-Mediated Endocytosis in Cortical Synapses

(A) Representative TEM images of presynaptic terminals from control (ShRNActr) and KIAA1107-KD (ShRNA#2) neurons infected at 12 DIV and stimulated at
17 DIV with 200 APs at 5 Hz in the presence of soluble HRP. Synaptic ultrastructure was evaluated by fixing neurons under basal conditions (rest), immediately
after the stimulus (0 min), and after 2 or 20 min of recovery in the absence of HRP (HRP* SVs, black arrowheads; HRP* CCVs, red arrowheads; HRP* endosomes,
green arrowheads). The scale bars represent 200 nm.

(B and C) Morphometric analysis of HRP-labeled structures after the train stimulation at 5 (B) and 40 (C) Hz (200 APs). The density of HRP-positive (HRP*) SVs,
HRP* endosome-like structures, and HRP* CCVs in control (black bars) and KIAA1107-KD (red bars) neurons are reported as mean (+SEM) percentages of
the respective values observed in the control (ShRNActr) group at 0 min (5 Hz: ShRNActr HRP*SVs, 3.15 + 0.25; ShRNActr HRP*CCVs, 0.90 + 0.23; ShRNActr
HRP*endosomes, 1.11 + 0.17; 40 Hz: ShRNActr HRP*SVs, 1.54 + 0.23; ShRNActr HRP*endosomes, 0.1 + 0.07). n = 150 and n = 120 images per genotype for
the 5- and 40-Hz protocols, respectively, from n = 4 independent preparations. *p < 0.05; **p < 0.01; ***p < 0.001 across genotype, two-way ANOVA/Bonferroni’s
multiple comparison test.

(D) Ensemble average normalized traces of SypHy fluorescence plotted for control (black trace, n = 8) and KIAA1107-KD (red trace, n = 5) neurons sequentially
stimulated with 200 APs at 5 Hz (dotted line) in the absence or presence of 30 uM Pitstop-2.

(E) Representative control data points (red dots) and relative fitting (black traces) by a single exponential function (y = yo+a"”‘). The a values in the absence (a) or
presence (a) of Pitstop-2 are shown.

(legend continued on next page)
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plasma membrane retrieval at this stimulation frequency (Kono-
nenko et al., 2014; Park et al., 2016). In addition, the density of
HRP* endosomal vacuoles was not altered in silenced synapses
(Figure 6C), although their size was increased also at this stimu-
lation frequency (Figure S6D).

We then used Synaptophysin-pHIluorin (SypHy) (Tagliatti et al.,
2016), co-expressed in hippocampal neurons transduced with
either shRNActr or shRNA#2, to further assay membrane recy-
cling following low-frequency stimulation (200 APs at 5 Hz).
Surprisingly, no differences in the fluorescence increase, indica-
tive of the rate of release, as well as in the fluorescence decay,
representative of post-stimulus endocytosis, were observed in
KIAA1107-KD synapses compared to control synapses (Fig-
ure 6D). The inability of the SypHy assay to detect an endocytic
phenotype in silenced terminals could in principle be due either
to a compensatory SV membrane retrieval contributed by cla-
thrin-independent endocytosis (CIE) or, alternatively, to a major
involvement of KIAA1107 in SV budding from endosomes rather
than from the presynaptic membrane. To sort this out, we chal-
lenged neurons with the clathrin inhibitor Pitstop-2 (von Kleist
et al., 2011; Figure 6D). The inhibitory effect of Pitstop-2 on
endocytosis was severe in both control and KIAA1107-KD
synapses, despite the presence of a modest compensation
mediated by CIE in the latter (Figures 6D-6F). This suggests
that KIAA1107 silencing does not primarily impair SV membrane
retrieval or vesicle reacidification but rather SV reformation from
endosomes.

In summary, these functional data provide strong evidence
that KIAA1107 plays an important role both in CME at the
plasma membrane and in the reformation of SVs by clathrin
coats budding from endosomes. The kinetics of SV reforma-
tion, especially under conditions of low-frequency activity
when CME is the predominant pathway for SV recycling, is
affected by KIAA1107 silencing. Based on these data, we
named the KIAA1107 protein APache, for AP2-interacting cla-
thrin-endocytosis protein.

APache-Silenced Autaptic Neurons Exhibit Impaired
Presynaptic Function

To determine whether APache plays a role in synaptic transmis-
sion, we performed whole-cell patch-clamp recordings in autap-
tic hippocampal neurons silenced for APache at 6 DIV and
analyzed 5 or 6 days after infection. We preliminarily analyzed
the effects of APache silencing on the autapse density and found
that the density of synaptic contacts was preserved in APache-
KD autaptic neurons (Figure S7A).

