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Complement and microglia mediate sensory-motor synaptic loss in normal
development and in spinal muscular atrophy

Abstract

Movement is an essential behavior that is controlled by motor circuits. Within spinal motor
circuits, motor neurons bridge the central and peripheral nervous systems by conveying central
commands to the skeletal muscles. The precise assembly and refinement of spinal motor circuits is
required for normal motor behavior. It is known for several brain regions that during development a
larger than needed number of synapses are produced and subsequently eliminated. However, the
mechanisms responsible for spinal motor circuit refinement and synapse maintenance are poorly
understood. Similarly, the molecular mechanisms by which gene mutations cause dysfunction and
elimination of synapses in neurodegenerative diseases that occur during the development are

unknown.

Complement proteins have emerged as critical mediators of synaptic refinement and circuit
plasticity. Therefore, this study aimed to address whether complement proteins are involved in the
synaptic refinement of spinal sensory-motor circuitry. Additionally, to address whether similar
mechanisms are responsible for elimination of synapses in neurodegeneration, spinal muscular
atrophy (SMA) was utilized as a model disease. SMA is a neurodegenerative disease that occurs
during early development. It is caused by reduced levels of the ubiquitously expressed SMN
protein. The hallmarks of SMA are loss of motor neurons, muscle atrophy and abnormal postural
reflexes. It has been previously shown that decreased number of select synapses and sensory-motor
circuit dysfunction precede motor neuron loss. The mechanisms leading to this selective synapse
loss on SMN deficient motor neurons remained unknown. This study investigated whether

complement-dependent mechanisms are involved in synapse elimination in SMA.

Results of this study demonstrated that the complement protein C1q — initiating protein of
classical pathway, is required for the refinement of spinal sensory-motor circuits during the normal
development. Synaptic density analysis revealed significantly higher number of proprioceptive
synapses in C1g-/- mice. Functional assays showed a larger response in spinal reflexes in C1q-/-
mice compared to WT mice, demonstrating that these synapses are functional. Strikingly, results of
this study demonstrate that specific muscle-identified motor pools in Clg-/- mice receive
inappropriate proprioceptive synapses at the end of the first postnatal week — the period during

which behavioral studies revealed impaired righting times. Collectively, findings of this study



demonstrate an important and novel role for complement proteins in early postnatal development of

spinal sensory-motor circuits.

Importantly, results of this study also demonstrate in a mouse model of spinal muscular
atrophy that synaptic dysfunction and elimination is mediated by complement proteins and
microglia-dependent mechanisms. C1lq was found to tag vulnerable SMA synapses, leading to
activation of the classical complement pathway, deposition of C3 protein and microglia-mediated
elimination. Beside the phagocytic role in synapse elimination, microglia were found to be the main
source of C1q in developing spinal cord. In vivo neutralization of C1q rescued synapses destined to
be eliminated alleviating the severe SMA mouse phenotype. In addition, functional assays
employing the ex vivo spinal cord preparation demonstrated that synapses rescued from elimination
are functional, providing further evidence that SMA is a disease of motor circuits. Similarly,
pharmacological depletion of microglia rescued the number of synapses, conferring behavioral
benefit in SMA mice. These findings suggest that aberrant activation of classical complement
pathway and microglial phagocytic activity mediate synaptic loss in a mouse model of SMA and

identify blockade of C1q as a novel therapeutic target.

Collectively, results of this study identify a critical role for the classical complement
pathway in the refinement of developing spinal sensory-motor circuits, while its aberrant activation

contributes to the pathology of neurodegenerative motor neuron disease spinal muscular atrophy.

Key words: Clg, complement, motor neuron, proprioceptive synapse, sensory-motor circuit, spinal

muscular atrophy, microglia, SMN
Scientific field: Biology

Scientific subfield: Immunology, Neurobiology (Neuroimmunology)



KomnnemMeHT u MuKpornuja kao nocpeaHvuUm ryobutka cCeH3opHo-
MOTOPHMX CMHArNCcu TOKOM HopMarnHor passuha 1y cnmHarnHoj

muwinhHoj atpocuju

CaxeTak

Kperame je eceHIMjalHO TOHAMIAKE KOje je KOHTPOJIMCAHO OJf CTPaHE MOTOPHHX
HEYPOHCKHX Mpexa. Y OKBUPY KMYMEHHX MOTOPHHUX MPEXa, MOTOPHH HYPOHH CIyXKe Kao MOCT
u3mely neHTpanHor u nepudepHor HEPBHOT cHcTeMa NpeHocehr IeHTpaTHe KOMaHJE CKEIeTHHM
mummhuma. IlpenmsHo ycnocraBmpame u mpeypehuBame KHUMEHHMX MOTOPHUX Mpexa je
HEOITXOJAHO 32 HOPMAaJTHO MOTOPWYKO MoHamame. [lo3Haro je ma ce TokoMm pa3Buha ImojenuHuX
JenoBuMa Mosra (opmupa BUIIE HEro IITO je MOTpeOHO CHHANCH KoOje KacHHWje OuBajy
enmuMuHUCcaHe. MelyTuM, MexaHH3MH KOjHu Cy OJTrOBOPHH 3a mpeypehuBame KMYMEHUX MOTOPHHUX
Mpexa U 3a O/p)KaBare CHHAICH HEIOBOJHHO Cy UcmHTaHH. CIUYHO, MOJEKYJapHU MEXaHHU3MU
OJrOBOPHH 3a TEHCKMM MyTalijamMa W3a3BaHy MAUCOYHKIHM])Y ¥ €JIMMHHAIM]y CHHAICH Y

HEeypoJlereHepaTUBHUM O0JIeCTHMA KOje Ce jaBJbajy TOKOM pa3Buha TPEHYTHO Cy HEMO3HATH.

[IpoTennu cucrema KOMIUIEMEHTa Cy C€ TOKa3ald Kao KPUTUYHU MeaujaTopu (UHOT
CHUHAIITUYKOT TOJICIIaBakha U MJIACTUYHOCTH HEYPOHCKUX Mpexka. CTora je oBa CTyauja uMmania 3a
Wb Ja UCIINTA Ja JIU Cy IPOTEHHU KOMIUIEMEHT CUCTeMa yMEIIaH! y CHHANTHUYKO npeypehuBame
KHUYMEHE CEH30pHO-MOTOpHE HEYpOHCKe Mpexe. /lonaTHo, He Ou JIM ce UCIUTAJIO Ja JIU Cy CIMYHU
MEXaHU3MHU OJITOBOPHU 3a CIIMMHUHAIINA]Y CHHAIICH TOKOM HeypojAereHepannje, ClimHaiHa MUIIMhHA
atpopuja (CMA) je xopumheHa kao wozaen HeypoaereHaptupHe Oonectu. CMA  je
HeypoJiereHepaTuBHa OOJIECT KOja ce jaBJba PaHO TOKOM pa3Buha. M3a3uBaHa je CMamemeM HHUBOA
youkButHO excipumupanor SMN (enr. survival motor neuron) nporeuna. Kapakrepuctiuke CMA
Cy TyOMTaKk MOTOpPHHMX HEypoHa, arpoduja mumuha U aOHOPMaIHM MOCTYPaTHU pPeQIIEKCH.
[IpeTxoaHo je moOKa3aHO Ja CHIDKEHH OpojeBu oapeheHux cuHarncw W AuCHyHKIHja CEH30pPHO-
MOTOpHE HEYPOHCKE MpeXe Mpeaxoje I'yOMTKY MOTOPHUX HEypoHa. MexaHM3MH KOju JOBOJE 0
OBOT' CEJIGKTUBHOT T'yOHUTKa CHHAIICH Ha MOTOPHMM HeypoHUMa Kojuma Hepoctaje SMN TtpeHyTHO
Cy HETMO3HATH. Y OBOj CTY/IMJH j€ UCITUTAHO JIa JIU Cy KOMILJIEMEHT-3aBUCHU ME3aHU3MHU YMEIIaHH Y

enmumuHaIMjy cuHancu y CMA.

Pesynratu oBe cryauje mokasyjy jAa je kommiieMeHT nporeud ClQ — MHULMjaTHU POTEUH

KJIACUYHOI' TyTa, HEOMXOoJaH 3a mpeypehuBame KUUMEHUX CEH30pPHO-MOTOPHUX Mpeka TOKOM



HOpPMaJIHOT pa3Buha. AHalW3e CHHANTHYKE TYCTHHE OTKpWJIEe Cy 3HaTHO Behm Opoj
nponpuonenTUBHUX cuHarcu koj CLlQ-/- mumieBa. MyHKIMOHATHH TECTOBH Cy IOKa3aiu Behu
oaropop kumumeHux peduiekca kox Clg-/- mumeBa y mopehewy ca WT (enr. Wild Type)
MUIIIEBUMA, JI0Ka3yjyhu na cy oBe cuHarice GpyHkiunonanne. M3nenalhyjyhe, pesynraru oe cryamje
mokasyjy mga crerupuuHHr MummmheM-uaeHTHGUKOBaHH MOTOpHH Heyponu ClQ-/- muieBa
NpUMajy HeaJeKBaTHE MPONPHOLENTUBHE CHHAIICE HA KPajy MpBE MOCTHATAHE HEJEIhe — MEPUOJ
TOKOM KOT Cy CTyJHWje TMOHamama OTKpwie mopeMehaj y BpeMmeHy MOTpeOHOM Ja ce MHIICBH
ycrpase. CBEYKYITHO, pe3yJITaTH OBE CTY/AH]j€ MOKa3alli Cy BaKHY ¥ HOBY YJIOTY IPOTEHHA CHCTEMa

KOMIIJIEMCHTA Y paHOM IIOCTHATaJIHOM paSBI/Ihy KHYMEHUX CCH30PHO-MOTOPHHUX MpPEXKa.

OHo mTO je OMTHO, pe3yATaTH OBE CTYIHje JAOAATHO CY jOII MOKa3alu, Y MUIIjeM MOAETY
cnuHanHe wmuiuhHe arpoduje, na je auchyHKIUja W eTUMHUHAIM]ja CHUHAICH IOCPEIOBaHA
MPOTEeHMHUMA CHCTEMa KOMIUIEMEHTa U MUKPOTJIMja-3aBUCHUM MexaHu3mMuma. OtkpuseHo je na Clq
o3HauyaBa pamuBe CMA cuHace, IITO BOJW aKTUBAIUjU KIACHYHOT ITyTa KOMIUIEMEHTA, TaJOKEHY
C3 mporenHa 1 MUKPOTIIHja-MIOCpeI0OBaHOj enuMuHanuju. [lopen ¢aronuTHe ynore y elMMUHALA]A
CHHAICH, OTKPUBEHO je joll Ja je MHKporivja u rinaBHU u3zBop Clq mporenHa TokoMm passuha
knuMeHe MoxauHe. In vivo meytpanusamuja Clg mpoTenHa criacuia je cuHarce npeasubeHe 3a
enmuMuHaIM]y yonaxkasajyhu temku denotun CMA kon mumeBa. [lopex Tora, QpyHKIIMOHATHU
TecToBH Kopuctehu eX ViVO mpernapare KWIMEHEe MOKIMHE ITOKAa3alli Cy Jla Cy CHHAICE CITAIIeHE OJ1
enuMuHaije pyHkunoHanue, npyxajyhu monatHe aokaze ga je CMA GonecT MOTOPHHMX Mpexa.
CanuyHo TOMe, (apMakoJIONIKO YKJIamamke MHUKPOIJHMje YTHLAJIO je Ha OouyBame Opoja CHHAICH,
nonpunocehu nobospiamky nonamama CMA mumea. OBa oTkpuha cyrepuiny na HeaaeKBaTHA
aKTUBallMja KJIACHYHOI IyTa KOMIUIEMEHTa M (aroluTHa aKTUBHOCT MUKpPOIJIMjE HOCpenyjy y
ryoutky cusarncu y mumjem moaeny CMA u unentugukyjy 6nokany Clq kao HOBY TepamujcKy

METY.

CBeykynHO, pe3yiaTaTH OBE€ CTyAuje HIEHTU(GUKY]y KPUTHUYHY YJIOTy KIACHYHOT IyTa
cucreMa KOMIUIEMEHTa y MpeypehuBamkby KHUMEHUX CEH30PHO-MOTOPHHMX HEYPOHCKUX Mpexa y
pa3Bojy, JOK HEroBa HEaJeKBaTHA aKTUBAIMja JONPUHOCH MAaTOJOTHjU HEypoJereHepaTHBHE

0os1ecTH MOTOPHUX HEYPOHA, CHMHAJIHO] MUIIMNHO] aTpoduju.

Kibyune peun: C1lQ, KOMIIJIEMEHT, MOTOPHHM HEYpOH, IMPONPUOLETITUBHA CHHAICA, CEH30PHO-
MOTOpHA MpeKa, cinHaHa MumuhHa arpoduja, mukporimja, SMN
Hayuna oGnact: buonoruja

Vika HayuHa obnact: ImyHosoruja, Heypobuonoruja (HeypoumyHnosnoruja)
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1. INTRODUCTION

1.1.  The spinal sensory—motor reflex circuit

The development of coordinated locomotor behavior in vertebrates depends on the precise
establishment of selective contacts between the discrete neuronal populations in the spinal cord and
the peripheral nervous system. The precise assembly of the circuits needed for movement requires
generation of many different cell types to facilitate the complex connections between the motor
neurons (MN), sensory neurons (SN), interneurons (IN), and the muscle (Dasen, 2009; Grillner and
Jessell, 2009). The specification of distinct neuronal subtypes in the spinal cord is largely mediated
through inductive signals and transcription factors networks which are operating within the
progenitor and postmitotic cells (Dasen, 2009; Jessell, 2000). The mechanisms that specify the
identity of neural cells transcription factor expression patterns appear to specify the precise cellular
programs that control axonal guidance as well as synaptic specificities of neurons (Dasen, 2009;
Goulding and Pfaff, 2005). Spinal circuits have to be adequately fined tuned in order to recruit in a
specific order the different muscle groups and smoothly execute motor commands. The critical step
in the spinal circuits formation is the precise navigation of motor axons toward their specific muscle
targets. All subsequent connections to motor neurons including descending inputs originating from
higher brain centers, sensory neurons and local interneurons, are confined by the motor neuron
axons’ peripheral connections (Dasen, 2009). All these synaptic inputs have to be properly formed
and maintained in order to have precise fine output from spinal motor circuits resulting in

recruitment of specific muscles and generation of movement.

Pioneering studies which characterized the spinal sensory—motor reflex circuit were
performed by Eccles and colleagues back in the 1950s (Eccles et al., 1957) . They demonstrated that
stretch of a peripheral muscle is carried through proprioceptive sensory neuron afferents onto
specific spinal motor neurons. This information is then relayed back to the muscle — via the spinal
cord - from which it originated, thus driving reflex contraction (Figure 1) (Eccles et al., 1957;
Mears and Frank, 1997; Plant et al., 2018; Windhorst, 2007). The stretch reflex can be thought as
the primary building unit of controlled movements in vertebrates, including humans. The circuitry
of stretch reflex includes three distinct cell types: muscle fibers in the periphery, alpha motor
neurons in the spinal cord whose axons project to the muscle, and proprioceptive sensory neurons in
dorsal root ganglion, whose afferents project into the spinal cord through dorsal roots and originate
in skeletal muscle (Figure 1). Muscle spindles are specialized sensory endings which are embedded

in the muscle. Upon muscle stretch they increase their length which leads to the increase in firing
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frequency of primary proprioceptive sensory afferents. Proprioceptive neurons synapse directly
onto alpha motor neurons and on other spinal interneurons. They release glutamate which activates
ionotropic glutamate receptors present on soma and dendrites of motor neurons. This evokes
excitatory postsynaptic potentials (EPSPs) and depolarizes motor neurons membrane to reach the
voltage threshold needed to generate an action potential. Action potentials are propagated along
axons of motor neurons in order to reach their peripheral targets which results in the muscle fibers
activation, causing the contraction of muscle fibers they innervate. Hence, muscle contraction is

counteracting the initial muscle stretch (Fletcher and Mentis, 2017).

The sensory—motor circuit is devoted to proprioceptive control - stabilization and the sense
of the limb in space. From the behavioral point of view, sensory-motor circuit has been well
characterized. Experimental disruptions of the circuit result in characteristic functional and
behavioral abnormalities. Perturbations to proprioceptive sensory afferents projecting onto motor
neurons causes serious disorganization of locomotor function (Arber et al., 2000; Plant et al., 2018).
Coordinated stepping movements, which are needed for locomotor behaviors, are significantly
impaired if missing proprioceptive feedback (Akay et al., 2014; Plant et al., 2018; Takeoka et al.,
2014).

Spinal cord #

< > DRG

. +—— Proprioceptive
synapse

Limb muscles

Figure 1. The stretch reflex in mammals. (A) A schematic illustration of the spinal sensory-motor
circuit. Motor neurons (shown in blue) are located within the ventral spinal cord. They project their
axons to the skeletal muscle and synapse at the NMJ. Muscle spindles (shown in purple) are
specialized sensory organs which are embedded within the muscle and get activated by muscle
stretch. While the cell bodies of proprioceptive sensory neurons (shown in green) are located within
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the dorsal root ganglia (DRG), their axons originate from the muscle spindle. The proximal part of
proprioceptive axons makes entry to the spinal cord via the dorsal root. In the spinal cord they make
direct — monosynaptic excitatory contacts with motor neurons. Adapted from (Fletcher and Mentis,
2017).

1.1.1. Motor neurons

Motor neurons are the sole mediators through which brain triggers contractions of skeletal
muscles in order to control all body movements, from walking to those critical for survival such as
breathing and swallowing (Kanning et al., 2010). Spinal motor neurons are unique as they are one
of a few neuronal cell types whose axons span outside of CNS. Also unique to spinal motor neurons
is the output of their activity — contraction of a muscle. Consequently, it does not surprise that they
are probably the best molecularly and functionally characterized neuronal cell type in vertebrates
(Price and Briscoe, 2004). The specification of motor neuron identity can be seen as a three-stage
process (Jessell, 2000). The generic motor neuron specification of identity happens first, leading to
generation of appropriately positioned motor neurons in the spinal cord. During the second stage,
the somata of functionally associated motor neuron groups, which are destined to have common
projection targets, will settle in columns longitudinally oriented in spinal cord with axons projecting
toward the target regions. Finally, during the third stage, cell bodies of motor neurons innervating
same muscle form clusters known as motor pools, and in which are specialized synaptic contacts
formed between premotor neurons and motor neurons. All these steps require extracellular signals
which regulate cell-autonomous intrinsic determinants of motor neuron identity, and together shape
and define the development of motor neurons (Jessell, 2000; Price and Briscoe, 2004).

Spinal motor neurons are divided into columns which are topographically segregated and
innervate distinct peripheral domains (Figure 2) (Dasen and Jessell, 2009). The hypaxial motor
column (HMC) and the medial motor column (MMC) are evolutionarily the oldest motor
subclasses, innervating body wall and axial musculature, respectively (Fetcho, 1987; Gutman et al.,
1993). Preganglionic motor column (PGC) and the lateral motor column (LMC) are evolutionary
younger. They appeared with the development of paired appendages (Jung and Dasen, 2015). The
LMC motor neurons which innervate limb muscles, are formed at limb levels of spinal cord
(Romanes, 1951). Rostral and thoracic lumbar levels of spinal cord are home to PGC motor neurons
which innervate sympathetic ganglia (Prasad and Hollyday, 1991). Formation of the phrenic motor
column (PMC) is reserved to cervical levels of the spinal cord. PMC motor neurons innervate the

diaphragm, and are found only in mammals (Allan and Greer, 1997; Jung and Dasen, 2015). Lastly,
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located in the most caudal aspects of the spinal cord are sacral motor neurons which innervate
pelvic floor muscles (Figure 2) (Dasen and Jessell, 2009; Hancock and Peveto, 1979; Mendelsohn,
2016).

A
MMC
HMC

) = —y

Pools{ S T . el
B LaC PGC HMC C
/ Axial m.
Limb scq Intercostal m

Figure 2. Motor neuron divisional, columnar and pool organization. (A) Motor pools and motor
columns are specifically positioned along the rostro-caudal axis. The somata of motor neurons that
send axons to limbs are located within the lateral motor column (LMC) at lumbar and brachial
spinal cord levels. Preganglionic column (PGC) motor neurons and hypaxial motor column (HMC)
motor neurons are located at thoracic levels. Medial motor column (MMC) motor neurons are
located at all rostro-caudal spinal cord levels. Within the LMC motor pools are generated at specific
rostro-caudal positions. (B) Projection patterns of columnar motor neuron subtypes. LMC motor
neurons send their axons to the limb. PGC motor neurons project to the sympathetic chain ganglia
(scg), HMC motor neurons send their axons to intercostal muscles and body wall muscles (m),

MMC neurons project to the axial muscle. Adapted from (Dasen and Jessell, 2009).

Within a column, the collection of motor neurons innervating a single skeletal muscle
represent a motor pool. The overall organization of motor pools within the spinal cord is
topological: more rostral pools innervate more proximally positioned muscles in a limb, whereas
medial and lateral motor neurons innervate ventral and dorsal limb muscles, respectively (Figure 3)

(Kanning et al., 2010; Landmesser, 1978; Romanes, 1951; Vanderhorst and Holstege, 1997).
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Figure 3. Example of topological organization of motor pools. Within the limb innervating pools
(2: biceps — shown in red and 3: brachioradialis — shown in green), those that innervate more
proximal muscles are located more rostrally in spinal cord. Thoracic motor neurons (4) innervate
intercostal muscles (4) whereas phrenic motor neurons (1) located in the cervical spinal cord
innervate the diaphragm (1), which is due to the more rostral position of the diaphragm precursors
during development. Adapted from (Kanning et al., 2010).

Motor neurons of an adult are classified based on functionally distinct characteristics into
diverse classes and subtypes. According to the muscle fiber type that each class innervates motor
neurons can be divided into alpha (a), beta (), and gamma (y) motor neurons. Alpha motor neurons
(a-MNss) drive muscle contraction and innervate extrafusal skeletal muscle fibers. Gamma motor
neurons also known as fusimotor neurons (y-MNs) selectively innervate intrafusal muscle fibers of
the muscle spindle (Kanning et al., 2010). Phylogenetically, they are the most developed neurons in
mammals, whereas lower vertebrates regulate sensitivity of their muscle spindles through B-skeleto-
fusimotor system alone (Shneider et al., 2009). Gamma and alpha motor neurons differ in their
central and peripheral patterns of connectivity as well as in their morphology (Friese et al., 2009).
While a-MNs predominate within motor pools y-MNs compose approximately a third of all motor
neurons in a given pool. Alpha motor neurons are responsible for generation of force to move the
skeleton by contracting extrafusal muscle fibers. Gamma motor neurons, on the other hand,
innervate intrafusal fibers that modulate muscle spindles sensitivity to stretch (Friese et al., 2009;

Kanning et al., 2010; Kuffler et al., 1951). Alpha and gamma motor neurons are also profoundly
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different with respect to their connectivity profile and morphology, reflecting upon their different
functions and targets. (Friese et al., 2009; Kanning et al., 2010). Gamma motor neurons are
significantly smaller than a-MNs with the average diameter of their cell body being half the length
of the smallest alpha motor neurons. Gamma motor neurons also have smaller axon caliber which
results in slower conduction velocities (Burke et al., 1977; Kanning et al., 2010; Shneider et al.,
2009). The dendritic trees of alpha and gamma motor neurons are similar in length, but those of
gamma motor neurons have overall simpler dendritic arborization with significantly less branching
(Kanning et al., 2010; Westbury, 1982). Alpha and gamma motor neurons also differ in their
connectivity patterns within the spinal cord. While most of a-MNs receive direct la input from
proprioceptive sensory neurons, all y-MNs lack monosynaptic connections from la proprioceptive
sensory afferents (Eccles et al., 1960; Eccles et al., 1957; Friese et al., 2009; Kanning et al., 2010).
Hence, alpha and gamma motor neurons have generally distinct presynaptic inputs and postsynaptic
targets. The third class of motor neurons called B-motor neurons represents less well-defined
population of spinal motor neurons and innervate both extra- and intrafusal fibers (Kanning et al.,
2010).

1.1.2. Sensory neurons

A precise control of motor behaviors is achieved by integration of motor and sensory
systems in the central nervous system (CNS) (Imai and Yoshida, 2018). Motor output coordination
depends on sensory feedback which informs CNS about muscle status and external stimuli in real
time. Sensory neurons (SNs) have their cell bodies within dorsal root ganglion (DRG) but their
projections extend to the peripheral targets and relay to CNS neurons (Catela et al., 2015). Similar
to motor neurons, the specific functions and identities of sensory neurons are encoded within their
unique molecular profiles (Catela et al., 2015; Zheng et al., 2019). Nonetheless, sensory neurons
and motor neurons differ largely in their organization. While motor neurons are organized into
discrete motor pool and columnar subtypes, sensory neurons are scattered throughout the DRG.
Thus, an individual DRG accommodates sensory neurons with unique profiles and differing
peripheral targets (Abraira and Ginty, 2013; Catela et al., 2015; Dasen, 2009).

1.1.2.1. Proprioceptive sensory neurons

Motor neuron activity, which delivers directions to muscles in all motor behaviors, is in part

coordinated, by proprioceptive sensory neurons. They transmit information from the periphery
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about muscle position as well as the contraction status to the motor neurons, acting as a feedback
loop to generate correct motor responses. Proprioceptive sensory neurons are subdivided into large

and medium diameter neurons. Large diameter proprioceptive neurons are groups la and Ib,

whereas medium diameter proprioceptive neurons represent group Il (Brown, 1981; Imai and

Yoshida, 2018). Both group la and group Il proprioceptive neurons synapse in the periphery at
muscle spindles - structures enclosed in skeletal muscles, transmitting the information about
changes in muscle stretch or length (Figure 4) (Brown, 1981; Catela et al., 2015; Hoheisel U, 1989;
SA., 1992). Group Ib proprioceptive neurons project their axons peripherally to Golgi tendon
organs which are embedded within the muscle, and centrally to the intermediate spinal cord, in
which they form indirect connections with motor neurons via spinal interneurons. In the ventral

spinal cord, group Il proprioceptive neurons project sparsely (Brown and Fyffe, 1979; Catela et al.,
2015).
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Figure 4. Sensorimotor circuits. Simplified illustration of the monosynaptic reflex circuit in which
proprioceptive sensory neurons (shown in red) send information to the spinal cord from a specific
muscle. Proprioceptive neurons synapse directly onto motor neurons that innervate same muscle
peripherally. Proprioceptive neurons also make secondary connections with motor neurons that

innervate muscle synergists but not with the motor neurons that innervate antagonistic muscles.
Adapted from (Catela et al., 2015).

In mice, proprioceptive afferents reach muscles and the spinal cord around embryonic day
10.5 (E10.5) (Imai and Yoshida, 2018; Ozaki and Snider, 1997). Axons enter the spinal cord

through dorsal root around E12.5, forming monosynaptic contacts with motor neurons by E17 (Imai
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and Yoshida, 2018; Mears and Frank, 1997; Ozaki and Snider, 1997; Seebach and Ziskind-
Conhaim, 1994). Group la projections synapse directly onto alpha motor neurons innervating the
same — or homonymous - muscle which their la afferents contact in the periphery (Brown, 1981;
Burke et al., 1977; Catela et al., 2015; Eccles et al., 1957; Mears and Frank, 1997). This la
proprioceptive sensory neurons — alpha motor neurons — muscle feedback loop represents the basis
of the monosynaptic spinal reflex arc as well as the foundation of the homeostatic muscle activity
maintenance (Catela et al., 2015; Windhorst, 2007). Group la proprioceptive neurons also synapse
onto motor neurons innervating synergistic muscles — but importantly not antagonistic muscles.
Beside the connections with motor neurons group la proprioceptive neurons also synapse onto
inhibitory interneurons which are involved in control of the antagonistic muscle activity (Figure 4)
(Brown, 1981; Catela et al., 2015; Mendelsohn et al., 2015).However, early during development
motor neurons do receive proprioceptive inputs originating from antagonistic muscles (Seebach and
Ziskind-Conhaim, 1994), that are eliminated at postnatal ages(Poliak et al., 2016) . The molecular

mechanisms behind this refinement of sensory-motor circuitry are currently unknown.

Due to the fact that la proprioceptive afferents form specific direct monosynaptic
connections with precise motor neuron pools (Eccles et al., 1957) these circuits became elegant
model systems for studying the molecular mechanisms responsible for the synaptic specificity(Imai
and Yoshida, 2018). Monosynaptic connections are formed by E17 and it was believed that their
establishment is independent of neuronal activity (Imai and Yoshida, 2018; Mears and Frank,
1997). Results from a recent study however, demonstrate that monosynaptic heteronymous
sensory-motor connections for the related muscle pair, ankle flexor muscle - tibialis anterior (TA),
and toe extensor muscle — extensor digitorum longus (EDL), are coordinated via sensory neuron
activity-dependent process (Mendelsohn et al., 2015).In early postnatal mouse, TA proprioceptive
sensory neurons make weak heteronymous monosynaptic connections with the EDL motor neurons
but strong homonymous monosynaptic homonymous connections with the TA motor neurons.
When proprioceptive sensory neuron activity is blocked, the density and the number of
heteronymous connections is enhanced without any effect on homonymous connections
(Mendelsohn et al., 2015). This study suggests that sensory inputs coordinate establishment of

heteronymous, but not homonymous connections in an activity-dependent manner.

The monosynaptic sensory-motor circuits simplicity makes them an ideal model system for
studying molecular mechanisms involved in the neuronal circuits formation and maintenance and
for studying mechanisms of synapse elimination and circuitry perturbations that occur in
neurodegenerative diseases (Imai and Yoshida, 2018). Disintegration of neuronal networks through
synaptic elimination lead to compromised neuronal output and underlies neurodegenerative
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diseases such as frontotemporal dementia (FTD), Alzheimer’s disease (AD) and spinal muscular
atrophy (SMA)(Lui et al., 2016; Tisdale and Pellizzoni, 2015; Verret et al., 2012; Vukojicic et al.,
2019). However, unlike FTD and Alzheimer’s disease, SMA occurs during early development both
in animal models and humans (Montes et al., 2009; Tisdale and Pellizzoni, 2015)suggesting that
affected neuronal networks are immature and therefore could be more vulnerable to synaptic

perturbations (Vukojicic et al., 2019).

1.2.  Spinal Muscular Atrophy

Spinal muscular atrophy (SMA) is a group of inherited neuromuscular disorders, which are
genetically heterogeneous and characterized by the spinal motor neurons defect, which leads to
progressive weakness and atrophy of skeletal muscles, which is associated with the loss of spinal
motor neurons (Oskoui et al., 2017; Sumner and Fischbeck, 2007). The first clinical description of
SMA was published in 1891 and the wide clinical spectrum of the disease, with detailed descriptions
across severities, was recognized over the next century. In 1990, mapping of the gene locus to
chromosome 5q13.2 in both acute and chronic forms confirmed that indeed this clinical spectrum
represents the same disease (Gilliam et al., 1990; Melki et al., 1990). Shortly after, in 1995 the
survival motor neuron (SMN) gene was identified on chromosome 5q (Lefebvre et al., 1995).
Homozygous mutations or deletions of the survival motor neuron 1 (SMN1) causing SMN protein
deficiency, are associated with the most prevalent form of proximal SMA. Although SMA patients
have mutations in ubiquitous SMN1 gene, they retain copies of almost identical hypomorphic gene
named SMN2 (Lefebvre et al., 1995; Tisdale and Pellizzoni, 2015). While human have both SMN1
and SMN2 gene, non-human primates and the rest of the animals lack SMN2, and have only one
SMN gene (Rochette et al., 2001). From the time SMA was first described until today, there has been
a progressive growth in understanding of the disease mechanisms. Creation of SMA animal models
in the early 2000s was critical in studying the mechanisms involved in the disease (Oskoui et al.,
2017).

1.2.1. The SMN Gene

The SMN gene region is located on chromosome 5q13 and has a 500 kb inverted duplication
element. The duplicated region consists of at least four genes as well as the repetitive elements,
making it prone to deletions and rearrangements. The SMN1 gene is located within the telomeric

copy and in SMA patients this gene interrupted or deleted. The SMN2 gene, which shares more than
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99% of nucleotide identity with SMN1 and differs only in five nucleotides is located within the
centromeric copy (Figure 5) (Oskoui et al., 2017; Sumner and Fischbeck, 2007). While SMN1 gene
yields full-length transcripts, SMN2 gene mostly produces transcripts that lack exon 7. This happens
due to the C-to-T transition in exon 7 of SMN2 gene which causes creation of an exon-splicing
suppressor sequence (Kashima et al., 2007; Lorson and Androphy, 2000). This doesn’t change an
amino acid sequence, but it does affect alternative splicing of the SMN2 gene, which results in exon
7 exclusion from majority of SMN2 transcripts. The outcome is the production of truncated and
unstable full length SMN protein. Approximately 90-95% of SMN2 transcripts will produce
truncated protein and only 5-10% functional full-length protein (Kashima et al., 2007; Lefebvre et
al., 1995; Oskoui et al., 2017). All healthy individuals who happen to have one SMN1 copy and lack
SMNZ2 copies, will have 50% of full-length functional SMN protein which will be sufficient for a
normal life. However, the majority of SMA patients have 2-3 SMN2 copies in Type I, Type Il, and
in some Type Il patients and no SMN1 gene. These patients are predicted to have 20-30% of full-
length SMN protein at a maximum rate of 10% per SMN2 gene (Oskoui et al., 2017; Sumner and
Fischbeck, 2007). SMA Type IlI patients carrying four copies of SMN2 gene have around 40% of
SMN protein, which is still below the 50% that healthy carriers produce. Additionally,
asymptomatic individuals have been described lacking SMN1gene and carrying five copies of
SMNZ2 gene. They would be predicted to produce 50% of functional SMN protein (Mailman et al.,
2002; Oskoui et al., 2017). Within the general population carrying two copies of SMN1, there is a
variability in the number of SMN2 copy numbers. Approximately 15% of these individuals have no
SMN2 copies, 33% carries only one SMN2 copy, and 50% carries two SMN2 copies (Mailman et al.,
2002). Complete depletion of SMN - absence of SMN1 and SMN2 genes - is incompatible with life
(Deguise et al., 2017; Schrank et al., 1997b). Thus, all SMA patients carry at least one SMN2 gene
copy. Among SMA patients a rough correlation exists between SMN2 copy numbers and clinical
severity (Lefebvre et al., 1997). The levels of SMN protein range from 22% to 23% in type | SMA
fetal spinal cords (Lefebvre et al., 1997). Reduction of SMN protein levels was found to be even
greater in postmortem spinal cords from Type | SMA patients who carried two copies of SMN2
(Coovert et al., 1997). In SMA patients who have affected both copies of SMN1, low level of SMN
protein is present, depending on the quality and copy number of their SMN2 genes (Oskoui et al.,
2017; Sumner and Fischbeck, 2007).
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Figure 5. Schematic illustration of human SMN1 and SMN2 genes. SMN1 and SMN2
genes are located on chromosome 5. SMA patients have mutations or deletions in both copies of
SMNL1. A transition C-to-T at the 840 position of SMN2 gene results in exon 7 skipping during
splicing. A result is production of truncated, nonfunctional SMN protein. Only small portion ~ 5
10% of full-length mRNA is produced from SMN2 gene, and results in full-length functional SMN
protein. Adapted from (Darras, 2015).

The majority of SMA patients (95-98%) with the most common form — 59 SMA have a
homozygous deletion that involves exon 7 of SMN1 gene. The remaining patients have a
heterozygous point mutation and a deletion. De novo mutations do occur at about 2% which is a
relatively high rate, and happens because SMN gene region is unstable, and contains beside the
inverted repeat of SMN1 gene and SMN2, other repetitive elements - low copy number repeats,
which make it more susceptible to rearrangements (Oskoui et al., 2017; Wirth et al., 1997).

The most common subtype of SMA is Type | and occurs with the prevalence of 4.1 cases
per 100 000 live births (Mostacciuolo et al., 1992). The SMA Type I is the most severe form of the
disease and occurs with the highest incidence compared to other subtypes. Approximately80-96%
of children with SMA Type | have one or two SMN2 gene copies and around 4-20% carry three
copies. About 82% of children with SMA Type Il carry three copies of SMN2 gene, and around 96—
100% of SMA Type Il patients have three or four SMN2 copies (Figure 6) (Arkblad et al., 2009;
Feldkotter et al., 2002; Oskoui et al., 2017). Although copy number of SMN2 gene is known as

the main phenotype modifier it does not predict phenotype accurately. There is a growing
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evidence of other factors that contribute to SMA severity. These potential modifiers of SMA
include epigenetic modifiers, various proteins which interact with SMN or promote motor
neuron survival and splicing or transcriptional factors influencing SMN2 expression
(Maretina et al., 2018).
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Figure 6. Diagram of the frequency of SMA patients with type I, type 11, and type 11l SMA in
comparison to SMN2 copy number. In 80% of SMA Type | patients, one or two SMN2 copies are
present. 82% of SMA Type Il patients have three SMN2 copies, and 96% of SMA Type Il patients
carries three or four copies of SMN2. Adapted from (Feldkotter et al., 2002).

1.2.2. The SMN protein

The full-length SMN protein consist of 294 amino acids and weighs 38 kDa (also known as
FL-SMN). SMN is ubiquitously expressed — found in all cells, and is located in cytoplasm and in
the nucleus. In the nucleus, SMN localizes to structures called Gemini of coiled bodies, or simply
“gems”(Liu and Dreyfuss, 1996). The SMA severity was found to correlate with the number of
gems found in patient fibroblasts (Coovert et al., 1997). The SMN protein and several Gemin
proteins form a large macromolecular complex — SMN complex - that facilitates assembly of the
spliceosomal small nuclear ribonucleoproteins (SNnRNPs). The snRNPs are crucial components of
the spliceosome complex, with an essential role in pre-mRNA splicing (Pellizzoni et al., 2002).
Additionally, SMN protein may have critical roles in axonal mRNAs transport in motor neurons
and in assisting arginine methylation of certain splicing-related proteins. SMN protein may be also
involved in different processes neuromuscular junction and in muscle. However, it is currently
unclear whether SMN deficiency caused splicing defect or disruption of axonal SMN function, or
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yet unknown SMN function, or simply combination of all is behind the SMA pathogenesis (Arnold
and Burghes, 2013; Oskoui et al., 2017). It has been shown in mice and other organisms, that
complete absence of SMN protein is embryonic lethal (Monani et al., 2000). However, why are
motor neurons specifically vulnerable in case of partial SMN deficiency is currently unclear.
Function of SMN protein and its role in pathogenesis of SMA remains to be better understood
(Burghes and Beattie, 2009; Oskoui et al., 2017).

1.2.3. Clinical characteristics of SMA in human

SMA patients have proximal muscle weakness that is usually symmetric and affects lower
limbs more than patient’s upper limbs. While disease involves intercostal muscle, diaphragm is
relatively spared (Arnold and Burghes, 2013; Oskoui et al., 2017; Sumner and Fischbeck, 2007).
The muscle weakness and the atrophy in SMA is attributed to motor neuron loss and dysfunction.
The neuromuscular junction function and development is impaired across SMA subtypes (Goulet et
al., 2013; Wadman et al., 2012).The skeletal muscle pathology observed in children affected with
SMA is a reflection of motor neuron disorder with a neurogenic type atrophy and a Type | fiber
hypertrophy (Oskoui et al., 2017). The severity of SMA is variable with heterogeneous clinical

features across subtypes.

1.2.3.1. Type | Spinal Muscular Atrophy

Type | SMA (Werdnig—Hoffmann disease), is the most severe and the most common form
of the disease. Affected infants, experience in the first 6 months of life (Zerres and Rudnik-
Schoneborn, 1995) proximal weakness, which affects their legs more than arms., movement
deficiencies and reduced muscle tone. These infants usually show generalized hypotonia
demonstrated by “frog-leg posture” when lying horizontally and facing up, tongue fasciculations,
areflexia and they slip through on a vertical suspension (Figure 7a and 7b). These babies have a
weak cry, difficulty sucking and swallowing, and they do not reach developmental milestone of
rolling over independently or being able to stay seated independently (“nonsitters”) or sit up
unassisted. Their thorax is bell-shaped, with evidence of diaphragmatic breathing and intercostal

muscle weakness (Arnold and Burghes, 2013; Oskoui et al., 2017).
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Figure 7. SMA Type I clinical manifestations (A) Dangling lower limbs and lack of hip flexion is
notable with vertical suspension. Upper limbs tend to slip through examiner’s hands. Head lag due
to the lack of neck flexion. (B) When infant is supine, “frog-leg” positioning of the legs is notable
with the absence of traction response. (C) Head lag with examiner’s attempts to pull infant into the
sitting position. Adapted from (Oskoui et al., 2017).

In the SMA Type | patients often other organ dysfunction and involvement is recognized,
which points to the fact that SMN protein is ubiquitously expressed (Heier et al., 2010). In infants
affected by severe forms as well as in mouse models, hypovascularity or vascular depletion are
dominant characteristic. A resulting consequence of these vascular defects is functional hypoxia of
spinal motor neurons (Somers et al., 2016). SMA patients have normal cognition and even higher
than average intelligence has been reported (von Gontard et al., 2002). Further classification of
SMA Type I disease is made based on the onset of symptoms. Infants in which symptoms are noted
prenatally or during the first week of life are classified as SMA Type IA. Most of them carry only
one copy of SMN2 gene and they die in less than one month, usually soon after birth. Infants in
which symptoms develop between first week of life and three months of age are classified as SMA
Type IB, and those who develop symptoms sometime between three and six months of age usually
have two SMN2 copies and are classified as SMA Type IC. Most infants affected with SMA Type I,
without intervention do not survive beyond the age of two years. However, with management of
pulmonary complications and appropriate respiration support, gastrointestinal and nutritional
support, orthopedic care and rehabilitative interventions survival has been prolonged beyond the
second year (Arnold and Burghes, 2013; Oskoui et al., 2007). Until recently there was not a single
medication approved for treatment of SMA patients. The first ever approved medication for
treatment of SMA was Nusinersen, (commercial name Spinraza) by Biogen (Garber, 2016).