Then, we proceeded to the analysis of synaptic transmission.
Neurons were stimulated with paired stimuli (50-ms interpulse in-
terval) to evaluate evoked excitatory postsynaptic current
(eEPSC) amplitude and paired-pulse facilitation, a presynaptic
form of short-term plasticity and an indirect measure of the
release probability (Pr) (Fioravante and Regehr, 2011). APache-
KD neurons displayed a significant reduction of eEPSC ampli-

tude in response to single stimuli but no changes in paired-pulse
facilitation (Figures 7A and 7B). To investigate which of the
quantal parameters of release was responsible for the
decreased synaptic strength in APache-KD synapses, the cumu-
lative eEPSC amplitude analysis was performed by subjecting
neurons to high-frequency trains (2 s at 40 Hz) that induce a
complete depletion of the readily releasable pool of SVs (RRP)
(Figures 7C-7E). Under this condition, the depression during
the steady-state phase is limited by the constant recycling of
SVs so that an equilibrium is reached between released and
recycled SVs (Schneggenburger et al., 1999). The analysis
showed that the RRP size was significantly decreased in
APache-KD neurons, to the same extent of the reduction in
eEPSC amplitude, whereas Pr was not affected (Figure 7F).
This suggests that the impairment in evoked release in
APache-KD neurons is likely to involve the constant replenish-
ment of the RRP by the recycling SV pool. Despite the change
in RRP, the dynamics of facilitation and depression during the
2-s train at 40 Hz were not significantly affected in silenced
neurons compared to control (Figure 7D). Because the various
endocytic mechanisms are known to be recruited in a fre-
quency-dependent manner, autaptic neurons were challenged
with short 2-s trains at frequencies ranging from 5 to 20 Hz
and with a long 30-s train at 10 Hz to analyze the expression of
facilitation/depression over time (Figures 7G, 7H, S7B, and
S7C). APache-silenced neurons exhibited a more pronounced
depression that was tightly dependent on the stimulus fre-
quency. Synaptic depression was faster, more intense, and
prolonged in APache-KD synapses during 5-Hz stimulation (Fig-
ures 7G and 7H) and progressively attenuated with the increase
in stimulation frequency (Figure S7B). The strong increase in
synaptic depression at 5 Hz, consistent with the RRP depletion
and inactivation of release sites (Fioravante and Regehr, 2011),
is likely due, similarly to other endocytic mutants (Milosevic
et al., 2011), to the impaired clathrin-mediated recycling of
SVs. APache silencing was also associated with an accelerated
kinetics of depression evoked by long trains (30 s at 10 Hz;
Figure S7C). In addition, post-tetanic potentiation (PTP), a form
of short-term plasticity evoked after a short high-frequency
stimulation and contributed by increases in both Pr and RRP
(Valente et al., 2012), was also impaired in APache-KD neurons
(~35% reduction; Figure S7D), consistent with the SV depletion
observed upon APache silencing.

DISCUSSION

In the present study, using the bioinformatics GAMMA program
to search for uncharacterized genes associated with SVs and
presynaptic physiology, we identified KIAA1107 with the highest
score. The mouse KIAA1107 main isoform is a protein of
1,088 aas lacking both structural data and known function. Our
results demonstrate that KIAA1107 is an AP2 interactor that
plays arole in early neuronal development and in CME at mature

(F) The ap/aratio, representing the percentage of retrieved SVs inthe presence of Pitstop-2 versus the retrieved SVs inits absence, is plotted for control (black bar,
n = 8) and KIAA1107-KD (red bar, n = 5) synapses. Data are means + SEM from the indicated number of coverslips from n = 3 independent preparations. *p < 0.05;

unpaired Student’s t test.
See also Figure S6.
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Figure 7. KIAA1107 Silencing Decreases Evoked Excitatory Synaptic Transmission and Enhances Synaptic Depression in Autaptic
Hippocampal Neurons

(A) Representative eEPSCs recorded in autaptic neurons transduced with either ShRNActr (black traces, n = 67) or SNRNA#2 (red traces, n = 63). eEPSCs were
elicited by clamping the cell at —70 mV and stimulating it with two voltage steps to + 40 mV lasting 0.5 ms at an inter-stimulus interval of 50 ms (inset).

(B) eEPSC amplitude evoked by the first pulse (11, left) and paired-pulse ratio (PPR) (12/11, right) recorded under the same conditions of (A).

(C) Representative recordings of eEPSC evoked by a 2-s tetanic stimulation at 40 Hz in autaptic neurons transduced with ShRNActr (black) or ShRNA#2 (red).
(D) Normalized values of eEPSC amplitude showing the time course of synaptic facilitation and depression in autaptic neurons stimulated as in (C).

(E) Cumulative mean amplitude profiles for eEPSCs during the tetanic stimulation shown in (C) in neurons infected with ShRNActr (black trace, n = 40) or ShRNA#2
(red trace, n = 37). Data points in the 1- to 2-s range were fitted by linear regression and backextrapolated to time 0 (solid lines) to estimate the RRP.