Nusinersen is an antisense oligonucleotide (ASO) designed to target intron 7 on the SMN2 hnRNA
14



(Castro and lannaccone, 2014; Corey, 2017; Shahryari et al., 2019) and modulate alternative
splicing by increasing exon 7 inclusion in the processed final RNA, resulting in increased levels of
functional full length SMN protein in the central nervous system (Corey, 2017; Shahryari et al.,
2019; Zanetta et al., 2014). Nusinersen was approved in December 2016 by US Food and Drug
Administration (FDA) when it also became the first antisense drug acting to restore an exon
inclusion during pre-mRNA splicing(Ottesen, 2017). It involves intrathecal administration
(Chiriboga, 2017). Another gene therapy drug, developed by AveXis (Novartis) under brand name
Zolgensma (Onasemnogene Abeparvovec, AVXS-10), was recently FDA approved (May 2019) for
SMA patients younger than two years of age. Zolgensma is a single dose, AAV9-based (adeno-
associated virus) gene therapy administered intravenously. Zolgensma is a recombinant non-
replicating AAV9 containing a copy of functional human SMN1 gene which is under the control of
cytomegalovirus enhancer/chicken-B-actin-hybrid promoter in order to express SMN1 selectively in
SMA patients motor neurons (Malone et al., 2019; Mendell et al., 2017; Shahryari et al., 2019;
Waldrop and Kolb, 2019). Although there has been a great improvement in recent years with a
development of these gene therapies for SMA, none of the treatments can cover all the aspects of
the disease pathology and neither of them are considered a cure for the disease. Thus, a

combinatorial therapeutic strategy might be the most effective for treating this devastating disease.

1.2.3.2. Type 11 Spinal Muscular Atrophy

Children affected with SMA Type Il, which is known as Dubowitz disease or intermediate
SMA usually present first symptoms between six and eighteen months of age. Type Il patients
achieve the ability to sit without support and stay seated independently, although in some cases this
ability may be lost over time. Children with SMA Type Il are never able to stand or walk unaided
(“sitters”) and majority has three SMN2 copies (Arnold and Burghes, 2013; Arnold et al., 2015;
Oskoui et al., 2017). Affected children have predominantly proximal muscle weakness involving
their lower limbs more than the upper limbs, areflexia and, hypotonia. Face and muscles of the eye
are usually unaffected (Butchbach, 2016). Additionally, these children may develop respiratory
difficulties and hypoventilation while asleep. Survival of SMA type Il patients is into adulthood,
though it can be shorter especially in children with respiratory difficulties. (Arnold and Burghes,
2013; Oskoui et al., 2017). Previously reported survival rates of 98.5% at 5 years and 68.5% at 25
years have increased past their 25th birthday with respiratory and nutritional support (Zerres et al.,

1997) and even greater increase may be seen in future with the recent approved gene therapies.
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1.2.3.3. Type 111 Spinal Muscular Atrophy

Children affected with SMA Type Ill, also known as Kugelberg—Welander disease achieve
independent mobility (“walkers”), though proximal weakness may cause falls and difficulty
climbing stairs. Additionally, some patients may lose the ability to stand and walk over time and
rely on wheelchair to move around. Symptoms appear after eighteen months of age. Type Il SMA
patients have proximal muscles affecting their lower limbs more than upper limbs. Clinical
diagnosis can be more challenging as tendon reflexes are usually preserved at the time of
examination. Most patients develop scoliosis, foot deformities and respiratory muscle weakness.
Most patients carry three or four SMN2 copies (Arnold et al., 2015). Type Il SMA accounts for
approximately 30% of overall SMA cases. Life expectancy of SMA Type Il patients does not
significantly differ from the normal population (Oskoui et al., 2017; Zerres and Davies, 1999;
Zerres et al., 1997).

1.2.3.4. Type IV Spinal Muscular Atrophy

SMA Type IV is a late-onset SMA, with symptoms usually present after 21 years of age
with the mean age of onset in the mid-thirties. This mildest form is the least prevalent subtype and
accounts for less than 5% of all SMA cases (Arnold et al., 2015). Patients with SMA type IV have
proximal limb girdle weakness but they achieve motor milestones and they maintain mobility
throughout their life and carry four or eight copies of SMN2 gene (Butchbach, 2016). Life
expectancy for Type IV SMA patients is normal.

1.2.4. Animal models

In the past two decades, significant progress has been made in understanding the molecular
basis of the SMA clinical spectrum which allowed creation of SMA animal models. Beside mouse
models, which are perhaps the most widely used, SMA has been also studied in Caenorhabditis
elegans, Drosophila, and Zebrafish models which due to the simplicity of model organisms allow
for easy molecular and genetic manipulation (Edens et al., 2015). Mice, unlike humans, have only
one SMN gene which is equivalent to human SMN1 (DiDonato et al., 1997; Viollet et al., 1997). As
in all species, homozygous knockout of Smnl is embryonically lethal (Schrank et al., 1997a).
Introduction of one or two copies of human SMN2 rescues the embryo, resulting in mice with a

severe SMA-like phenotype. These mice die around postnatal day 5 (Hsieh-Li et al., 2000; Monani
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et al., 2000). In contrast, introduction of eight to sixteen copies of human SMN2 gene in the Smn
knockout mouse rescues the phenotype with no difference in life span than wild-type mice(Le et al.,
2005; Monani et al., 2000). The A7 SMA mice have in addition to two copies of human SMN2, and
an SMN transgene that lacks exon 7 (SMNA7). This addition of SMNA?7 prolongs lifespan of mice
to around 13.3 days after birth. The A7 SMA mouse model is among most widely used SMA
models to date (Hsieh-Li et al., 2000; Le et al., 2005; Monani et al., 2000). This animal model was
used for all the studies presented here. SMAA7 mice experience selective spinal motor neuron
death, muscle atrophy, and closely recapitulate clinical characteristics seen in human Type |

patients (figure 8).

Figure 8. Late stage SMAA7 mouse vs WT littermate. Wild type (WT) mouse at postnatal day
11 (P11) on the left side of the image. SMA littermate on the right side of the image with evident

severe muscle atrophy and loss of posture. Photo courtesy of Dr Charlotte Sumner.

Although hallmarks of SMA are death of motor neurons and muscle atrophy, one of the
earliest manifestations of disease in SMAA7 mouse model is sensory-motor dysfunction (Mentis et
al., 2011). Circuit dysfunction which is a consequence of SMN deficiency that causes disease could
be an initiating and/or propagating drive of impaired motor behavior. Neurodegeneration is usually
attributed to dysfunction of a specific neuronal cell type which is vulnerable to disease mechanisms
(Rademakers et al., 2012). In SMA, although SMN is ubiquitously expressed, spinal motor neurons
are somehow selectively susceptible to SMN deficiency. SMA was thought to be motor neuron -
autonomous disease, in which neurodegeneration is due to the motor neuron death and dysfunction
per se. However, it is possible that dysfunction of neurons that are primary targets in the disease
process may affect their synaptic partners and further aggravate the disease (Palop and Mucke,
2010). Animal models have a key role in addressing these and similar questions in order to decipher
the disease mechanisms and in testing the therapeutic effect of potential drugs.
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1.2.5. Motor Neuron Death

Majority of the autopsy studies on postnatal spinal cords from SMA patients have described
motor neuron loss as severe (Korinthenberg et al., 1997; Simic et al., 2000). Although SMN level is
reduced in all tissues, the hallmark of the SMA is selective loss of motor neurons in spinal cord in
humans as well as in mouse models of the disease (Burghes and Beattie, 2009; Simon et al., 2017,
Tisdale and Pellizzoni, 2015). Furthermore, even within individual motor neuron pools there is
marked differential vulnerability (Simon et al., 2017). It has been demonstrated that, spinal alpha
MNs (which innervate proximal muscles) are preferentially affected and also degenerate early
compared to alpha MNs that innervate distal muscles which are relatively spared (Mentis et al.,
2011). Moreover, motor neurons in SMA show segment-specific, differential vulnerabilities noted
along the rostro-caudal axis. Motor neurons from lumbar level L1, that innervate proximal and
axial muscles are affected more profoundly and earlier in the disease process than motor neurons in
the L5 region, that innervate distal hindlimb muscles (Mentis et al., 2011; Tisdale and Pellizzoni,
2015). Furthermore, medial motor column motor neurons which innervate axial muscles are
affected more than the lateral motor column motor neurons that innervate distal muscles. This is
consistent with observations in SMA patients (Mentis et al., 2011). Additionally, in a severe model
of SMA gamma MNSs were observed to be spared (Powis and Gillingwater, 2016). Interestingly,
ubiquitous SMN deficiency induces selective death of specific vulnerable motor neuron pools while
sparing resistant ones that share similar functional properties and developmental programs (Simon
et al., 2017).In addition, other spinal neurons are also spared in SMA (Powis and Gillingwater,
2016). In recent study a convergent pathway involving p53 has been proposed as a key mediator of
SMN deficiency-induced motor neuron death. Phosphorylation of p53 serine 18 was identified as a
death-specific marker which is selectively found in vulnerable SMA motor neurons but not in
resistant ones or in spinal interneurons even though nuclear accumulation of p53 are present late in

the disease process in SMA mice (Simon et al., 2017).

1.2.6. Sensory-Motor circuitry impairment

Apart from spinal motor neurons death, SMA is characterized by additional pathologies
occurring centrally, at synapses contacting motor neurons soma and dendrites as well as distally - at
the neuromuscular junction (Figure 9). The NMJ defects involve reduced vesicle content,
presynaptic neurofilament accumulation, impaired synaptic transmission, and defects in motor

endplate development and in acetylcholine receptor clustering at postsynaptic membrane (Kariya et

18



al., 2008; Lee et al., 2011; Ling et al., 2010a; Murray et al., 2008; Tisdale and Pellizzoni, 2015).
Functional and morphological impairments of the NMJ correlate with decreased myofiber size
delayed NMJ development and with muscle denervation, which is all notably pronounced in
vulnerable SMA muscles (Kariya et al., 2008; Kong et al., 2009; Ling et al., 2010a; Murray et al.,
2008; Tisdale and Pellizzoni, 2015).

Beside appropriate connectivity needed between muscles on periphery and motor neurons in
spinal cord, proper wiring between motor neurons and other neurons is crucial for normal motor
behavior. Perturbations of neuronal circuits are being recognized as critical determinants of
neurodegenerative disorders (Fletcher and Mentis, 2017; Tisdale and Pellizzoni, 2015). It has been
shown that motor neurons in SMA have reduced glutamatergic synaptic inputs from local spinal
interneurons and from proprioceptive sensory neurons (Figure 9) (Ling et al., 2010a; Mentis et al.,
2011). Moreover, sensory-motor neurotransmission was showed to be severly impaired and
associated with dysfunction of proprioceptive sensory synapses in SMA mice (Mentis et al., 2011).
However, molecular mechanisms reponsible for dysfunction of proprioceptive synapses and for
their reduced numbers are not well understood. Addtionally, it has been demonstrated that SMA
motor neurons have altered firing properties along with increased intrinsic excitability (Mentis et
al., 2011). This functional changes might be a homeostatic response to reduction in excitatory drive
originating from premotor neurons (Mentis et al., 2011; Tisdale and Pellizzoni, 2015).
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Figure 9. Schematic illustration of the key functional and morphological abnormalities of the

motor system in SMA mouse models. Spinal motor neurons are shown in dark blue,
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proprioceptive neurons in green and local interneurons in light blue. The specific deficits of the

circuitry centrally and at the periphery are indicated. Adapted from (Tisdale and Pellizzoni, 2015).

Taken together, these findings suggest that SMN deficiency induced synaptic abnormalities
in the sensory-motor system are at least partially responsible for the severe motor dysfunction seen
in SMA. In support of this, is the observation that functional and structural sensory-motor circuitry
impairment precede motor neuron death. To better understand disease process and design treaments
it was important to identify the importance of cell-autonomous and non-cell autonomous
mechanisms contributions to the disease pathology (Fletcher and Mentis, 2017; Tisdale and
Pellizzoni, 2015). Previous studies have demonstrated in SMA mice that pan-neuronal SMN
expression rescues disease phenotype. However, SMN specific restoration in muscles did not
improve the severe phenotype (Gavrilina et al., 2008). Furthermore when SMN is selectively
depleted from motor neuron progenitors, motor neurons will die and as a consequence will be a
mild SMA phenotype (Park et al., 2010). Additionally, motor-neuron-specific resotration of SMN
has been demonstrated to improve motor neuron loss. However, it has little effect on SMA mice
survival (Gogliotti et al., 2012; Martinez et al., 2012; Tisdale and Pellizzoni, 2015). Taken together,
results of these studies indicated that neuronal dysfunction plays a critical role in SMA pathology
and that SMA is a disease defined by dysfunction of different motor system components and not
solely motor neurons (Tisdale and Pellizzoni, 2015). In order to decipher mecanisms involved in
SMA pathogenesis it is important to unravel the role(s) of different motor system components in the
disease process. Although motor neuron death is a cell autonomous event, a recent study has
demonstrated that SMN deficiency induces defects in other neuronal types that also contribute to
pathology of motor system in SMA (Fletcher et al., 2017) suggesting that SMA is a disease defined
by dysfunction of different motor system components and not solely motor neurons (Fletcher et al.,
2017; Tisdale and Pellizzoni, 2015).

1.2.7. Sensory-motor circuitry pathology in SMA is due to proprioceptive — autonomous
mechanisms

To determine the cellular origin of sensory-motor circuit dysfunction in SMA, Fletcher and
colleagues used genetic manipulations to selectively restore SMN in the following neurons: i) solely
in motor neurons, ii) solely in proprioceptive neurons, or iii) both neuronal classes in SMA mice
(Fletcher et al., 2017). Parvalbumin::Cre (Pv®™) mice were crossed with the conditional inversion
SMA mice to restore SMN protein in proprioceptive neurons (SMA+PvC™®). During the first ten

postnatal days parvalbumin is expressed in proprioceptive neurons exclusively (Mendelsohn et al.,
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2015) and has the similar level of expression in WT and SMA mice (Fletcher et al., 2017).
Although parvalbumin expression is observed at P5 in the cerebellum (Fletcher et al., 2017), the
righting behaviors are not dependent on cerebellar activity, until the second postnatal week
(Altman, 1997; Fletcher et al., 2017). In the study by Fletcher et al (2017), the authors restored
SMN in motor neurons by crossing the conditional inversion SMA mice with mice that express Cre
under the ChAT (Choline Acetyltransferase) promoter (SMA+ChATC"™) (Fletcher et al., 2017).

To define the effect of SMN loss on motor neuron dysfunction, the authors performed
intracellular recordings from vulnerable spinal motor neurons using whole cell patch clamp
following dorsal root stimulation (Fletcher et al., 2017). The EPSP amplitude was measured in L2
motor neurons in WT, SMA, SMA+PVvC™® and SMA+ChATC" following the proprioceptive fiber
stimulation. No significant change was observed in the motor neuron resting membrane potential
for any of the experimental groups. Importantly, the reduction of EPSP amplitude observed in SMA
motor neurons was restored in SMA+PVC™ but not in SMA+ChAT®" motor neurons (Fletcher et al.,
2017) (Figure 10, A-B) suggesting that motor neuron dysfunction is a non-cell autonomous

consequence of SMN deficiency from proprioceptive neurons.
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Figure 10. Selective restoration of SMN in proprioceptive neurons in SMA mice restores
EPSP amplitude. (A) Intracellular responses of monosynaptic EPSPs following supramaximal
stimulation of L2 dorsal root in homonymous motor neurons for WT, SMA, SMA +Pv®"® and
SMA+ChATC™ L2 mice at postnatal day 4 (P4). The peak of EPSP amplitude measured at 3 ms
after the onset of response is indicated by arrows. Arrowheads indicate the stimulus artifact. (B)
Graph shows the average peak of EPSP amplitude in motor neurons for the experimental groups
shown in (A). * P<0.05, ** P<0.01, one-way ANOVA, Tukey’s post hoc analysis. Adapted from
(Fletcher et al., 2017).
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1.2.8. Dysfunction and death of motor neurons are distinct and independent events in SMA

The hallmark of SMA is motor neuron death (Tisdale and Pellizzoni, 2015).
Hyperexcitability of motor neurons has been implicated in neuronal death in amyotrophic lateral
sclerosis (ALS) (Umemiya et al., 1993) and upon axotomy of facial (Umemiya et al., 1993) and
spinal motor neurons (Mentis et al., 2007). These results raised the possibility that synaptic
dysfunction might be causally related to motor neuron death in SMA. To address this possibility,
Fletcher et al counted the number of vulnerable (L2) motor neurons in mice in which SMN was
selectively restored in either motor neurons (SMA+ChATC™) or in proprioceptive neurons
(SMA+PV®™) as previously described (Mentis et al., 2011). No significant motor neuron loss was
observed at postnatal day 2 (P2), whereas 34% of motor neurons were lost at P4 and 42% at P11
(Fletcher et al., 2017) (Figure 11, A-B).
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Figure 11. Motor neuron loss in SMA is mediated by cell autonomous mechanisms. (A)

Confocal images of L2 motor neurons visualized by ChAT immunoreactivity (and shown in white)
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in WT (n=3), SMA (n=4), SMA+PvC™ (n=3), SMA+ChATC" (n=4) and SMA+(Pv+ChAT)C" (n=4)
mice at P4. (B) Time course (P2—P11) of the total L2 motor neurons number for the experimental
groups shown in (A). All data are represented as mean + s.e.m. # P<0.05, one-way ANOVA (WT v
SMA); * P<0.05, one-way ANOVA, Tukey’s post hoc analysis. Adapted from (Fletcher et al.,
2017).

Selective restoration of SMN in proprioceptive neurons (SMA+Pv™) did not prevent motor
neuron death, whereas SMN restoration in motor neurons (SMA+ChAT®™) rescued motor neurons
both at early (P4) and late (P11) stages of disease. There was no additional motor neuron rescue
observed in SMA+(Pv+ChAT)®"® mice (Fletcher et al., 2017) (Figure 11, A-B). Collectively, these
results demonstrated that motor neuron death is not induced by SMN-deficiency in sensory neurons,
indicating that motor neuron death in SMA is a motor-neuron cell autonomous event due to SMN
deficiency in motor neurons per se. Furthermore, these results separated death and dysfunction of
motor neurons as two independent and distinct events, suggesting that they are driven by different

mechanisms.

1.3.  Complement and microglia in CNS development and neurodegeneration

1.3.1. Complement proteins in the periphery

The complement system consist of ~60 distinct circulating and membrane-bond plasma
proteins. They interact with each other to opsonize pathogens, activating array of inflammatory
responses which further aid in fighting infection (Medzhitov and Janeway, 2000). In the periphery,
complement is a leading mediator of inflammation. Complement proteins serve as a first line of
defense, playing a crucial role in the defense against infection, by a quick elimination of invading
pathogens. Complement system have also an important role in regulating adaptive immune
response. Furthermore, complement system plays an immune surveillance role through removal of
cellular debris and apoptotic cells , thus protecting against autoimmunity (Carroll and Isenman,
2012; Medzhitov and Janeway, 2002; Presumey et al., 2017; Ricklin et al., 2010). Complement
proteins interact one with another through a sequential enzymatic cascade which results in
elimination of pathogens. Surrounding host cells are normally protected from complement through
membrane-bound inhibitors expressed on their cell surface. Soluble complement proteins are
inactive zymogens until they encounter the pathogen’s cell membrane or a foreign material. Upon

binding to a target, complement proteins overgo structural changes, followed by proteolytic
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cleavage, and finally assembly into convertases - active enzyme complexes - which will
subsequently activate downstream proteins leading to pathogen lysis or phagocytosis (Coulthard et
al., 2018; Dunkelberger and Song, 2010; Janeway, 2001; Stephan et al., 2012). Because circulating
complement proteins are inactive zymogens, they can be widely distributed until needed locally
(Janeway, 2001; Noris and Remuzzi, 2013). Endothelial cells and leukocytes recognize products of
complement proteolytic cleavage and aid migration of immune cells to sites of inflammation and
complement-opsonized agents (Coulthard et al., 2018; Medzhitov and Janeway, 2000). The
complement system can be activated by three separate pathways (Figure 12). They all converge on
cleavage of complement component C3 — a central molecule in the complement system, that
produces effector complement fragments which drive complement functions, including the
elimination of pathogens, debris, and cellular structures. However, all three pathways differ in the
way they get activated (Coulthard et al., 2018; Janeway, 2001; Noris and Remuzzi, 2013).
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Figure 12. The complement pathway activation: classical, lectin and alternative pathway.
The complement components are activated in a cascade-like manner by one of three major
pathways: The classical pathway is initiated when C1q interacts with one of its binding partners
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(e.g. antibodies, DNA, RNA, serum pentraxns, apoptotic cells). C1r and C1s proteases bind C1q tail
region and form the C1 complex. Binding of C1g complex to target induces conformational change
in the Clq leading to enzymatic activity in C1r cleavage of Cls and generation of active serine
protease. Activated C1s cleaves C4 and C2 and generates C3 convertase (C3b2b), which cleaves C3
activating downstream components. The lectin pathway is initiated by the binding of mannose
binding lectin (MBL) to the residues of mannose on the cell surface. The alternative pathway is
spontaneously activated through spontaneous C3 hydrolysis and serves to amplify he pathway
initiated by classical or lectin cascade. All three pathways converge on the complement component,
C3. C3 cleavage generates opsonin C3b and anaphylactic peptide C3a. C3b/iC3b opsonization
leads to elimination of the target by phagocytes expressing C3 receptors. C3b joins C4b2a (the C3
convertase) forming the C5 convertase (C4b2a3b complex) which generates anaphylatoxin Cba,
that binds to C5a receptors (C5aR) on phagocytes. Potent complement activation can lead to the
terminal complement cascade activation and the target cell lysis through the insertion of membrane
attack complex (MAC) - the pore-forming C5b-C9 complex. Adapted from (Stephan et al., 2012).

The classical pathway is activated when C1q - the initiating protein of the pathway, binds to
one of its various ligands, including serum pentraxins, antigen-antibody complexes, C reactive
protein (CRP), viral membranes, polyanions (RNA, DNA, , and lipopolysaccharides), and apoptotic
cells (Gaboriaud et al., 2011; Kang et al., 2006; Kishore and Reid, 2000; Stephan et al., 2012),
When C3 is cleaved, activated C3 fragments - C3b and iC3b opsonize targets leading to its
elimination by phagocytic cells through C3 receptors (i.e., CR3/Cd11b, Figure 12). Furthermore,
potent C3 activation can provoke the terminal activation of classical pathway resulting in cell lysis
by formation of the lytic membrane attack complex (MAC) (Figure 12)(Janeway, 2001). The lectin
pathway, which is an antibody-independent pathway, is initiated when the mannose binding lectin
(MBL) or a group of related proteins binds to terminal sugar moieties that are expressed on
glycoproteins or polysaccharides on cell membranes (Degn et al., 2007; Fujita, 2002; Janeway,
2001; Stephan et al., 2012). The alternative pathway is spontaneously activated and can serve as an
amplification loop of classical and lectin pathway (Janeway, 2001) acting as an amplifier.

Considering that complement pathways results in such powerful destructive and
inflammatory effects they must be tightly regulated. Importantly, when activated, critical
complement components are promptly inactivated if they do not bind to the surface (i.e.pathogen)
on which their activation was originally initiated. Additionally, there are several check points in
pathways at which comlement regulatory proteins act to protect host cells from unintended damage
or elimination. Balance between activation and inhibition of the complement activation is critical

for a correct complement function as well as for the tissue homeostasis (Janeway, 2001; Kim and
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Song, 2006; Zipfel and Skerka, 2009). While, a battery of well described regulatory proteins tightly
controls complement cascade in the periphery, little is known about complement regulators in the
CNS.

1.3.2. Complement in developmental synaptic pruning

Traditionally, the brain has been viewed as an immune privileged organ. Studies from early
and mid 20™ century involving transplantation of tumor, fetal tissue and skin grafts into the brain
gave rise to this concept. In support of it, are anatomical characteristics of the brain and spinal cord
as they are protected by meninges and the cerebrospinal fluid. Additionally, presence of the blood-
brain barrier (BBB), protects from the entry of pathogens, harmful factors and circulating immune
cells. However, in recent years, this thought of immune privilege has shifted significantly with the
growing knowledge that the immune and nervous system interact in various ways. These complex
neuroimmune interactions exist under homeostatic as well as under pathological conditions
(Louveau et al., 2015; Stephan et al., 2012). Additionally, recent demonstration of Meningeal
Lymphatic System existance (Louveau et al., 2018), further modifies the immune privileged view of
CNS. Both, central nervous and immune system have a wide array of molecules and signaling
pathways with different and comparable functions in each system. Among these immune-nervous
system “cross road” molecules are the classical complement pathway components.While the role of
the classical complement cascade in the periphery is well known, its function in the central nervous
system is under wide-ranging investigation.

At birth, the vertebrate brain contains excess synapses, between neurons. For the
establishment of the precise, mature neural circuits, these excess connections must be removed.
This process is called synaptic pruning (Hua and Smith, 2004; Katz and Shatz, 1996). Elimination
of synapses during circuitry refinement is a developmental process in which certain subsets of
synapses are removed while the remaining ones are strengthened and maintained (Paolicelli et al.,
2011; Schafer et al., 2012; Stephan et al., 2012; Tenner et al., 2018). Synaptic pruning occurs
during postnatal development -a period of remarkable plasticity, but depending on the CNS region

and neuronal circuit, during different critical periods.

Rodent visual system has served as a model system to study synaptic pruning in the brain.
Recent research revealed an unexpected and remarkable role for the classical complement pathway
in the refinement of visual inputs to the lateral geniculate nucleus (LGN) during the early postnatal
eye-specific segregation (Stevens et al. 2007). Synaptic pruning is a critical process necessary for
correct establishment of neuronal circuits and is thought to be driven by neuronal activity, in such
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way that less active or “weak” synapses are removed, which allows for maturation and
strengthening of more active ones. Complement proteins are widely expressed in the postnatal brain
but during the active circuitry remodeling periods they localize specifically to the subsets of
developing synapses. Classical complement pathway components tag synapses for removal by
microglia that express complement receptors (Presumey et al., 2017; Schafer et al., 2012; Stevens et
al., 2007). There is a growing evidence that related, complement-based mechanisms are involved in
synaptic pruning and circuitry refinement in other areas of developing brain (Chu et al., 2010;
Coulthard et al., 2018; Stevens et al., 2007). Thus, it is critical to understand when and where are
complement components normally expressed in the CNS, as that will help unravel complement
functions during normal development as well as in disease. Additionally, it would be important to
understand whether complement-dependent synaptic pruning could be a mechanism for
developmental synapse elimination in other regions of CNS, as much of the current knowledge is

coming from the visual system.

When the synaptic refinement goes wrongly, neuronal circuitries are not properly formed
resulting in either too few, too many, or inappropriate synapses. These circuitry perturbations are
thought to underlie numerous neurological disorders. Recent studies have indicated involvement of
complement proteins in neurodevelopmental disorders, such as schizophrenia and autism (Fagan et
al., 2017; Presumey et al., 2017; Sekar et al., 2016). Furthermore, these developmental synaptic
pruning mechanisms appear to be reactivated in neurodegeneration and by aging (Presumey et al.,
2017).

1.3.3. C1g structure and function

C1q is the first subcomponent of the C1 complex serving as a recognition molecule in the
classical complement cascade. However, C1qg can act both dependent or independent of classical
complement pathway (Janeway, 2001). The human C1qg protein weighing 460 kDa is composed of
18 polypeptides and up to 226 amino acid residues each. C1q consists of 6 heterotrimers each of
which contains C1gA, C1gB, and C1qC chains. Thus, C1q heterotrimers have collagen-like triple
helices structure and associate in their N-terminal portion forming a “stalk”, that later separates into
individual “stems”. Each stem terminates with a C-terminal globular domain (gClq), each
containing a C1gA, C1gB, and C1qC chain (Figure 13) (Gaboriaud et al., 2003; Kishore and Reid,
2000; Mortensen et al., 2017; Sontheimer et al., 2005).
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Figure 13. Structural organization of the C1qg molecule. (A) C1g molecule is made of 6A, 6B
and 6C chains. (B) The chains form six individual strands. Each strand is made up of A-B dimer,
noncovalently associated with a C-chain. (C) Two strands are disulphide-bonded through adjacent
C-chains and form a doublet. Finally, three doublets are noncovalently linked and form the intact
hexameric C1qg. Adapted from (Ghebrehiwet, 2018).

While the C-terminal parts form gC1q that allows ligand recognition the N-terminal regions
stabilize C1q through interchain disulfide bridges forming (CLR or cClq). Approximately 35
residues of the N-terminal part of all six C1q heterotrimers have cylinder-shaped organization after
which they separate into individual stems following a kink which is in each heterotrimer caused by
an imperfect GXY triplet pattern occurring in C1gA and C1qC chains (Kilchherr et al., 1985;
Mortensen et al., 2017).The final structure of C1q molecule bears resemblance to a bouquet of
tulips (Figure 13). Globular C1g domain, gC1lq, at the C-terminus and a short N-terminal collagen-
like region represent two unique functional and structural domains (Figure 13) (Brodsky-Doyle et
al., 1976; Cho, 2019; Knobel et al., 1975).

They are independent one of another and interact with diverse biological structures which
includes cell-associated and pathogen-associated molecules (Cho, 2019). Globular head domains of
Clq are responsible for ligand recognition. Each of the three gC1q subunits has particular surface
patterns in regards to their hydrophobic and charged residues, thus may be expected to present
individual specific recognition properties. In addition, compact trimeric C1q head structure allows
recognition of the ligand by residues contributed from two or sometimes even three subunits, which

therefor broadens the recognition spectrum of the C1q (Gaboriaud et al., 2003). This may partially
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explain the observation that many C1q ligands show significant interaction with several residues of

all three globular domain subunits (Kishore et al., 2003).

1.3.4. The classical complement pathway in neurodegeneration

Synapse elimination is mostly considered a developmental process. However, synapse loss
and dysfunction have been highly recognized as an early hallmark of numerous neurodegenerative
diseases including Alzheimer's disease, Huntington’s, Prion diseases, Frontotemporal dementia
and Spinal Muscular Atrophy (Lipton et al., 2001; Mallucci, 2009; Mentis et al., 2011; Selkoe,
2002; Smith et al., 2005; Verret et al., 2012). Besides the role of complement proteins in normal
brain development recent studies have implicated involvement of the C1qg and classical complement

pathway in aging process and in neurodegenerative diseases.

Expression and activation of complement has been reported in Alzheimer's patient tissue as
well as in mouse models. Furthermore, C1q was found to localize to synapses in mouse models of
Alzheimer's disease which implicates complement-mediated synapse loss in Alzheimer's disease A
significant upregulation of C1g was found in the retina of a mouse model of glaucoma. Moreover,
Clg-deficient mice were found to be protected from the synapse loss and the resulting dendrite
atrophy (Presumey et al., 2017; Stevens et al., 2007; Williams et al., 2016). C1q was also found to
be upregulated in a mouse model of progranulin-deficient Frontotemporal dementia, where is also
involved in the disease progression (Lui et al., 2016). All mentioned neurodegenerative diseases
have different ages of onset, affect different CNS regions and have different etiologies, yet
complement is upregulated in all and has similar involvement in disease progression. Thus,
complement-mediated synaptic loss may be an early characteristic of neurodegenerative diseases in
general (Presumey et al., 2017). There is a mounting evidence that implicates complement proteins
involvement in other neurodegenerative diseases such as Huntington’s disease (HD) , Parkinson’s
disease (PD), and amyotrophic lateral sclerosis (ALS) (Kjaeldgaard et al., 2018; Loeffler et al.,
2006; Tenner et al., 2018; Woodruff et al., 2006; Yamada et al., 1992). Beside indications for
complement involvement, other common characteristic of these diseases is an increase in
microglial and astrocytic activation which further supports that complement factors may be
potentially contributing to their pathogenesis (Brennan et al., 2016; Tenner et al., 2018).

Although there seems to be a connection between complement activation and
neurodegeneration in Alzheimer’s, Glaucoma and Frontotemporal dementia, there are many open

questions remained to be answered. Could similar complement-dependent mechanisms be active in
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other disease affected CNS regions, where synaptic loss is characteristic of neurodegeneration?
Additionally, whether these synapse elimination mechanisms in neurodegeneration represent a
reactivation of the developmental program specific for an affected circuitry remains unclear.
Importantly, studying the involvement of classical complement cascade will help in uncovering
mechanisms involved in synaptic loss and may provide new potential therapeutic targets in order to

slow or ameliorate the disease phenotype.

1.3.5. The Role of Microglia in Synapse Elimination

Microglia are immune cells unique to the CNS. They represent resident macrophages in the
brain and play critical roles in normal brain development. Microglia are unique among the
mononuclear phagocytes as they are the only cells that do not originate from the bone marrow but
from the yolk sac’s hematopoietic stem cells. From yolk sac microglia migrate early in the
development to the brain (Ginhoux et al., 2010; Kierdorf et al., 2013; Presumey et al., 2017). When
they populate and get settled in the brain, they are not under normal conditions replenished by
peripheral cells from the circulation. It has been demonstrated that microglia are long-lived cells,
with approximately half of them surviving the entire life span of a mouse (Flger et al., 2017; Yona
et al., 2013).Microglia are highly motile CNS cells which allows them to promptly respond to
infections and injuries. Although their functions in the normal brain are not fully elucidated, it is
known that microglia in the normal brain development, through the interactions with neurons
participate in neuronal migration, neurogenesis, developmental neuronal apoptosis and synaptic
development as well as synapse function. Microglia have an important role in brain wiring because
they promote synapse development. In support of this are numerous reports of microglia in close
relation with spines, small dendritic protrusions enclosing postsynaptic compartment of typically

one excitatory synapse (Nayak et al., 2014; Presumey et al., 2017; Tremblay et al., 2011).

Recent research implicates microglia in synaptic pruning in developing brain via
complement-dependent and independent mechanisms (Hong et al., 2016; Neniskyte and Gross,
2017; Tenner et al., 2018; Werneburg et al., 2016). Microglia are found to be more phagocytic
during the early postnatal period and specifically in regions of active circuitry refinement (Schafer
etal., 2012; Tenner et al., 2018). It has been shown, that microglia can - via complement receptor 3
(CR3) - internalize synaptic structures during the development of visual system. Numerous
microglia were found to contain in their lysosomes fragments of presynaptic material during the
period of circuitry refinement and synaptic pruning. It was also demonstrated in the developing

visual system that during the activity-dependent synaptic competition that microglia has preference
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to less-active synapses (Schafer et al., 2012). The observed internalization of synaptic material by
microglia significantly dropped after the circuitry refinement — synaptic pruning period was over,
which highly suggests that microglial engulfment in synapse elimination mechanisms. In support of
this is the fact that CR3 (CD11b/CD18, mac-1) expression in the brain is reserved solely to
microglia (Presumey et al., 2017; Schafer et al., 2012). These data suggest that microglia mediate
synaptic elimination via C3-tagging and CR3 and that this process is regulated through neural
activity. In support of this is the observed increase in synaptic engulfment by microglia during
neural activity inhibition, suggesting that less active or “weak” synapses are those destined to be

eliminated during development (Schafer et al., 2012).

Although synaptic pruning mechanisms have been well studied and described during the
development of visual system, synaptic elimination is poorly understood when it comes to
developmental circuitry refinement in other CNS regions. In addition to visual system, recent
studies have implicated synaptic engulfment by microglia in the visual cortex and hippocampus,
but it remain unknown whether this circuitry remodeling is during different developmental stages
complement dependent (Paolicelli et al., 2011; Tenner et al., 2018; Tremblay et al., 2010).
Furthermore, all these studies focused on different brain regions, but it remains unknown whether
spinal cord motor circuits undergo similar microglia and/or complement-mediated synaptic
refinement and if so, how would impairment of these refinement mechanisms translate onto the
complex motor behavior? Additionally, it is currently unknown whether microglia-mediated

synaptic pruning is a shared characteristic of both development and the disease.

Recent studies have implicated complement-mediated synapse elimination via microglia in
early synaptic loss observed in Alzheimer’s disease (Hong et al., 2016).Similarly, complement-
microglia dependent synapse loss may be involved in other neurodegenerative diseases, in which
synaptic loss is an early hallmark. In SMA, excitatory glutamatergic synapses are lost early in the
disease process. However, it is currently unknown whether this is due to a developmental arrest or,
are these synapses actively eliminated. Additionally, contribution of complement and microglia to
the pathogenesis of disease is poorly understood. Beside their involvement in synaptic loss it would
be essential to unravel whether complement has effect on synapse function or it is a sole mean of
synaptic elimination. It is also critical to test whether inhibition of complement activation could
prevent circuitry perturbations seen early in the disease and how would that impact the severe SMA

phenotype.

31



2. AIMS

The goal of this study is to investigate the mechanisms involved in spinal sensory-motor
circuitry refinement during normal development, as well as the mechanisms that are responsible for
sensory-motor circuitry dysfunction in the neurodegenerative disease spinal muscular atrophy

(SMA). To achieve these, the following aims have been outlined:

- Determine the molecular mechanisms involved in sensory-motor circuitry pathology in
SMA and determine whether they are due to motor neuron autonomous defects or other non-
cell autonomous mechanisms.

- Unravel the mechanisms involved in the reduction of proprioceptive synapses in SMA and
differentiate between a potential developmental synaptic arrest versus an active synaptic
elimination.

- Discover to which extent complement proteins are involved in synaptic loss and dysfunction
in SMA.

- Characterize the source of C1q in the spinal cord.

- Identify which cell(s) may mediate elimination of sensory synapses in SMA and determine
whether there is selective synaptic vulnerability in the context of disease.

- Determine whether C1q tagging of proprioceptive synapses is driven by SMN deficiency in
proprioceptive neurons via cell autonomous mechanisms.

- Demonstrate whether neutralization of C1q by in vivo treatment could prevent synaptic loss
and confer behavioral benefit in SMA mice.

- Find out if genetic deletion of C1q rescues proprioceptive synapse loss in SMA mice.

- Conclude whether C1q plays a role during normal development and determine the potential

role in the refinement of the spinal sensory-motor circuitry during neonatal development.
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3. MATERIAL AND METHODS

3.1. Materials
3.1.1. Experimental Model — Mice

Mice used in this study were housed in pathogen-free conditions. All surgical procedures
were performed on postnatal mice according to the National Institutes of Health Guidelines on the
Care and Use of Animals. Columbia animal care and use committee (IACUC) approved all the
performed procedures. Both sexes’ mice were used since previously published work in SMA mouse
models and patient data do not demonstrate any sex-related difference neither in the onset nor in
SMA severity. The original start breeding pairs of SMA mice used in this study (Smn*~
ISMN2**/SMNAT7**) were obtained from Jackson Mice (Jax stock #005025; background FVB). Dr.
M. Botto (Imperial College London, UK) provided under an MTA agreement Clga’ mice
(background C57BL6) as previously reported (Botto et al., 1998). Clga-deficient mice (C57BL/6)
lack C1q protein, thus have disrupted classical complement pathway (Botto et al., 1998). C37 mice
(C57BL/6 background), deficient in C3 protein, were purchased from Jackson Laboratory (B6
129S4-C3 < tmCrr > /J; stock No. 003641). In order to generate Smn*";SMN2**:SMND7**;C1qa™
mice, C1ga’ mice were crossed with SMA mice. To generate Pv-Cre*;SMN2"*;:SMNA7** mice,
SMA mice carrying Smn Cre-inducible allele (Smn®®; JAX stock #007951; (Lutz et al., 2011) were
bred with PvC™ (Jax stock #008069) mice. Cre- SMA mice lacked Cre, they were null for Smn
allele and they carried Smn®® allele (SmnRe;SMN2**:SMNA7**). Cre+ SMA mice lacked
endogenous mouse SMN, they carried one allele of SmnR¢ and they were heterozygous for PvC'
(PVEe-SmnRe=SMN2*+;SMNA7**). WT mice were mice homozygous for wild-type allele in
which Cre was absent (Smn**;SMN2**:SMNA7**). Similarly ChAT®"™ mice were bred with mice
carrying Smn Cre-inducible allele (Smn"®) to generate ChATC"®*“Smn*";SMN2"*;:SMNA7""*,
Cre+ SMA mice carried one allele of SmnRes, they lacked endogenous mouse Smn and they were
heterozygous for ChATC™® (ChATC™®":SmnRe";:SMN2**;SMNA7**). Additionally, Pv®® and
ChAT®™® mice were bred with mice carrying Smn=® to generate PVC™®:ChATC®"-SmnRes-

'SMN2**:SMNA7** mice.
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3.1.2. Human Post-Mortem Tissue

Fresh frozen spinal cord tissue (lumbar segments) from one control patient - 3 years old male
was obtained from the Brain Center (Columbia University), and fresh frozen spinal cord tissue
(lumbar segments) from one SMA type | patient - 7 months old male, was kind gift from Dr.
Wendy Chung (Columbia University).