(legend continued on next page)
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synapses. We named the protein APache and consider it a
molecular component of the clathrin/AP2-dependent endocytic
machinery that regulates the fate of endocytosed SVs.

CME has a range of different functions that also include sam-
pling the cell environment for growth and guidance cues and
bringing nutrients into cells in developing neurons. An active
SV exo/endocytosis in the growth cone has been demonstrated
in cultured neurons (Matteoli et al., 1992; Sabo and McAllister,
2003). The present data suggest that, in developing neurons,
APache may function in vesicle trafficking events. APache is
expressed since the early stages of neuronal development
and is present in axonal processes and growth cones, where it
promotes neuronal maturation and process outgrowth both
in vitro and in vivo. Moreover, the expression level of AP2 is
reduced in developing silenced neurons. It is tempting to spec-
ulate that the developmental role of APache is obtained through
the clathrin-mediated trafficking pathways that control axon and
dendrite outgrowth in developing neurons that are character-
ized by abundant CCVs (Roos and Kelly, 1999). Intriguingly,
AP180 and CALM, two clathrin assembly proteins involved in
CME, also play critical roles in controlling the outgrowth of
axons and dendrites in embryonic hippocampal neurons
(Bushlin et al., 2008), and their silencing elicits morphological
phenotypes reminiscent of those of APache-depleted cortical
neurons.

Other potential interactors detected in the MS scans can
contribute to the effects of APache in neuronal development.
NUMBL, an endocytic adaptor binding to the AP2 complex
and Eps15 and implicated in CME and neurite outgrowth
(Santolini et al., 2000; Sestan et al., 1999; Nishimura et al.,
2003) was identified as an APache interactor in our study as
well as in a recent proteomic study (Hein et al., 2015). Dynac-
tin, a direct AP2-binding partner that regulates bidirectional
transport of vesicles in mammalian neurons, microtubule
advance during growth cone remodeling (Kwinter et al,
2009; Grabham et al., 2007), and trafficking of BDNF-TrkB
signaling endosomes (Kononenko et al., 2017; Zhou et al.,
2012) was also identified as an APache interactor. Thus, in
addition to its role in endocytosis at the plasma membrane,
APache may also play a role in the internal vesicular/endoso-
mal transport.

Several lines of evidence suggest a potential role for APache in
CME at mature synapses. APache is most abundant in brain and,
in mature synapses, is concentrated at presynaptic terminals,
where it colocalizes with synaptotagmin-1, AP2, and dynamin-1.
We have identified AP2 as an APache interactor with the
following evidence: (1) APache co-immunoprecipitates with
AP20 and B subunits from brain extracts, suggesting that it
may participate in the complex network of interactions regulating

CME and SV recycling; (2) APache is enriched in CCVs to levels
comparable to the coat proteins AP2 and clathrin and at a much
larger extent than CME accessory proteins, such as dynamin,
synaptojanin, amphiphysin, or endophilin; and (3) APache can
be stripped from purified CCVs by treatment with Tris buffer, a
well-established procedure to remove coat components from
SVs. Synapses that lack APache display the typical features of
endocytic mutants. The ultrastructural changes include a severe
depletion of SVs and CCVs and the presence of enlarged
endosome-like structures. The morpho-functional phenotype
of APache silencing consists in a global impairment of SV
recycling and synaptic strength that peaks under conditions of
low-frequency activity.

Mature synapses use multiple activity-dependent SV recycling
mechanisms that operate in parallel and influence neurotrans-
mitter release and synaptic plasticity: “kiss and run”; CME;
and clathrin-independent mechanisms (i.e., ultrafast or bulk
endocytosis). Whereas the retrieval of the majority of fully fused
SVs during mild electrical activity occurs through CME, with
vesicles reforming directly from the plasma membrane or from
endosomal structures (Hoopmann et al., 2010; Uytterhoeven
et al., 2011), during intense high-frequency activity, SV mem-
branes are mostly retrieved through CIE.

The experimental evidence indicates that APache is required
to maintain normal SV recycling and RRP refilling at the synapse
under conditions of mild stimulation by acting in the clathrin/
AP2-mediated regeneration of SVs both from the cell surface
and from internalized endosomal structures. The latter mecha-
nism seems to be the predominant one, given the lack of effect
of APache silencing on SV reacidification in the SypHy assay.
Consistent with this, enlarged endosomal vacuoles accumulate
at silenced synapses and may contribute to the depression of
neurotransmitter release. On the other hand, APache is dispens-
able for plasma membrane retrieval at high frequencies,
although it may be required for the clathrin-mediated SV refor-
mation from endosomal vacuoles generated by CIE. This model
is consistent with prior data demonstrating that silencing or
conditional knockout of either AP2 (Kim and Ryan, 2009;
Kononenko et al., 2014) or AP2-associated endocytic adaptor
proteins (Fergestad et al., 1999; Kononenko et al., 2013) signifi-
cantly slows down, but does not abolish, SV endocytosis and
validates the view that alternative molecules or different mecha-
nisms that normally operate in conjunction with AP2 are required
to ensure efficient SV and cargo retrieval over a wide range of
stimulation frequencies.