3.2. Methods
3.2.1. Genotyping

Polymerase chain reaction (PCR) genotyping from tail deoxyribonucleic acid (DNA) for SMA-A7,
PvC™ and C37 mice was performed following Jackson protocols as described on their website
(https://www.jax.org). PCR reaction for the Smn, C3 Pv®™ and ChATC" alleles was used as follows:
0.5 ul of each primer (25 puM; Sigma), 12.5 ul of GoTaq Hot Start Green Master Mix (Promega)
and 4 pl of lysed tail DNA 1:20 diluted. Final volume of reaction - 25 pl was adjusted using
ddH20. Following thermal cycling protocol was used for the amplification of Smn and SmnRe
alleles products: 95°C for 2 minutes was followed by 35 cycles of 95°C for 1 minute, 55°C for 1
minute, 72°C for 1 minute, terminating with 72°C for 5 minutes. Amplification of Pv®™ alleles
products was done following next thermal cycling protocol: 94°C for 3 minutes was followed by 34
cycles of 94°C for 30 seconds, 58°C for 30 seconds, 72°C for 1 minute and terminating with 72°C
for 5 minutes. Amplification of ChATC" allele products was done following next thermal cycling
protocol: 95°C for 3 minutes, 97°C for 30 seconds; two step cycles 5 times: 95°C for 15 seconds,
69°C for 1 minute; three step cycles 30 times: 95°C for 15 seconds, 60°C for 15 seconds, 68°C for 1
minute and 68°C for 5 minutes. Amplification of C3 alleles products was performed following next
thermal cycling protocol: 94°C for 3 minutes was followed by 12 cycles of 94°C for 20 seconds,
64°C for 30 seconds (0.5°C increase per cycle), 72°C for 35 seconds and then followed by 25 cycles
of 94°C for 20 seconds, 58°C for 30 seconds and 72°C for 35 seconds, and terminating reaction with
72°C for 2 minutes. Tail DNA extraction for C1q genotyping was done utilizing KAPA Biosystems
Express Extract Kit (cat #KK7103). PCR reaction was performed as per following protocol: 25 pl
of 2x Master Mix (2 mM; Promega #: M750B), 0.5 ul of tail DNA, 4 ul of MgCI2 (25 mM,;
Promega #: A351F), 1 pl of mC1qgIN/1 primer, 2 pl of Neo30 primer and 1 pl of mC1gA/50+
primer and adjusted to total volume of 50 ul with 16.5 pl of ddH20. Amplification of the Clq

alleles products was performed using the next thermal cycling protocol: 95°C for 4 minutes, 94°C
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for 1 minute, and followed by 35 cycles of 94°C for 1 minute, 57°C for 30 seconds and 72°C for 30
seconds, terminating with 70°C for 10 minutes. All custom-made primers are listed below (Table 1).

Table 1. List of custom-made PCR primers.

C1q knock-out allele forward primer GGGGATCGGCAATAAAAAGAC
C1q wild-type allele forward primer GGGGCCTGTGATCCAGACAG

C1lq wild-type allele reverse primer ACCAATCGCTTCTCAGGACC
uninverted SmnRes forward primer ACGCGTACCGTTCGTATAGC
uninverted SmnRes reverse primer TGAGCACCTTCCTTCTTTTTG
inverted SmnRes forward primer CAACCAGTTAAGTATGAGAATTC
inverted SmnRes reverse primer GTTTGCAGAAGCGGTGGG

PV wild-type allele reverse primer CGAGGGCCATAGAGGATGG
PVCeallele reverse primer GCGGAATTCTTAATTAATCAGCG
PV common forward primer GGATGCTTGCCGAAGATAAGAGTG
ChATC™ wild-type allele forward primer GTTTGCAGAAGCGGTGGG

ChATC™ allele forward primer TCGCCTTCTTGACGAGTTCTTCTG
ChATC"™ common reverse primer GGCCACTTAGATAGATAATGAGGGGCTC

3.2.2. Behavioral Analysis

All experimental mice groups were monitored daily. Their body weight and righting time
was recorded. Righting time was measured by placing a mouse on back and recording how long the
pup needed to right itself back to an upright position, with cut off test time being 60 seconds to
comply with IACUC guidelines. This was repeated 3 times and righting time was averaged for
analysis. Mice were euthanized with carbon dioxide per IACUC guidelines if they had both lost
25% of their body weight compared to previous day and were unable to right. Systemic

administration anti-C1q antibody (ANX-M1, mouse anti-C1q antibody, Annexon Biosciences) or
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its isotype control (mouse 1gG1, Annexon Biosciences), was performed under an MTA agreement.
Intraperitoneal (IP) injections were done in both WT and SMA mice every second
day from birth (PO) and until death with a 100 mg/kg dose. Treated pups were monitored daily for
righting times and body weight (average of three trials). Treatment was done in blind manner and
mice were injected with either anti-C1q antibody or isotype control antibodies. Mice treated with
PLX5622 IP solution were injected intraperitoneally two times a day starting from birth (P0O) until
P10/11 when tissue was harvested. Systemic administration of PLX5622 IP solution was done at a
dose of 50 mg/kg. Treated pups were monitored daily and body weight as well as righting times
were analyzed. This treatment had maximal depletion of microglia but at low survival rate was
observed in both WT and SMA mice.

3.2.3. Physiology: Ex vivo Spinal Cord Preparation

Mice were decapitated and spinal cord was dissected in cold oxygenated (12 °C,
95%0./5%CO0y) artificial cerebrospinal fluid (aCSF) which contained in mM: 4 KCI, 128.35 NaCl,
0.58 NaH2P0O4.H20, 30 D-Glucose, 21 NaHCO3, 1 MgS04.7H20 and 1.5 CaCl,.H0. Isolated spinal
cord was transferred to a custom-made recording chamber which was continuously perfused with
oxygenated aCSF at the rate of 10 ml/min, at room temperature (21-24°C). Ventral and dorsal roots
were placed in suction electrodes for the stimulation and recording, respectively. Recordings from
L1 or L2 ventral root were obtained in response to stimuli from homonymous L1 or L2 dorsal root,
respectively. The stimulus threshold was defined as the minimal current which is necessary to
evoke a response in homonymous ventral root, in 3 out of total 5 trials. Dorsal roots stimulations
were performed at supramaximal intensity (0.2ms, 2-5x threshold) and delivered by constant current
stimulus isolator (A365 - WPI, Sarasota, FL). Recordings were 1000x amplified (Cyberamp,
Molecular Devices), fed to the A/D interface (Digidata 1320A, Molecular Devices) and acquired at
50kHZ utilizing Clampex (V10, Molecular Devices). Data analysis was done offline using Clampfit
(Molecular Devices). Amplitude measurements were obtained by averaging 10 single stimulations
responses at 0.1 Hz. Following the recording session, in some experiments, tissue was collected for
immunohistochemistry. Spinal cords were immersion fixed overnight in 4% PFA, and then
subsequently transferred to 0.01M phosphate buffer saline (PBS) until processed for

immunohistochemistry.
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3.2.4. Functional Assessment of NMJs

Neuromuscular junctions (NMJs) of Quadratus Lumborum (QL) muscle were functionally
assessed at P11. In order to do so a technique was developed in which axons of motor neurons in
ventral root L2 (which innervate QL muscle) were stimulated by pulling the ventral root into the
suction electrode while having removed spinal cord. The stimulation of L2 ventral root was
performed with single stimulus (0.2 ms at supramaximal intensity), at different frequencies which
were ranging from 0.1 Hz to 50 Hz to mimic physiological range for firing of neonatal motor
neurons (Fletcher et al., 2017). Compound muscle action potentials (CMAPs) of Quadratus
Lumborum were recorded utilizing a concentric bipolar electrode which was inserted in the muscle
belly. The maximum CMAP amplitude, measured baseline-to-peak, was averaged from 10
stimulations at 0.1 Hz. If tissue was collected for immunohistochemistry, upon the recording
session, Quadratus Lumborum muscles were fixed for 20 minutes in 4% PFA and then transferred
to PBS until processed for NMJ staining.

3.3.  Tracing and Immunohistochemistry

Experimental mice [WT, SMA, SMA+a-Clq Ab, SMA+Ctr Ab, WT+PLX5622,
SMA+PLX5622, Clg™, C3”7, SMA+C1q”] were used in tracing and immunohistochemistry
experiments at birth (P0O), P4, or P11.

3.3.1. Somatodendritic labeling of Motor Neurons

The intact but isolated ex vivo spinal cord was hemisected to improve oxygenation (for P11
spinal cords). The dissection chamber was perfused with cold oxygenated (10 °C, 95% Oz / 5%
CO3) aCSF (which contained in mM: 4 KCI, 128.35 NaCl, 21 NaHCOs3, 0.58 NaH2PO4.H20, 30 D-
Glucose, 2 MgS04.7H20 and 0.1 CaCl2.H20). The L1 or L2 (depending on experiment) ventral root
was placed into the suction electrode which was then filled with the fluorescent dextran dye (Texas
Red, Alexa Fluor 488 or Cascade Blue) allowing retrograde labeling of motor neurons. After
allowing 14 — 20 hours for dye to fill motor neurons, the spinal cord was immersion fixed overnight
in 4% paraformaldehyde and subsequently transferred to PBS until processed for
immunohistochemistry as described below.
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3.3.2. Retrograde Labeling of Muscle-ldentified Motor Neurons

C1qg™ and WT motor neurons which supply Tibialis Anterior (TA) and Gastrocnemius (GA)
muscles were in vivo retrogradely labeled by intramuscular Fluorescinated Dextran or CThb
conjugated to Alexa 555 injections. Newborn mice (PO) were anesthetized utilizing isoflurane
inhalation. Small incision was made in the right or left TA and GA area to access the muscles. GA
muscles were injected with the fluorescinated dextran while TA muscles were injected
with the 1 mL of 1% CTb-Alexa 555 in PBS. Injections were performed using a custom made,
finely pulled glass micropipette. Dextran and CTb were delivered by pressure to a customized
microsyringe. All incisions were sutured. Spinal cords were collected after 7 days (P7) and

processed for immunohistochemistry.

3.3.3. Tissue Collection

Mice were anesthetized using 1.2% avertin (300mg/kg, intraperitoneal injection) and
transcardially perfused with ice cold PBS to remove blood until tissue was cleared of blood (ie liver
blanching). When fixation was required, mice were additionally perfused with 4% PFA. Spinal cord
was carefully dissected after transcardial perfusion and immersion fixed in 4% PFA (4 hours to
overnight). Subsequently, spinal cord was washed and stored in PBS until being processed for

immunohistochemistry

3.3.4. Immunohistochemistry

Embedding of spinal cords was done in warm 5% Agar. Transverse serial sections from L1
or L2 spinal segment (depending on experimental set up) were cut at 75 pm thickness using a
Vibratome (Leica). Experiments in which anti-mouse antibodies were used, sections were pre-
incubated in M.O.M blocker (Vector Laboratories) for 1 hour, to block endogenous antigens.
Blocking was done at room temperature for 1.5 hours using 10% normal donkey serum in 0.01M
PBS, 0.1% Triton X-100 (PBS-T, pH 7.4). Following blocking, sections were incubated at room
temperature overnight (for C1q antibody 24 hours) in different primary antibodies combinations
diluted in PBS-T. The following day, washing was done in PBS-T, followed by 3h secondary
antibody incubations at room temperature. Appropriate species-specific secondary antibodies were
diluted in PBS-T. Subsequently, sections were washed in PBS, and mounting was done using 30%

glycerol in PBS on glass slides and custom cover-slips. All antibodies, except VGIUT1 (custom
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made), Parvalbumin (custom made), and TMEM119 (Barres lab), were purchased from commercial
sources. Production of VGIUT1 anti-guinea pig antibody was done with the company Covance.
Antibody was designed against the following epitope: (C)GATHSTVQPPRPPPP which is found
within n-terminus of a mouse VGIuT1 (Fletcher et al., 2017). Specificity of the VGIuT1 antibody
was confirmed in VGIuT1 knock out tissue. Production of Parvalbumin anti-chicken antibody was
done by Covance. Antibody was designed against full length bacterial fusion protein. The following
primary antibodies were used at the indicated dilutions: rabbit monoclonal anti-C1q (1:1000;
Abcam, ab182451), goat polyclonal anti-ChAT (1:100; Millipore, AB144P), rabbit polyclonal anti-
human Clqg (1:500; Agilent, A013602), rat monoclonal anti-CD45 (1:1000; Millipore, 05-1416),
rabbit polyclonal anti-C3d (1:500; Dako, A006302), rat monoclonal anti-CD68 (1:200; AbD
Serotec, MCA1957GA), mouse monoclonal anti-GFAP (1:500; Sigma-Aldrich, G3893), rabbit
polyclonal anti-GFAP (1:500; Dako, Z0334), goat polyclonal anti-lbal (1:500; Abcam, ab5076),
rabbit polyclonal anti-lbal (1:500; Wako 019-19741), mouse monoclonal anti-NeuN (1:100;
Millipore, MAB377) mouse monoclonal anti-TMEM119 (1:3; Barres lab), guinea pig polyclonal
anti-Synaptophysin (1:500; Synaptic Systems, 101 004), guinea pig polyclonal anti-VGIuT1
(1:2000; custom made), guinea pig polyclonal anti-VGAT (1:200; Synaptic Systems, 131 004).
Following are secondary antibodies used at the 1:250 dilution: Alexa Fluor 488 donkey anti-rabbit
(Jackson ImmunoResearch, 711-545-152), Alexa Fluor 488 donkey anti-goat (Jackson
ImmunoResearch, 705-545-003), Fluor 488 donkey anti—mouse (Jackson ImmunoResearh, 715-
545-150), Alexa Fluor 488 donkey anti-guinea pig (Jackson ImmunoResearch, 706-545-148), Alexa
Donkey anti-guinea pig-Cy5 IgG (Jackson ImmunoResearch, 706-175-148), Donkey anti-mouse-
Cy5 1gG (Jackson ImmunoResearch, 715-175-151), Donkey anti-rabbit-Cy5 IgG (Jackson
ImmunoResearch, 711-175-152), Donkey anti-rabbit-Cy3 IgG (Jackson ImmunoResearch, 711 165-
152), Donkey anti-goat-Cy3 IgG (Jackson ImmunoResearch, 705-165-147), Donkey anti-guinea
pig-Cy3 IgG (Jackson ImmunoResearch, 706-165-148) Donkey anti-rat-Rhodamine Red X 1gG
(Jackson  ImmunoResearch,  712-295-153), Donkey anti-mouse-Cy3 1gG  (Jackson
ImmunoResearch, 715-165-150).

3.3.5. Human Post-Mortem Tissue Staining

Fresh frozen spinal cord tissue from the control patient (3 years old male) and from the
SMA type | patient (7 months old male) was a kind gift from the Brain Center at Columbia
University and Dr. Wendy Chung, respectively. Spinal cord tissue was cut on a cryostat at 20 um
thickness. Fixation was done for 2 minutes with 4% PFA upon which, sections were washed in PBS
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and subsequently treated as described above. Sections were incubated overnight with primary
antibodies against C1q - rabbit polyclonal anti-human (1:500; Dako, A013602-1) and against ChAT
- goat polyclonal (1:100; Millipore, AB144P). Following day sections were washed and
subsequently incubated with secondary antibodies: Donkey anti-rabbit-Cy3 (Jackson
ImmunoResearch, 711-165-152) and Alexa Fluor 488 donkey anti-goat (Jackson ImmunoResearch,

705-545-003). Sections were then washed and mounted using 30% glycerol in PBS.

3.3.6. Staining in Dorsal Root Ganglions (DRGs)

Mice were transcardially perfused at P11 with 2% PFA in a sodium acetate buffer (pH 6).
Dorsal root ganglia were collected from L1-L3 spinal segments and immersion fixed for 2 hours.
Tissue was cut with a vibratome at 100 um thickness. Initial blocking was done in M.O.M. blocker
(Vector Laboratories) diluted in PBS-T for an hour at room temperature, to prevent non-specific
binding of secondary antibody to mouse antigens. Sections were then processed as described above,
in previous immunohistochemistry protocol. Following primary antibodies were used: mouse
monoclonal anti-SMN (1:50; BD Biosciences, 610646) and chicken polyclonal anti-Parvalbumin
(1:2000; custom made). Species specific secondary antibodies used were: donkey anti-mouse-Cy5
IgG (Jackson ImmunoResearch, 715-175-151) and Alexa Fluor 488 donkey anti-chicken (Jackson
ImmunoResearch, 703-545-155). Finally, sections were counter-stained with DAPI, washed and

mounted using 30% glycerol in PBS.

3.3.7. NMJ Staining

Neuromuscular junctions (NMJs) were studied in the Quadratus Lumborum (QL) muscle.
Muscles were collected from P11 mice (from each genotype) and for 20 minutes immersion fixed
in 4% PFA which was followed by washing in PBS. Teasing of single fibers was done with fine
forceps, which was followed by 30 minutes washing in PBS enriched with 0.1M glycine. Fibers
were then incubated with alpha-bungarotoxin-555 for 20 minutes in order to stain postsynaptic part
of neuromuscular endplates. Fibers were subsequently washed in PBS and permeabilized in ice cold
methanol for 2 minutes. Following permeabilization fibers were washed in PBS and subsequently
blocked for an hour with 10% Donkey Serum in 0.3% PBS-T prior to antibodies exposure.
Following antibodies were used: guinea pig polyclonal anti-synaptophysin (1:500; Synaptic
Systems, 101 004) and rabbit polyclonal anti-Neurofilament (1:500; Millipore). Primary antibodies

were incubated overnight at 4 °C. Following day, fibers were washed in PBS and secondary
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antibodies exposure followed for one hour at room temperature. Following secondary antibodies
were used: Donkey anti-guinea pig-Cy5 IgG (Jackson ImmunoResearch, 706-175-148) and Alexa
Fluor 488 donkey anti-rabbit (Jackson ImmunoResearch, 711-545-152). Following the secondary

antibody incubation, fibers were washed and mounting was done using 30% glycerol in PBS.

3.4.  Quantification and Data Analysis
3.4.1. Imaging and Analysis

Imaging was performed using the SP8 Leica confocal microscope. Off-line analysis of
images was done using ImageJ (National Institutes of Health) and LASX (Leica Microsystems)
software. For all immunohistochemistry experiments analysis, at least three mice from each
genotype were used. Motor neuron counts were performed analyzing z-stacks images, which were
acquired at 3 um intervals and collected from each section containing fluorescent signal from L1 or
L2 retrogradely labeled MNs and/or ChAT immunostained MNs, as previously described (Mentis et
al., 2011; Fletcher et al., 2017). Sections for motor neuron counts were scanned with x20 dry
objective. To avoid double counting of motor neurons (ChAT+) from the adjoining spinal cord
sections, exclusively motor neurons containing the nucleus were counted. Quantitative analysis of
VGIUT1 synaptic densities at P11 were performed on L1 motor neurons using z-stacks of optical
sections which were scanned with a x40 oil objective throughout the entire section thickness (at
0.35 um z-step size) in order to include the whole motor neuron cell body as well as proximal
dendrites of ChAT+ and/or retrogradely labeled motor neurons. Density estimates were obtained by
counting all VGIuT1+ inputs on dendritic segments at sequential distances of 50 um (0-50 um and
50-100 pum) from the cell body of motor neurons and dividing this number with the total linear
length of all dendritic segments in every compartment, as described previously (Mentis et al., 2011;
Fletcher et al., 2017). For VGIuT1 counts on motor neuron cell bodies, only those motor neurons
with an entire soma present within the analyzed z-stack were included. Gamma motor neurons were
excluded from analysis, by counting only those motor neurons with a cell bodyperimeter greater
than 400 pum?2.

3.4.2. SMN Quantification

DRG sections were scanned throughout the whole section with x40 oil objective at 0.5 um

z-steps. For each studied genotype number of gem negative and positive proprioceptive neurons
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was counted. For each genotype three mice were used with a minimum of 30 counted

proprioceptive neurons per animal.

3.4.3. NMJs Quantification

The extent of NMJ innervations was determined by analyzing NMJ synapses for different
experimental groups. Z stack images of NMJ synapses were acquired with x20 dry objective,
scanning at 2 um z-steps. Offline analysis of images was performed using LASAF software,
counting numbers of innervated and denervated synapses. NMJ synapse was
considered innervated only if the presynaptic nerve terminal was completely co-localizing with the

postsynaptic endplate.

3.4.4. Fluorescent In Situ Hybridization (FISH) combined with Immunohistochemistry

Mice were transcardially perfused and spinal cords were isolated, post-fixed for 24 hours in
4% PFA at 4 °C, and subsequently cryopreserved overnight in 10%, followed by 20% and finally
30% sucrose solutions. Spinal cord segments L1-L3 were sectioned using a cryostat (Leica) at 20
pm thickness and mounted on super-frost slides. Fluorescent in situ hybridization (FISH) for C1ga
was performed with RNAscope probe from Advanced Cell Diagnostics (ACD, #441221-C3) using
the RNAscope Multiplex Fluorescent Reagent Kit V2 (ACD, #323110) and following
the recommendations from manufacturer. HRPC1 signal was developed using TSA Plus Cyanine 5
System (PerkinElmer, #NEL745E001KT). Slides with sections were briefly washed in PBS
following the last wash in RNAscope protocol, and subsequently blocked in 10% normal donkey
serum. Primary antibodies were incubated at room temperature overnight in wet chamber. Against
ChAT goat polyclonal anti-ChAT antibody was used (1:100; Millipore, AB144P) and against Ibal
rabbit polyclonal anti-lbal antibody (1:500; Wako 019-19741) was used. Sections were washed
following day in PBS-T and incubated with secondary antibodies for 2 hours at room temperature.
Sections were then washed in PBS, mounted using ProLong Gold Antifade Mountant (#P36931)

and cover-slipped.
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3.4.5. Quantification of Tagged Synapses

Deposition of Clg and C3 on synapses was analyzed and quantified from single optical
plane images which were acquired using a x63 oil or x40 oil objectives at resolution of 4096x4096
DPI, using the SP8 Leica confocal microscope and LASX software from Leica Microsystems for
subsequent deconvolution and the offline image analyses. Only synapses that were contacting motor
neurons on either soma or on dendrites were analyzed. Synapse was defined as ‘‘tagged’” only if
Clq or C3 signal clearly colocalized with presynaptic signal. This colocalization was each time
confirmed with intensity line profiling tool, where the intensity line profiles of C1q (or C3) and
those of synaptic markers overlapped. To obtain percentage of tagged synapses all synaptic contacts
were counted on soma and on dendrites of motor neurons and compared against the numbers of

tagged synapses on motor neurons soma and on dendrites, respectively.

3.4.6. Clg Binding Assay

Black Costar 3925 plate from Corning was coated with human Clg (Complement
Technology Inc) at the concentration of 2 pg/ml in bicarbonate buffer and incubated at 4 °C
overnight (100 pl/well). Next day, plate was 3x washed with 200 pl/well dPBS. Subsequent locking
was done using 3% BSA in PBS, 200 ul/well, at room temperature, for 1 hour. Control isotype
antibody or neutralizing anti-C1q antibody (Annexon Biosciences) was added in triplicate serial
dilutions (8-12 point titration, 200-400 ng/ml) in dPBS with 0.3% BSA, 0.1% Tween buffer,50
pL/well, and incubated at room temperature for 1 hour. Subsequently, goat anti-mouse-Fc-AP
(Jackson ImmunoResearch) at 1:2000 dilution was added, 50 ul/well, diluted in PBS with 0.3%
BSA, 0.1% Tween. Plate was then washed 3 times for 10 minutes, with dPBS 0.05%Tween 200
pl/well. Incubation of AP substrate (CDP-Star) followed, for 20 minutes at room temperature.
Infinite 200 PRO plate reader (Tecan Life Sciences) was used to read the plate.

3.4.7. RNA Analysis

Spinal segments L1-L2 were isolated at P4 and P11 from WT and SMA mice for RT-gPCR
experiments. Phenol-free total RNA isolation was performed using the RNAgqueous-Micro Kit
(ThermoFisher Scientific). RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific)
was used for reverse transcription of RNA and Power SYBR Green PCR master mix (Applied
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Biosystem) was used to perform triplicate reactions in a Realplex4 Mastercycler (Eppendorf). All

primers designed for RT-gPCR experiments are listed below (Table 2).

Table 2. List of custom-made primers used in RT-qPCR experiments.

C1gA forward primer: AAGGATGGGGCTCCAGGAAAT
C1gA reverse primer: TTCCCCTGGGTCTCCTTTAAAACCT
C3 forward primer: CCATCACAGTCCGCACCAAGAA
C3 reverse primer: GAGTTGTGCATAGTGCTGTAGGGA
GAPDH forward primer: AATGTGTCCGTCGTGGATCTGA
GAPDH reverse primer: GATGCCTGCTTCACCACCTTCT

C5 forward primer: CAGTAACAGTCACAGAATCTTCAGGT
C5 reverse primer: GGAGAGAGGACATATTTGACTCCA
C5aR1 forward primer: CCAGGACATGGACCCCATAGATA
C5aR1 reverse primer: CCATCCGCAGGTATGTTAGGA
CD59b forward primer: TCTCTATGCTGTAGCCGGAAG
CD59b reverse primer: TTGTATGCCTGCCACGTCTA

IL-1pB forward primer: AGTTGACGGACCCCAAAAG

IL-1p reverse primer: AGCTGGATGCTCTCATCAGG

IL-6 forward primer: AGTCCGGAGAGGAGACTTCA

IL-6 reverse primer: GCCATTGCACAACTCTTTTCTCA
TNF forward primer: GTCCCCAAAGGGATGAGAAGTT
TNF reverse primer: TGTGAGGGTCTGGGCCATAG

3.4.8. Western Blot Analysis

WT, SMA+a-Clq antibody and SMA mice spinal cord segments L1-L3 (n = 2) were
collected at P11 and homogenized in lysis buffer (150 mM NaCl, 1% Triton, 2 mM EDTA, 50 mM
Tris, pH 7.4). Proteins were quantified with Bio-Rad protein assay. Protein extracts, in

concentration of 30 pg, were run on 12% SDS-PAGE gels and subsequently transferred for probing
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to PVDF membranes. Blocking was done for 1 hour, at room temperature, in 5% milk diluted in
TBS/0.2% Tween. Membranes were probed with following primary antibodies: mouse monoclonal
Anti-a-Tubulin (1:10000; Sigma-Aldrich, T9026) or mouse monoclonal anti-SMN (1:10000; BD
Biosciences, 610646) which were diluted in blocking buffer (5% milk in TBS/0.2% Tween), and
incubated at 4 °C, overnight. Next day, membranes were 3 times washed in TBS/0.2% Tween and
incubated at room temperature, for 1 hour, with following secondary antibody diluted in TBS/0.2%
Twee: Peroxidase AffiniPure Goat Anti-Mouse 1gG (H+L) (Western Blot, 1:10000; Jackson
ImmunoResearch, 115-035-003). Membranes were washed 3 times and visualized with enhanced

chemiluminescence (GE Healthcare, Lifesciences).

3.4.9. Statistics

PRISM (GraphPad Software, Prism Version 6.04.) was used to perform statistical analysis.
Comparisons were performed using Student’s t test or One-Way ANOVA when normality and
homoscedasticity conditions were respected. When violated, non-parametric Kruskal-Wallis and
Mann-Whitney Wilcoxon tests were used. A p-value less than 0.05 (p < 0.05) was considered

statistically significant. Results are shown as means + standard error of the mean (SEM).
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4. RESULTS

4.1.  The origin of sensory-motor circuitry pathology in SMA
4.1.1. Selective restoration of SMN in proprioceptive neurons rescues synaptic loss

In order to accurately quantify proprioceptive synapses on motor neurons across all studied
experimental groups, a highly specific vesicular glutamate transporter 1 (VGIuT1) antibody had to
be produced as all commercially available antibodies were proven to be unreliable and inconsistent
upon testing. VGIuT1 antibody was designed against the epitope (C)GATHSTVQPPRPPPP on a
mouse VGIUT1 protein. Selected epitope is located within the n-terminus of a mouse VGIuT1.
Polyclonal anti-VGIuT1 antibody was produced in guinea pig with the company Covance. After
being injected with a designed peptide to elicit a primary immune response, guinea pig was given a
secondary immunization to achieve higher antibody titers. After each immunization, guinea pig was
bled and polyclonal antibodies were obtained straight from the serum and tested on PO, P4 and P11
WT and SMA lumbar spinal cord sections at different serial dilutions, starting at 1:100 and ending
at 1:20 000. Processed spinal cord sections were scanned within the 24 hours from the time serum
was obtained and decision was made weather to immunize guinea pig again or if satisfied to
perform terminal bleed. Specificity of the VGIuT1 antibody was confirmed in VGIuT1 knock out

tissue.

Previous experiments have demonstrated that the reduction of EPSP amplitude observed in SMA
motor neurons is successfully restored in SMA+PvC™ but not in SMA+ChAT®"™ motor neurons
(Fletcher et al., 2017) suggesting that motor neuron dysfunction is a consequence of SMN loss from
proprioceptive neurons. To further examine whether this rescue of the EPSP amplitude in
SMA+PvC™ motor neurons was due to a rescue of the actual number of proprioceptive synapses, the
number of VGIuT1+ synapses on retrogradely filled motor neurons was quantified. A significant
rescue of VGIuT1 synapses was found on both soma and dendrites of motor neurons in SMA+PvC™®
mice at P4 (Figure 14, A-C), while no synaptic rescue was noted in SMA+ChATC™ motor neurons
(Fletcher et al., 2017) (Figure 14, A-C;). These results indicate that selective restoration of SMN in
proprioceptive neurons rescues the number of synapses that are normally reduced under SMN

deficiency conditions.
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Figure 14. Selective restoration of SMN in proprioceptive neurons in SMA rescues the
number of synapses. (A) Z-stack projection of confocal images from L2 retrogradely labeled
motor neurons (shown in blue) and VGIUT1 immunoreactivity (shown in green) in WT, SMA,
SMA+PVC™ and SMA+ChAT®"™ mice at P4. Insets show at higher magnification VGIuT1 synaptic
appositions on dendrites. The total distance in the z axis for all images was 7 pm (20 optical planes
at 0.35 um intervals) and 1.5 um for the insets. (B) The average number of VGIuT1 synapses on
soma of L2 motor neurons in WT (n=17), SMA (n=14), SMA+PVv°™ (n=13) and SMA+ChATC®"®
(n=15) mice. * P<0.05, ** P<0.01, *** P<0.001, one-way ANOVA, Tukey’s post hoc analysis. (C)
VGIuT1 synaptic density at 50 um dendritic compartments from soma, for the same groups shown
in (A) and (B). * P<0.05, ** P<0.01, *** P<0.001, one-way ANOVA, Tukey’s post hoc analysis.
Adapted from (Fletcher et al., 2017).

Additionally, the number of VGIUT1 synapses in SMA+Pv®"™ motor neurons remained
comparable to those observed in WT mice motor neurons at a late stage of disease — P11 (Fletcher
et al., 2017) (Figure 15, A-C;), which demonstrates that VGIuT1 synapses continue to develop at
older ages. Thus, SMN restoration in proprioceptive neurons rescues synaptic loss. Taken together
with physiological findings (Fletcher et al., 2017), these results strongly argue that motor neuron

dysfunction is a non-cell autonomous event driven by SMN deficiency in proprioceptive neurons.
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Figure 15. Maintenance of rescued VGIuT1 synapses at P11. (A) Z-stack projection of confocal
images from L2 retrogradely labeled motor neurons (shown in blue) and VGIuT1 immunoreactivity
(shown in green) at P11 in WT, SMA, SMA+Pv®" SMA+ChAT®"® and SMA+(Pv+ChAT)®" mice.
The total distance in the z-axis for all images was 7 um (20 optical planes at 0.35 um intervals). (B)
The average number of VGIuT1 synapses on soma of L2 motor neurons at P11 in WT, SMA,
SMA+PVC®, SMA+ChATC"® and SMA+(Pv+ChAT)®"® mice. * P<0.05, ** P<0.01, *** P<0.001,
one-way ANOVA, Tukey's post hoc analysis. (C) VGIuT1 synaptic density at 50 um dendritic
compartments from soma, for the same groups as shown in (A) and (B). * P<0.05, ** P<0.01,
***p<0.001, one-way ANOVA, Tukey's post hoc analysis. Adapted from(Fletcher et al., 2017).

4.1.2. BDNF does not contribute to motor neuron dysfunction

Fletcher et al addressed the possibility that other factors such as Brain-Derived Neurotrophic Factor
(BDNF), which can be released by proprioceptive neurons (Betley et al., 2009; Mende et al., 2016)
could also contribute to motor neuron dysfunction (Fletcher et al., 2017). Physiological assays
revealed similar physiological properties in SMA motor neurons compared to SMA + BDNFProPio
motor neurons (SMA motor neurons in mice in which BDNF was overexpressed in proprioceptive
neurons) (Fletcher et al., 2017). To confirm BDNF release from proprioceptive SMA synapses upon
the AAV9-GFPmMBDNF based overexpression of BDNF (Fletcher et al., 2017), VGIuT1, glutamic
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acid decarboxylase 65-kilodalton isoform (GADG65) and 67-kilodalton isoform (GADG67)
immunohistochemistry was performed (figure 16A, C). An increase in GADG65, and not GADG67 in
Gamma-aminobutyric acid (GABA)pre synapses demonstrated that BDNF is released from SMA

proprioceptive synapses (Figure 16B, D) similarly as what was previously reported for VGluT1-/—
mice (Mende et al., 2016).
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Figure 16. BDNF is released from SMA proprioceptive synapses. (A) GAD65 immunoreactivity
(shown in red) in GABApre terminals contacting VGIuT1 (shown in green) proprioceptive afferent
terminals in SMA and SMA+AAV9-BDNF mice at P5. GABApre terminals are indicated by
arrows. (B) Synaptic marker intensity measurements (shown in arbitrary units) in GAD65+
GABApre terminals in mice at P5. (total numbers for GAD65: 39 terminals, n=3 mice per
experimental group). *** P<0.001, Mann-Whitney test. (C) GAD67 immunoreactivity (shown in
red) in GABApre terminals contacting VGIuT1 (shown in green) proprioceptive afferent terminals
in SMA and SMA+AAV9-BDNF mice at P5 mice. GABApre terminals are indicated by arrows.
(D) Synaptic marker intensity measurements (shown in arbitrary units) in GAD67+ GABApre
terminals in mice at P5. (total numbers for GADG67: 39 terminals, n=3 mice per experimental
group). NS: not significant (P=0.72, Mann-Whitney test) Adapted from (Fletcher et al., 2017).

Together with electrophysiological assays which revealed very similar physiological
properties of SMA + BDNFPP© motor neurons compared to SMA motor neurons (Fletcher et al.,
2017) this data indicates that changes in SMA motor neuron function are unlikely mediated by
release of BDNF from proprioceptive neurons. In summary, these results demonstrate that
presynaptic impairment is responsible for motor neuron dysfunction in SMA further supporting that
motor neuron dysfunction is a non-cell autonomous event driven by SMN deficiency in

proprioceptive neurons.

49



4.2.  The mechanisms of synaptic loss in SMA

4.2.1. Proprioceptive synapses are eliminated at the onset of SMA

Proprioceptive synapses reach motor neurons at late embryonic stages (Chen et al., 2003)
and continue proliferating during postnatal development (Kudo and Yamada, 1987; Li and Burke,
2002; Mentis et al., 2011). Proprioceptive synapses in SMA have reduced numbers compared to
age-matched wild type (WT) mice at late stages of disease (Mentis et al., 2011). It is
currently unknown whether this is due to synaptic arrest occurring during development, or are these
synapses physically eliminated in SMA. This question was addressed by performing temporal
analysis of the synaptic density of proprioceptive synapses on the somata and proximal dendrites in
SMA motor neurons in the L1 spinal segment which is also a vulnerable spinal segment in SMA.
Analyses were done on proximal dendrites (at distance from soma 0-100um) of motor neurons, as
the large majority (>80%) of proprioceptive synapses expressing the vesicular glutamate transporter
1 (VGIuT1) are found on these sites (Fletcher et al., 2017; Rotterman et al., 2014). Analysis
revealed that at birth (P0), there is no significant difference in the number of proprioceptive
synapses between WT and SMA mice (Vukojicic et al., 2019) (Figure 17, A-C). This suggests that
in SMA sensory synapses are formed normally. However, a significant progressive loss of SMA
VGIuT1+ synapses in proximal dendrites of motor neurons was observed at later ages, P11 and P13,
compared to P4. Synaptic counts were analyzed at dendritic compartments 0-50um and 50-100um
from the soma (Vukojicic et al., 2019) (Figure 17B, C).
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Figure 17. Vulnerable proprioceptive synapses are actively eliminated in SMA. (A) z-stack
projection of confocal images from L1 motor neurons (MNSs) retrogradely labeled (shown in blue)
and VGIuUT1 synapses (shown in green) in P11 WT and SMA mice. Total distance in the z axis: 6
pm. (B) VGIuT1+ synaptic density (number of synapses per 50 um of dendritic length) in proximal
dendritic compartments (0-50 um) of WT (shown in blue) and SMA (shown in red) motor neurons
at PO, P4, P11, and P13; N > 3 mice per group. In WT number of dendrites: n = 11 (P0), n = 51
(P4), n = 35 (P11), and n = 18 (P13); in SMA: n =9 (P0), n = 42 (P4), n = 33 (P11), and n = 10
(P13). (C) VGIUT1+ synaptic density in 50-100 pm proximal dendritic compartments in WT
(shown in blue) and in SMA (shown in red) motor neurons at PO, P4, P11, and P13; N > 3 mice per
group. In WT number of dendrites: n = 15 (P0), n = 44 (P4), n = 36 (P11), and n = 15 (P13); in
SMA: n =9 (P0), n = 34 (P4), n = 31 (P11), and n = 11 (P13). *p < 0.05, **p < 0.001, ***p <
0.001; one-way ANOVA with Tukey’s test. Adapted from (Vukojicic et al., 2019).

Intriguingly, there was no significant difference in the number of eliminated synapses on the
soma of motor neurons at different ages in SMA (Vukojicic et al., 2019) (Figure 18), suggesting
that the proprioceptive synapses on the soma may be more resilient to synaptic loss as compared to

those synapses making contact on dendritic compartments of motor neurons.
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Figure 18. Proprioceptive synapses on the motor neurons soma may be more resilient to synaptic
loss Graphs are showing temporal difference in the somatic number of VGIUT1 synapses on L1
motor neurons in WT (shown in blue) and SMA (shown in red) mice at PO, P4, P11 and P13. *
p<0.05, ** p<0.001, *** p<0.001 with One-way ANOVA and Tukey’s test. Adapted from
(Vukojicic et al., 2019).These results indicate that proprioceptive synapses in SMA are formed
normally, but subsequently eliminated, starting at the onset of disease phenotype in mouse models

of disease.

4.2.2. Clqisexpressed during normal spinal cord development and upregulated in SMA

C1q, the initiating protein of the classical complement pathway, has been implicated in
synapse elimination in Alzheimer’s disease models (Hong et al., 2016), in glaucoma (Howell et al.,
2011; Stevens et al., 2007), and frontotemporal dementia models (Lui et al.,, 2016). These
observations have raised the possibility that classical complement pathway may also be involved in
SMA. To investigate the molecular mechanisms underlying synaptic loss in SMA, the involvement
of the C1q — the initiating protein of the classical cascade, was explored in this phenomenon.
Immunoreactivity experiments revealed presence of C1q at similar levels in WT and SMA mice at
birth (Vukojicic et al., 2019) (Figure 19). In striking contrast, a strong upregulation of C1q was
observed in vulnerable SMA spinal cord segments at the onset of disease - (P4) and at late stages -
(P11) compared to the age-matched WTs (Vukojicic et al., 2019) (Figure 19).
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Figure 19. Increased Clqg expression coincides with the onset of SMA when vulnerable

synapses are eliminated. Z stack projection of confocal images from L1 motor pools visualized
with ChAT (shown in blue) and C1q (shown in red) immunoreactivity from PO, P4, and P11 WT
and SMA mice. Total distance in the z axis: 4.9 um. Adapted from (Vukojicic et al., 2019).

An increased Clg immunoreactivity was noted around, but not within motor neurons

(Vukojicic et al., 2019) (Figure 20), suggesting that C1qg was not expressed in motor neurons.
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Figure 20. Cl1q is found around but not within motor neurons. Confocal images of motor

neurons (ChAT: shown in blue) and C1q (shown in red) immunoreactivity in WT and SMA mice at

P4. Adapted from (Vukojicic et al., 2019).



Importantly, C1q antibody specificity was validated in Clg knockout (Clg-/-) mice
(Vukojicic et al., 2019) (Figure 21).

ChAT Ciq

Figure 21. Validation of C1q antibody specificity. Z-stack projection of confocal images from the
L1 spinal cord segment of C1g-/- mice showing motor neurons labeled with ChAT in blue and C1q
in red. Total distance in the z-axis: 9.1 um. Adapted from (Vukojicic et al., 2019)

Furthermore, quantitative reverse transcription polymerase chain reaction (RT-gPCR)
experiments revealed that C1gA mRNA was also significantly increased at the onset of disease - P4
in vulnerable SMA spinal segments L1-L2 compared to those in WT mice (Vukojicic et al., 2019)
(Figure 22A).
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Figure 22. C1gA gene expression is increased at the onset of disease while the main
proinflammatory cytokines remain unchanged. (A) qRT-PCR analysis of CLgA mRNA levels at
P4 in the spinal cord segments L1-L2 of WT (n = 3, shown in blue) and SMA (n = 3, shown in red)
mice. *p < 0.05; t test. (B) RT-qPCR analysis of IL-1B, IL-6 and TNF mRNA levels at P4, in the
spinal cord segments L1-L2 of WT (n=3, shown in blue) and SMA (n=3, shown in red) mice. No

significant difference was observed, t-test. Adapted from (Vukojicic et al., 2019).
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While C1q levels were elevated, there was no significant difference in the mRNA levels of
the proinflammatory cytokines tumor necrosis factor (TNF), interleukin 1 beta (IL-1p), and
interleukin 6 (IL-6) in WT and SMA L1-2 spinal cords at P4 (Vukojicic et al., 2019) (Figure 22B)
suggesting that increased C1q expression in SMA was not associated with the activation of
inflammatory pathways as seen in neuroinflammatory diseases or in CNS injury. In addition to the
increase in a mouse model of SMA, increased C1g immunoreactivity was also observed in human
post-mortem spinal cord tissue from SMA Type | patient compared to a control (Vukojicic et al.,
2019) (Figure 23), suggesting that similar mechanisms operate in both animal models and in SMA

patients.

Control SMA Type |
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Figure 23. C1q expression is increased in SMA Type | human spinal cord. Z-stack projection of
confocal images visualized with ChAT (shown in blue) and C1q (shown in red) immunoreactivity
from post-mortem control and SMA patient’s spinal cord lumbar segment. Total distance in the z-

axis: oum. Adapted from (Vukojicic et al., 2019).