Although further structure function studies will be needed to
unravel the precise molecular mechanisms that mediate the
described APache functions, the identification of an additional
molecular component of the complex endocytic pathway is a

(F) Quantal analysis of release in neurons infected with ShRNActr (black bars) or ShRNA#2 (red bars). From left to right, amplitude of the first eEPSC, RRP size, and

probability of release (Pr) are shown.

(G) Representative recordings of eEPSC evoked by a 2-s tetanic stimulation at 5 Hz in autaptic neurons transduced with either ShRNActr (black, n = 31) or

ShRNA#2 (red, n = 21).

(H) Normalized values of eEPSC amplitude showing the time course of synaptic facilitation and depression in autaptic neurons stimulated as in (G). In all graphed
currents, stimulation artifacts were blanked for clarity. Data are means + SEM from the indicated numbers of cells recorded at least from n = 3 independent cell
culture preparations. *p < 0.05; **p < 0.01; unpaired Student’s t test or Mann-Whitney U test.

See also Figure S7.
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step forward for getting insights into fundamental aspects of SV
recycling in the healthy and diseased brain.

EXPERIMENTAL PROCEDURES

C57BL/6J mice and Sprague-Dawley rats of either sex were from Charles
River Laboratories (Calco, Italy). All experiments, conducted at various stages
of development (from E18 to adult mice), were carried out in accordance with
the guidelines established by the European Communities Council (directive
2010/63/EU of March 4, 2014) and were approved by the Italian Ministry of
Health. The standard procedures for western blotting, CCV purification, pull-
down and co-immunoprecipitation assays, immunocytochemistry, real-time
PCR, and cultures of low-density and autaptic neurons are reported in detail
in the Supplemental Experimental Procedures.

GAMMA

GAMMA relies on identifying gene-gene expression correlations using
thousands of publicly available microarray datasets available from the GEO
repository. Additional data are reported in the Supplemental Experimental
Procedures.

KIAA1107 Antibodies and Constructs

A polyclonal KIAA1107-specific antibody was raised in the rabbit against a
conserved region comprising aas 732-894 of mouse KIAA1107. cDNA of
Kiaa1107 was amplified from total mRNA extracted from mouse brain and in-
serted into the p3XFLAG-CMV-14 or p277.pCCLsin.cPPT.nPGK.eGFP.WPRE
vector. shRNAs#1-3 and control shRNA were inserted into the pLKO.1-
CMV-mCherry lentiviral vector and used to knockdown the endogenous
KIAA1107 in neurons. For detailed description of antibodies, constructs, and
neuronal and cellular transfection, see the Supplemental Experimental
Procedures.

MS Analysis

Sample preparation, LC-MS/MS analysis, database searching, and criteria
for protein identification were conducted as reported in details in the Supple-
mental Experimental Procedures.

IVE

Standard IUE was performed as previously described (Szczurkowska et al.,
2016). The images were acquired using a confocal laser-scanning microscope
(TCS SPS5; Leica Microsystem) or an epifluorescence microscope equipped
with Neurolucida (MicroBrightField) software. For detailed procedures and
reagents, see the Supplemental Experimental Procedures.

TEM

Low-density cultures of cortical neurons were infected at 12 DIV with either
control shRNA or KIAA1107 shRNA and processed for TEM. For detailed pro-
cedures, see the Supplemental Experimental Procedures.

Live Imaging and Patch-Clamp Experiments

Optical recordings with Syphy fluorescent probe were performed at 17 DIV
(5 days postinfection). Whole-cell patch-clamp recordings were made from
autaptic neurons grown on microislands infected at 6 DIV with either control
shRNA or KIAA1107 shRNA. For detailed procedures, see the Supplemental
Experimental Procedures.

Statistical Analysis

Data with normal distribution were analyzed by one- or two-way ANOVA fol-
lowed by the Bonferroni’s multiple comparison test or the unpaired Student’s
t test. Non-normally distributed data were analyzed by the Mann-Whitney’s U
test. Statistical analysis was carried out using Prism (GraphPad Software, La
Jolla, CA, USA) and OriginPro-8 (OriginLab, Northampton, MA, USA) software.
Significance level was preset to p < 0.05. Data were expressed as means +
SEM for number of samples/cells (n) as detailed in the figure legends.

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures and one data file and can be
found with this article online at https://doi.org/10.1016/j.celrep.2017.11.0783.
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