Taken together, these results suggest that there is a local production of Clq in close
proximity to motor neurons and demonstrate a transient expression of Clg during early normal
postnatal development in WT spinal cords as well as an aberrant upregulation of C1q at the onset of

SMA.

4.2.3. Vulnerable SMA synapses are tagged by C1q and C3

To determine C1q localization at the synaptic level and particularly whether it is associated with
proprioceptive sensory synapses, putative interactions between VGIuT1+ synapses and C1q were

investigated using confocal microscopy and high resolution imaging, followed by deconvolution
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and image analysis in WT and SMA spinal cords at P4. Analysis revealed a close association of
Cl1q with VGIuT1synapses in both WT and SMA mice (Vukojicic et al., 2019) (Figure 24, A-D).
However, this “tagging” of proprioceptive synapses occurred at significantly higher percentage
(~25%) on proximal dendrites of L1 motor neurons in SMA compared to WT counterparts (~4%)
(Vukojicic et al., 2019) (Figure 24E), which is in correlation with previously described findings that
proprioceptive synapses are actively lost from proximal dendrites but not form the soma of
vulnerable L1 motor neurons. Intensity line profiling was used as a quantifiable measure for overlap
between the two signals (C1g and VGIuT1) to confirm each tagging event (Vukojicic et al., 2019)
(Figure 24C,D).
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Figure 24. C1q tags vulnerable VGIuT1 SMA synapses at the onset of disease. (A and B)
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Confocal images of ChAT (shown in blue), C1qg (shown in red), and VGIuT1 synapses (shown in
green), at P4 in WT and SMA mice. Arrows indicate tagged synapses. (B) Higher magnification of
dotted-line box from (A). (C) Higher magnification of the dotted-line box in (B), indicating the line
in which the fluorescence profile is measured. (D) Fluorescence intensity profile (arbitrary units) for
C1q signal (shown in red) and VGIuT1 signal (shown in green) across the line which is shown in
(C). (E) Percentage of VGIUT1 synapses tagged by Clg on the soma and dendrites of spinal
segment L1 motor neurons in WT (2,170 synapses from 76 motor neurons) and SMA (1,580
synapses from 86 motor neurons) at P4. ***p < 0.001; t test. Adapted from (Vukojicic et al., 2019).

To address whether C1q tagging is a selective event targeting specific synapses or
alternatively all synapses indiscriminately in the context of the neurodegenerative disease,
immunohistochemistry was employed against a pan-synaptic marker — synaptophysin. A
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widespread C1q tagging of SMA synapses contacting MNs was discovered (Vukojicic et al., 2019)
(Figure 25A, B) suggesting possibly C1q tagging beyond proprioceptive synapses in SMA.

A I ChAT Synaptophysin C1q |

SMA

Figure 25. C1g might be tagging different types of synapses. (A) Confocal images of ChAT
(shown in blue), Synaptophysin (shown in green) and C1q (shown in red) at P4 in WT and SMA
motor neurons. (B) Higher magnification images of synaptophysin (shown in green) and Clq
(shown in red) in WT and SMA spinal cords. Adapted from (Vukojicic et al., 2019).

To explore the possibility that C1q tagging is random in SMA and irrespective of the
utilized synaptic neurotransmitter immunohistochemical experiments using antibodies against
inhibitory synapses were performed. GABAergic synapses were labeled with the vesicular
GABAergic transporter (VGAT). There was no difference between WT and SMA mice in the
extent of Clqg tagged synapses (Vukojicic et al., 2019) (Figure 26A, B). These results are in
agreement with previous reports that GABAergic and glycinergic synapses are not affected in SMA
(Ling et al., 2010a; Mentis et al., 2011).
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Figure 26. C1q does not preferentially tag inhibitory synapses in SMA. (A) Confocal images of
ChAT (shown in blue), VGAT (shown in green) and C1q (shown in red) immunoreactivity at P4 in
WT and SMA motor neurons. (B) Percentage of VGAT synapses tagged by C1q on the soma and
dendrites in WT (shown in blue, n=55) and SMA (shown in red, n = 29) L1 motor neurons at P4.
Adapted from (Vukojicic et al., 2019).

These results point out that increased synaptic tagging by C1q is specific for excitatory
proprioceptive synapses, the numbers of which are significantly reduced in SMA (Mentis et al.,
2011). Therefore, these results suggest that C1q might be tagging those synapses destined to be

eliminated in the context of SMA.

At birth (P0) aberrant tagging of proximal proprioceptive synapses in SMA was not evident
(Vukojicic et al., 2019) (Figure 27), which was in agreement with the finding that there was no
statistical difference in the number of proprioceptive synapses on motor neurons between WT and
SMA mice.

|WT
® SMA

% VGIuT1 C1q-tagged
s S

o

soma dendriles

Figure 27. At birth aberrant tagging of SMA synapses is absent. Percentage of Clg-tagged
VGIUT1 synapses on the soma and dendrites of L1 motor neurons in WT (shown in blue, 454
synapses from 56 MNs) and SMA (shown in red, 487 synapses from 46 MNs) mice at birth (PO).

Adapted from (Vukojicic et al., 2019).
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These results indicate that in SMA, aberrant C1q tagging occurs after birth, at the onset of
the disease which correlates with the time synaptic loss occurs, suggesting C1q involvement in

synaptic elimination.

To test whether Cl1qg deposition on synapses, triggers classical complement pathway
activation, localization and the expression of the downstream complement component
C3 was next investigated. A significant increase in C3 gene expression in SMA compared to WT
spinal cords at P4 (Vukojicic et al., 2019) (Figure 28A) was revealed with RT-qPCR experiments.
Additionally, immunohistochemistry against C3 was performed, followed by high resolution
confocal imaging, deconvolution and image analysis, to determine C3 localization in the context of
vulnerable synapses in SMA. Analysis showed that C3 associates with WT and SMA VGIuT1+
synapses (Vukojicic et al., 2019) (Figure 28B, C). However, in SMA mice, C3 is associated with a
significantly higher number of proprioceptive synapses compared to WT controls (Vukojicic et al.,
2019) (Figure 28D).

A

mRNA levels

Figure 28. Aberrantly increased C3 tags vulnerable synapses in SMA. (A) gRT-PCR analysis of

C3 mRNA levels at P4 in the spinal cord L1-L2 segments of WT (shown in blue, n = 3) and SMA

(shown in red, n = 3) mice. *p < 0.05; t test. (B) Confocal images of motor neurons visualized with

ChAT (shown in blue), C3 (shown in red), and VGIuUT1 synapses (shown in green)

immunoreactivity at P4 in WT and SMA mice. The arrows indicate C3 deposited on synapses. (C)

Confocal image at a higher magnification of a C3 (shown in red) deposited on a VGIuT1 synapse
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(shown in green) indicated by the dotted-line box in (B; SMA image). (D) Percentage of VGIuT1
C3-tagged synapses on the soma and the proximal dendrites of L1 motor neurons in WT (1,155
synapses from 27 MNs) and SMA (1,305 synapses from 22 MNs) mice at P4. *p < 0.05; t test.
Adapted from (Vukojicic et al., 2019).

C3immunoreactivity specificity was validated in C37 (C3 knockout) mice (Vukojicic et al.,
2019) (Figure 29).
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Figure 29. Validation of C3 antibody specificity. Z-stack projections of confocal images of motor
neurons visualized with ChAT (shown in blue) and C3 (shown in red) immunoreactivity in L1
motor neurons of C3-/- at P4. Total distance in the z-axis: 9.1 um. Adapted from (Vukojicic et al.,
2019).

Together, these results indicate that similar percentage of proprioceptive synapses on
proximal dendrites associated with C3 to those observed with C1q tagging, suggesting that early in

the disease process the classical complement pathway is triggered and activated.

4.2.4. Microglia are responsible for synaptic removal in the spinal cord

Microglia have been implicated in synaptic pruning through the complement receptor 3
(Schafer et al., 2012; Stevens et al., 2007; Wu et al., 2015) which is the major phagocytic receptor
on microglia (Ehlers, 2000). To determine the cell type responsible for the synapse elimination in
SMA, the presence of microglia was investigated initially, since they express complement receptor
3 (CR3) (Tremblay et al., 2011). Immunohistochemistry utilizing ionized calcium-binding adapter
molecule 1 (Ibal) as a marker for microglia revealed increased presence of Ibal+ cells in SMA
mice, within the motor neuron nucleus, compared to the WT mice at P4 (Vukojicic et al., 2019)

60



(Figure 30A and 34B). Importantly, VGIuT1+ synapses remnants were found within microglia
profiles in WT and SMA motor neuron pools (Vukojicic et al., 2019) (insets in Figure 30A).
However, quantification of the number of VGIuT1+ synapses remnants within microglia revealed

significantly higher incidence in SMA mice (Vukojicic et al., 2019) (Figure 30B).
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Figure 30. VGIuT1+ synapse remnants are found within microglia suggesting of microglia-
mediated synaptic elimination. (A) Z-stack projections of confocal images of motor neurons with
ChAT (shown in blue), VGIUT1 (shown in green), and Ibal (shown in red) immunoreactivity at P4
in WT and SMA L1 motor neuron pools. Total distance in the z-axis: 10 um. Insets show single
optical planes in which areVGIuT1 remnants (indicated by arrows) found within Ibal+ cells. (B)
Percentage of VGIuT1 synapses engulfed by microglia at P4 in WT and SMA mice. *p < 0.001; t
test (n = 3). Adapted from (Vukojicic et al., 2019).

Most of the VGIUT1 remnants within microglia were localized within the internal lysosomal
compartments labeled by CD68 (Cluster of Differentiation 68) antibody (Vukojicic et al., 2019)
(Figure 31) suggesting active phagocytosis of engulfed synapses.

Al VGIUT1 [ Iba1 [ CD68 [{ Merged |

SMA

Figure 31. VGIuT1 remnants are found within microglia lysosomes. Single optical plane

confocal images of SMA microglia within the L1 spinal segment motor neuron nucleus at P4,
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visualized by Ibal (shown in red) and CD68 (shown in blue) as well as VGIuT1 (shown in green)
immunoreactivity. VGIuT1 signal within microglial lysosome is indicated by arrows. Adapted from
(Vukojicic et al., 2019).

Additionally, in both WT and SMA, every Ibal+ cell revealed low expression of cluster of
differentiation 45 (CD45). At the same time CD45+/Ibal- cells were not observed, suggesting that
there is no infiltration of leukocytes (Vukojicic et al., 2019) (Figure 32) which further supports that,
beside complement activation, other inflammatory pathways are likely not activated.

| CD45 | CD45 Iba1 [ CD45 Ibat ChAT | |CD45 Iba1 |

Figure 32. Low CD45 expression in WT and SMA spinal cord is restricted to Ibal+ cells. (B)
Z-stack projections of confocal images of WT and SMA spinal cord L1 segments visualized by
CD45 (shown in red), Ibal (shown in green) and ChAT (shown in blue) immunoreactivity at P4.
Total distance in the z-axis: 5.4 um. Dotted boxes are shown at higher magnification on the right
side for CD45 (shown in red) immunoreactivity in WT and SMA (a’ and a’’) and for Ibal (shown in
green) immunoreactivity in WT and in SMA (b’ and b’’). Adapted from (Vukojicic et al., 2019).

Collectively, these results suggest that VGIuT1 synapses are phagocytosed by resident
macrophages within the central nervous system — microglia, upon activation of the classical

complement cascade.

To test whether activation of other components of the classical complement pathway occurs,

gene expression level of the downstream C5 and its receptor C5aR1 was tested in WT and SMA
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mice at P4, when complement tagging of vulnerable synapses has been initiated. RT-qPCR
experiments revealed no difference between WT and SMA L1-2 spinal cord mRNA levels of either
C5 or C5aR1 (Vukojicic et al., 2019) (Figure 33A,B). Additionally, potential differences in the
expression of membrane attack complex (MAC) inhibitor - CD59b between WT and SMA mice
were tested since studies in Amyotrophic Lateral Sclerosis and Alzheimer’s disease noted low
expression of CD59 coupled with high levels of downstream complement component (Lee et al.,
2013; Yang et al., 2000). It has been demonstrated that CD59b is a key complement regulator in
mice (Qin et al., 2003).WT and SMA mice, L1-2 spinal segments, at P4 revealed no difference in
CD59b expression (Vukojicic et al., 2019) (Figure 33C).
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Figure 33. The downstream classical complement components are not activated in SMA mice.
RT-gPCR analysis of C5 (A), C5aR1 (B) and CD59b (C) mRNA levels at P4 in the spinal cord L1-
L2 segments of WT (shown in blue, n=3) and SMA (shown in red, n=3) mice. No significant
difference was observed, t-test. Adapted from (Vukojicic et al., 2019).

The gene expression experiments for C5, C5aR1 and CD59 in WT and SMA suggest that
the activation of the downstream components of the classical complement pathway and the
membrane attack complex (MAC) is unlikely to be involved in synaptic elimination in SMA. These
results suggest that resident microphage of CNS — microglia are responsible for synapse elimination
in SMA mice. Collectively, this data indicates that vulnerable SMA synapses are removed upon
complement tagging and classical pathway activation via microglia-mediated mechanisms which

appear to be triggered independent of other inflammatory pathways or MAC activation.
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4.2.5. Depletion of microglia rescues vulnerable synapses in SMA mice

To provide the evidence that microglia are causally responsible for synaptic elimination in
SMA, both WT and SMA mice were treated with PLX5622 — a drug that inhibits the colony
stimulating factor 1 receptor (CSF1R) (Elmore et al., 2018). Microglia originate from stem cells in
the yolk sac (Kierdorf et al., 2013). These pluripotent cells develop into microglia precursor cells
that will migrate to CNS and become microglia. Their development depends on Pu.l and Irf8
(Kierdorf et al., 2013) and on the CSF1R (Elmore et al., 2014; Erblich et al., 2011; Ginhoux et al.,
2010). Genetic evidence indicate that CSF1R plays a role in regulating the proliferation, viability
and density of microglia (Cecchini et al., 1994; Michell-Robinson et al., 2015; Oosterhof et al.,
2018). In adult mice treatment with selective CSF1R inhibitors eliminate up to ~99% of microglia
brain-wide (Elmore et al., 2014; Elmore et al., 2018; Najafi et al., 2018; Spangenberg et al., 2019),
confirming high efficacy of the drug and that microglia physiologically depend on CSF1R signaling
in adult brain. While adult mice are treated with CSF1R inhibitor enriched breeder chow, SMA and
WT mice were treated two times a day from birth until P10 with 50 mg/kg of PLX5622, as
recommended by the provider - Plexxikon Inc. Morphological analysis of the untreated SMA and
WT mice ventral horn revealed significantly higher number of microglia in SMA mice compared to
age-matched WT controls (Vukojicic et al., 2019) (Figure 34A and B) an active proliferation of
microglia in the close proximity to SMN-deficient motor neurons. In addition to this, microglia
surrounding motor neurons in SMA mice appeared “activated” as indicated by larger cell body with
strong Iba-1 immunoreactivity and thicker shorter processes (Davis et al., 1994). In support of this
is the observation from another study in which increased association of activated microglia with
motor neurons in SMAA7 mice has been reported (Ling et al., 2010a). PLX5622 treatment during
the first 10 postnatal days resulted in approximately 90% reduction of microglia in WT as well as in
SMA mice (Vukojicic et al., 2019) (Figure 34B) confirming that administration of PLX5622

resulted in successful microglia depletion.
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Figure 34. Microglia is successfully depleted from WT and SMA mice upon treatment with PLX5622.
(A) Confocal images of motor neurons within L1 motor neuron nuclei labeled with ChAT (shown
in blue) and microglia labeled with Ibal (shown in red) in WT, SMA, WT+PLX5622 and
SMA+PLX5622 at P11. (B) Total number of microglia (Ibal+ cells) per 145x103 um2 area and
within motor neuron area in WT (shown in blue, n=5), WT+PLX5622 (shown in light blue, n=3),
SMA (shown in red, n=7) and SMA+PLX5622 (shown in purple, n=3) mice at P11. *** p<0.001,
One-way ANOVA, with Tukey’s test. Adapted from (Vukojicic et al., 2019).

Strikingly, microglia depletion correlated with a significant rescue of VGIuT1+ proprioceptive
synapses on proximal dendrites of motor neurons in SMA mice treated with PLX5622 compared to
untreated ones (Vukojicic et al., 2019) (Figure 35C,D). No difference was observed in somatic
synaptic counts, supporting the observation that proprioceptive synapses contacting soma of motor

neurons are partially lost very early (i.e. already at P2) (Fletcher et al., 2017) in the disease process.
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38. Depletion of microglia in SMA mice rescues vulnerable synapses. (A) Z-stack projections of
confocal images of motor neurons at P11, labeled with ChAT (shown in blue) and VGIuT1
synapses (shown in white) from untreated SMA and PLX5622-treated SMA mice. Total z stack
distance: 20 pum. (B) VGIUT1 synaptic density - number of synapses in 50-um from soma dendritic
compartments at P11 for WT (shown in blue, n = 41), WT+PLX5622 (shown in light blue, n = 17),
SMA (shown in red, n = 43), and SMA+PLX5622 (shown in purple, n = 9) dendrites. *p < 0.05,
***p < 0.001; One-way ANOVA with Tukey’s test. Adapted from (Vukojicic et al., 2019).

To test whether the rescue of synapses had any effect on behavior, the righting reflex was
monitored daily in SMA and WT mice treated with PLX5622 In addition to synaptic rescue, a
significant behavioral benefit correlated with the depletion of microglia in SMA treated mice,
shown by a gradual improvement in time mice take to right after being placed on their back
(righting time) (Vukoyjicic et al., 2019) (Figure 36).
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Figure 36. Depletion of microglia in SMA mice leads to motor behavior improvement.
Righting times for WT (shown in blue, n = 10), WT+PLX5622 (shown in light blue, n = 9), SMA
(shown in red, n = 8), and SMA+PLX5622 (shown in purple, n = 18) mice. *p < 0.05, **p < 0.01,
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***p < 0.001; t test for SMA versus SMA+PLX5622 for individual ages. Adapted from (Vukojicic
etal., 2019).

Control experiments showed that PLX5622 treated WT and SMA mice had no significant
differences in body weight gain (Figure 37A) but a significant improvement in righting behavior in
SMA, but not WT mice (Figure 36) (Vukojicic et al., 2019).
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Figure 37. Depletion of microglia in SMA does not affect body weight nor does it rescue motor
neurons from dying. (A) Body weights for WT (shown in blue, n=10), WT+PLX5622 (shown in
light blue, n=9), SMA (shown in red, n=8) and SMA+PLX5622 (shown in purple, n=18) mice. (B)
Total number of motor neurons in spinal L1 segment for WT (shown in blue, n = 3), SMA (shown
in red, n = 4), and SMA+PLX5622 (shown in purple, n = 3) mice, at P11. **p < 0.01; one-way
ANOVA with Tukey’s test. Adapted from (Vukojicic et al., 2019).

PLX5622 treatment did not rescue motor neuron death in SMA mice (Figure 37B), which is
consistent with previous results which demonstrate that motor neuron death and synaptic loss as
well as dysfunction are two independent events (Fletcher et al., 2017). While motor neuron loss is
driven by SMN deficiency in motor neurons per se, which leads to activation of intrinsic
mechanisms responsible for their degeneration (Simon et al., 2017; Van Alstyne et al., 2018),
sensory motor circuitry dysfunction and synaptic loss are consequence of SMN deficiency in
proprioceptive neurons (Fletcher et al., 2017). Taken together, these results provide the evidence
that microglia play an important role in the pathogenesis of SMA. These data demonstrate that
activated and aberrantly increased microglia are responsible for synaptic elimination in SMA,

potentially providing another therapeutic target point.
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4.2.6. SMN deficiency in proprioceptive neurons drives C1g tagging of proprioceptive
synapses

In order to identify what triggers C1q deposition at VGIuT1 synapses, SMN was selectively
restored in proprioceptive neurons in SMA mice. An SMA mouse model harboring two transgenic
alleles and a single targeted mutation which resuls in the following genotype
Smn*/Res;SMN2**:SMNA7*"*was used (Fletcher et al., 2017). The allele that carries targeted
mutation (Smn®®) reverts to a fullyfunctional Smnallele consequent to Cre-mediated recombination
(Cre*”;SmnRes"; SMN2** - SMNA7**) (Lutz et al., 2011).SMN2 is the human gene whereasSMNA7is
the human SMN c¢cDNA without exon 7. These mice have phenotype similar to the SMNA7 SMA
mice in the absence of the Crerecombinase (Cre”;SmnRe":SMN2**;SMNA7**) (Fletcher et al.,
2017). In order to restore SMN protein selectively inproprioceptive neurons these conditional
inversion SMA mice were crossed with Parvalbumin::Cre (Pv°™) mice as has mentioned before,
which label only proprioceptive neurons(during the first 10 postnatal days), as previously shown
(Fletcher et al., 2017;Mendelsohn et al., 2015). SMA::PvC™mice show significant reduction of C1q
deposition on VGIuT1+ proprioceptive synapses located at the proximal dendrites of SMA
vulnerable motor neurons (Vukojicic et al., 2019) (Figure 38A,B). Previous results have
demonstrated that loss of SMN from proprioceptive neurons drives sensory-motor circuitry
dysfunction and synaptic loss (Fletcher et al., 2017). Now, results of these experiments indicate that
upon specific restoration of SMN in proprioceptive neurons, C1q tagging of VGIUT1 synapses in
SMA is comparable to that in WT mice (Vukojicic et al., 2019), suggesting that presynaptic SMN
deficiency drives C1g-mediated mechanisms of synaptic loss in SMA.
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Figure 38. Selective restoration of SMN in proprioceptive neurons prevents Clqg-tagging

proprioceptive synapses. (A) z stack projection of confocal images of motor neurons retrogradely

labeled (shown in blue), VGIUT1 synapses (shown in green), and C1q (shown in red) from a P4

SMA::PvCre motor neuron pool. Total distance in the z-axis: 4.2 um. (B) Percentage of C1g-tagged

VGIuT1 synapses on the soma and dendrites of spinal segment L1 motor neurons in WT (shown in
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blue, 2,170 synapses from 76 MNs), SMA (shown in red, 1,580 synapses from 86 MNs), and
SMA::PvCre (shown in yellow, 921 synapses from 52 MNs) at P4. ***p < 0.001; one-way
ANOVA with Tukey’s test. Adapted from (Vukojicic et al., 2019).

4.2.7. The local source of C1q in spinal cord are microglia

Possible local source of C1q in spinal cord was next investigated considering that
previous results suggest that there is no infiltration of leukocytes in SMA spinal cord as well as the
fact that through transcardial perfusion preceded all immunohistochemical experiments, meaning all
blood derived complement was eliminated. Since C1q signal was not present within motor neurons
and morphology of large Clg accumulations resembled the shape of microglia,
immunohistochemistry experiments utilizing Clg antibody in combination with the antibodies
against transmembrane protein 119 (TMEM119) and Ibal were performed. While Ibal labels
microglia and microphages and is upregulated during the activation of these cells (Ohsawa et al.,
2004), TMEM119 is a specific marker for microglia only and it is not expressed by macrophages or
other neuronal or immune cell types (Bennett et al., 2016). All double positive Ibal+/ TMEM119+
cells (n=128 from 3 WT mice n=215 from 3 SMA mice) showed a strong C1q signal in both WT
and SMA mice (Vukojicic et al., 2019) (Figure 39A, B). These results suggest that C1q in spinal
cord could be produced locally by microglia.

|| TMEM119 Il

Figure 39. All spinal cord microglia expresses C1q. Z-stack projections of confocal images of
C1q (shown in red), TMEM119 (shown in blue), and Ibal (shown in green) in P4 SMA (upper
images) and WT (lower images) in the L1 spinal ventral horn. Total distance in the z-axis: 5.25 pm.

The circled area indicates the motor neuron nucleus. The area shown in the insets is indicated by
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dotted-line box The insets show at higher magnification the colocalization of microglia
(Ibal+/TMEM119+ cells) and C1g. Adapted from (Vukojicic et al., 2019).

Additionally, all 1bal+ cells (n=135 from 3 WT mice; n=252 from 3 SMA mice) were positive for
cluster of differentiation 68 (CD68) (Vukojicic et al., 2019) which is highly expressed by the
monocyte lineage cells and by both circulating and tissue macrophages and microglia (Holness and
Simmons, 1993). This result together with the previous observation that all Ibal+ cells were
TMEM119+, suggests that infiltration of macrophages or monocytes does not occur in WT or SMA
mice, further supporting idea that C1q is locally produced by microglia. Additionally, these data
also support previous observation that in SMA spinal cord there is no leukocyte infiltration as seen
in classically defined neuroinflammatory conditions (e.g. multiple sclerosis) or after CNS injury.
Importantly, to probe further whether Clq is produced by microglia, fluorescent in situ
hybridization (FISH) in combination with immunohistochemistry was performed.
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Figure 40. Microglia are the source of Clq in the spinal cord. Single optical plane confocal
images from FISH C1g mRNA (shown in red) combined with Ibal (shown in green) and ChAT
(shown in blue) immunoreactivity at P4 in WT, SMA and C1g-/- mice. Dotted boxes are presented
at higher magnification on the right side for C1g mRNA (shown in red) and Ibal (shown in green)

immunoreactivity in WT, SMA and C1g-/- mice. Adapted from (Vukojicic et al., 2019).

These experiments revealed C1gA mRNA presence within Ibal-antibody labeled microglia,

but not inside motor neurons, which were labeled with ChAT antibody (Vukojicic et al., 2019)

(Figure 40). FISH results confirmed that indeed microglia produces C1q both during normal

development and in SMA. While all Ibal+ cells expressed C1gA, none was found inside of motor

neurons. Additionally, SMN deficient microglia had significantly higher expression of C1gA which
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is in correlation with previous results that C1qg has increased expression in SMA mice compared to
WT (Vukojicic et al., 2019). Together, these results demonstrate that during early development the
major source of C1q in the spinal cord is microglia.

4.2.8. Postnatal neutralization of C1q tagging confers synaptic rescue and behavioral benefit
in SMA mice

To further confirm the role of Clg in synaptic loss in SMA, mouse monoclonal anti-
Clgantibody (a-C1q) (Lansita et al., 2017) was used to block postnatally C1g in SMA mice. The
globular domain of C1qg which is responsible for the recognition properties of C1q has compact,
close to spherical heterotrimeric assembly of C1gA, C1gB and C1qC. This organization of subunits
appears to be responsible for C1q’s wide recognition properties (Gaboriaud et al., 2003). The exact
binding target of C1q on a synapse is unknown. It is also not known which C1q subunit(s) are
involved in its synaptic localization. The neutralizing a-C1q antibody binds to a conformational
epitope which spans two of the three subunits of Clq globular head domains. It has been
demonstrated that a-C1q antibody blocks interaction between C1q and diverse ligands, including
phosphatidyl serine, IgM and CRP. Additionally, Lansita and colleagues (Lansita et al., 2017)
showed in multiple animal species that functional activation of the classical pathway can be fully
blocked by a-C1q antibody. Efficient C1q blockage by a-Clqg antibody was also shown in animal
models of antibody-independent neurodegeneration (Dejanovic et al., 2018; Hong et al., 2016) and
antibody-mediated disease (McGonigal et al., 2016). C1q binding assay, utilizing plate coated with
human C1q and both C1q neutralizing and control antibody in triplicate serial dilutions, was used to
validate the specificity and affinity of the a-Clqg antibody versus the isotype control — mouse
immunoglobulin G1 (mIgG1) (Vukojicic et al., 2019) (Figure 41). This result confirmed high
specificity and affinity of neutralizing a-C1q antibody used in in vivo experiments. SMA mice were
treated from birth (PO) with either a-C1lq antibody or isotype control antibody at a dose of
100mg/kg, every other day (Vukojicic et al., 2019).
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Figure 41. Validation of the specificity and affinity of the a-C1q antibody. C1q binding assay —
ELISA of anti-C1q neutralizing antibody (shown in black), and Isotype control antibody (shown in
gray) to human C1q. Adapted from (Vukojicic et al., 2019).

SMA mice which were treated with a-C1q antibody (SMA+a-C1q Ab) had a significant increase in
VGIuT1+ synapses on both soma and proximal dendrites of L1 MNs at P10. SMA mice treated
with control antibody (SMA+Ctr Ab) did not show any increase in VGIuT1+ synapses (Vukojicic et
al., 2019) (Figure 42A-C). Additionally, there was no difference in VGIuT1 synaptic density
between isotype control treated and untreated SMA mice (Vukojicic et al., 2019) (Figure 42B, C).
Strikingly, in a-C1q treated SMA mice, nearly complete synaptic rescue of VGIuT1+ synapses on
proximal dendrites of MNs was observed (Vukojicic et al., 2019) (Figure 42C).
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Figure 42. Postnatal in vivo neutralization of C1qg in SMA mice rescues VGIUT1 synapses (A)

Z-stack projections of confocal images of L1 moto neurons retrogradely labeled (shown in blue)
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and VGIuT1 (shown in white) in SMA mice treated with isotype control antibody (left) and with
anti-C1lq antibody (right) at P11. Total distance in the z axis: 22.4 pm. Higher-magnification
confocal images of individual motor neuron dendrites with VGIuT1 synapses are shown at right.
(B) The total number of VGIUT1 synapses on the entire soma in WT (shown in blue, n = 10), SMA
(shown in red, n = 10), SMA+Ctr Ab (shown in orange, n = 10), and SMA+a-C1g Ab (shown in
black, n = 6) L1 motor neurons. *p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA with
Tukey’s test. (C) Synaptic density in 50-um from the soma dendritic compartments in WT (shown
in blue, n = 41), SMA (shown in red, n = 43), SMA+Ctr Ab (shown in orange, n = 31), and
SMA+a-C1q Ab (shown in black, n = 54) L1 motor neurons . ***p < 0.001; One-way ANOVA
with Tukey’s test. Adapted from (Vukojicic et al., 2019).

To test whether treatment with a-C1q antibody upregulated SMN in spinal cord, western
blot was used to asses SMN levels in spinal cords from treated SMA mice compared to untreated
WT and SMA mice. Results of these experiments revealed that SMN levels remain unchanged in
SMA mouse spinal cord upon a-C1q antibodies treatment (Vukojicic et al., 2019) (Figure 43A). To
also address this possibility of SMN upregulation in DRGs upon treatment, immunohistochemistry
against SMN and parvalbumin was performed. Similarly to spinal cord observations, SMN levels
did not increase in DRGs upon treatment, as no increase of Gems (nuclear structures containing
SMN) (Liu and Dreyfuss, 1996) was observed in proprioceptive neurons (Vukojicic et al., 2019)
(Figure 43 B, C).
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Figure 43. Postnatal in vivo neutralization of C1q in SMA mice does not upregulate SMN

protein. (A) Western blot analysis for SMN and B-tubulin protein expression from L1-L3 spinal

cord segments of two WT, two SMA and two SMA+a-C1q Ab at P11. (B) Confocal images of
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Parvalbumin (shown in green), SMN (shown in white) and nuclei stained with 4’,6-diamidino-2-
phenylindole (DAPI, shown in blue) in P11 DRGs from WT, SMA and SMA+a-C1q Ab. Arrow
points on gem, visualized by SMN (shown in white) immunoreactiity. (C) Percentage of
parvalbumin neurons containing gems in P11 DRGs from WT (shown in blue, n=50), SMA (shown
in red, n=50) and SMA+a-C1q Ab (shown in orange, n=50). *** p<0.01, One-way ANOVA with
Tukey’s test. Adapted from (Vukojicic et al., 2019).

Furthermore, to test whether a-C1q antibody treatment rescues motor neurons, all L1 spinal
segment motor neurons were counted in untreated WT and SMA mice and compared against treated
SMA mice. SMA mice treated with a-C1q antibody did not have any rescue of SMA motor neurons
(Vukojicic et al., 2019) (Figure 44), suggesting that C1q does not play a role in motor neuron death.
This is not surprising as it has been demonstrated that motor neuron death is cell autonomous event
driven by SMN deficiency which leads to activation of intrinsic mechanisms responsible for motor
neurons degeneration (Simon et al., 2017; Van Alstyne et al., 2018). Additionally, previous results
show that synaptic loss and sensory motor circuitry dysfunction are due to SMN deficiency in
proprioceptive neurons (Fletcher et al., 2017), indicating that these events are independent from

motor neuron death.
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Figure 44. Postnatal in vivo neutralization of C1qg in SMA mice does not rescue motor neurons
from dying. Total number of L1 motor neurons at P11 in WT (shown in blue, n = 3), SMA (shown
in red, n = 4), SMA+Ctr Ab (shown in orange, n = 5), and SMA+a-C1q Ab (shown in black, n = 8)
mice. ***p < 0.001; one-way ANOVA with Tukey’s test. Adapted from (Vukojicic et al., 2019).

Furthermore, to test whether neutralization of Clq has any effects on neuromuscular junction
(NMJ) denervation, the extent of denervation was investigated in the vulnerable muscle Quadratus
Lumborum (QL) (Fletcher et al., 2017).
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Figure 45. Postnatal in vivo neutralization of C1q in SMA mice does not rescue NMJs. (A) Z-
stack projections of confocal images of synaptophysin (shown in green), neurofilament (NF)
(shown in blue) and a-bungarotoxin (BTX) (shown in red) to label pre- and postsynaptic elements
of neuromuscular junctions (NMJs) in the QL muscle at P11 in WT, SMA, SMA+Ctr Ab, and
SMA+a-C1q Ab mice. The arrows indicate denervated NMJ. total distance in thez-axis:7 um. (B)
Percentage extent of QL muscle innervation in WT (shown in blue, n = 3 mice), SMA (shown in
blue, n = 3), SMA+Ctr Ab (shown in orange, n = 3), and SMA+a-C1q Ab (showan in black, n = 5).
***p < 0.001; One-way ANOVA with Tukey’s test. Adapted from (Vukojicic et al., 2019).

No difference was found between isotype control-treated, untreated SMA and SMA mice treated
with a-C1q antibody (Vukojicic et al., 2019) (Figure 45A, B). This is most likely due to the absence
of C1q around neuromuscular junctions (NMJs), as no C1q signal was detected in close proximity
to NMJs of vulnerable QL muscle in SMA mice (Vukojicic et al., 2019) (Figure 46A,B). Although
the number of NMJ synapses was not rescued, to further investigate whether anti-C1q antibody
treatment had any physiological benefit in vulnerable muscle performance, in collaboration with Dr.
Nicolas Delestree in the Mentis Lab, physiological assays were performed on vulnerable QL
muscles. Following stimulation of the L1 ventral root, tested compound muscle action potentials
(CMAPs) in QL muscle of SMA a-Cl1q antibody treated mice did not reveal any improvement
compared to isotype control treated or untreated SMA mice (Vukojicic et al., 2019) (Figure 46C).

This was not surprising considering that NMJ denervation was not rescued with C1q neutralization.
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Figure 46. C1q does not tag NMJs and postnatal in vivo neutralization of C1g in SMA mice
does not have any effect on NMJ denervation and function. Z-stack projections of confocal
images of NMJs from the Quadratus Lumborum (QL) muscle visualized with a-bungarotoxin
(BTX, shown in red), synaptophysin and neurofilalment (shown in green) and C1q (shown in white)
immunoreactivity at P5 in WT (A) and SMA (B) mice. Total z stac distance: 7 um. (C) Schematic
illustration of ex vivo experimental setup for assessment of Compound Muscle Action Potentials
(CMAPSs) in the QL muscle in mice. Superimposed traces of the 1st (shown in black) and 25th
(shown in red) CMAPs during 25 Hz stimulation of the L2 ventral root in WT, SMA and SMA+a-
C1gAb mice. Graph shows the percentage change in CMAP amplitude (baseline-to-peak) of the
25th response normalized to the 1st CMAP following 25 Hz stimulation of the ventral root in WT
(shown in blue, n=5), SMA (shown in red, n=5) and SMA+a-C1gAb (shown in back, n=5) mice. *
p<0.05, One-way ANOVA with Tukey’s test. Adapted from (Vukojicic et al., 2019).

Collectively, these results demonstrate that while C1q is involved in central synapse
elimination, it plays no role in peripheral synapse elimination in SMA. Importantly, to address
whether rescued VGIuT1+ synapses in SMA mice treated with a-C1q antibody were functional, the
ex vivo spinal cord preparation (Vukojicic et al., 2019) (Figure 47) was employed and dorsal-to
ventral root reflexes were performed in collaboration with Dr. Nicolas Delestree, in L1 segment at
P11.
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Figure 47. The ex vivo spinal cord physiological assay. Schematic illustration of the ex vivo
spinal cord physiological assessment. Stimulation of the L1 dorsal root elicits a response on the

homonymous L1 ventral root. Adapted from (Vukojicic et al., 2019).

In SMA mice treated with a-C1qg antibody the amplitude of the reflex response showed a
significant increase compared to isotype control treated or untreated SMA mice (Vukojicic et al.,
2019) (Figure 48A, B,). These results indicate that more motor neurons can be activated following
proprioceptive synapse activation in those mice treated with C1qg neutralizing antibody. In addition,
to test synaptic reliability of the synapses rescued by treatment, we challenged proprioceptive
synapses at different frequencies in order to investigate presynaptic from postsynaptic mechanisms.
These experiments demonstrated that synaptic reliability of rescued synapses in treated mice is
similar to synaptic reliability of WT mice, following the high frequency stimulation (20Hz)
(Vukojicic et al., 2019) (Figure 48C). Thus, although the number of motor neurons in treated SMA
mice remains similar to the one in untreated, their function and output are significantly improved
due to the restoration of sensory-motor circuitry. Importantly, the synaptic reliability test does not
depend on the number of synapses present nor on the number of MNs present, since the motor
neuron response amplitude at high frequency is normalized to the first stimulus, meaning that

presynaptic function is being tested.
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Figure 48. Postnatal in vivo neutralization of C1g in SMA mice improves motor output by
rescuing synaptic function. (A) Ventral root responses to L1 dorsal root stimulation in WT, SMA,
SMA+Ctr Ab, and SMA+aC1q Ab at P10. The dotted line indicates baseline. The arrowheads point
to the stimulus artifacts. The arrows indicate the maximal amplitude of the monosynaptic responses.
(B) The maximum amplitude of the monosynaptic response in WT (shown in blue, n = 6), SMA
(shown in red, n = 9), SMA+Ctr Ab (shown in orange, n = 7), and SMA+a-Clg Ab (shown in
black, n = 7) mice. *p < 0.05, ***p < 0.001; One-way ANOVA with Tukey’s test. (C) Percentage
of the amplitude change for the 5th response (normalized to the 1st) following 20-Hz stimulation in
WT (shown in blue, n = 6), SMA (shown in red n = 9), SMA+Ctr Ab (shown in orange, n = 7), and
SMA+aClg Ab (shown in black, n = 7) mice at P11. ***p < 0.001; One-way ANOVA with
Tukey’s test. Adapted from (Vukojicic et al., 2019).

Together, these results demonstrate that in vivo neutralization of C1q by a-Clq antibody
treatment from birth results in increased number and function of proprioceptive synapses in SMA
mice. This suggests that beside the role for complement in selective synaptic elimination,
complement also play a role early in synaptic dysfunction. To test whether all these observations
upon a-Clq antibody treatment translate into behavioral improvement, body weight and righting
time were monitored daily in the isotype control treated, untreated SMA and a-C1q antibody treated
SMA mice. SMA mice treated with a-Clg antibody showed a significant improvement in the
survival by the lifespan increase of ~25 % (Figure 49A), but minimal body weight gain (Figure
49B) (Vukojicic et al., 2019).

78



- £ Body weight (gr)

8 - WT
« SMA
o = SMA»C!(r:Ab
* SMA+a-C1 =
0 SMA+Ctr Ab DR _—
n S'\‘A'B-C‘Q Ab & . i 77;; . 7!, 1 1
2l =t
0

1 2 3 4 5 6 7 8 9 10 1
Age (days)
Figure 49. Postnatal in vivo neutralization of C1g in SMA mice improves survival but results
in minimal body weight gain. (A) Lifespan of SMA+Ctr Ab (n = 8) compared to SMA+a-C1q Ab
(n = 10) mice. **p < 0.01; t test. (B) Body weights gain in WT (shown in blue), SMA (shown in
red), SMA+Ctr. Ab (shown in orange) and SMA+a-C1q Ab (shown in black) mice. Adapted from
(Vukojicic et al., 2019).

Importantly, a-Clg antibody treated SMA mice showed a significant improvement in
righting time compared to controls (Vukojicic et al., 2019) (Figure 50). This improvement in treated
SMA mice was improving progressively over time, with the striking ability to right and even walk

in second postnatal week.
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Figure 50. Postnatal in vivo neutralization of C1q in SMA mice has a striking effect on motor
behavior. Righting times of WT (shown in blue, n = 10), SMA (shown in red, n = 9), SMA+Ctr Ab
(shown in orange, n = 15), and SMA+a-C1q Ab (shown in black, n = 24). *p < 0.05, **p < 0.01; t
test for individual ages. Adapted from (Vukojicic et al., 2019).

Collectively, these results demonstrate that in vivo postnatal treatment of SMA mice with a-
Clq antibody rescues both number and the function of proprioceptive synapse which further
confirms the essential role for C1lq in active synaptic elimination in SMA mice. Importantly,
rescued synaptic function indicates that C1g does not tag dysfunctional synapses and suggests

involvement of complement proteins in synaptic dysfunction. Furthermore, synaptic rescue and
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improved sensory-motor circuitry function in treated mice provided remarkable behavioral benefit,
underlying importance of contribution of other neuronal types to motor neuron dysfunction and
motor deficit seen in SMA. Thus, neutralization of C1q could be a potential therapeutic approach

combinatorial to SMN upregulation in SMA patients.

4.2.9. Genetic deletion of C1g in SMA mice rescues proprioceptive synapses

To test whether complete elimination of C1q during embryonic development might also be
beneficial, since postnatal neutralization of Clq resulted in significant synaptic rescue and
behavioral benefit, C1q was removed from SMA mice through genetic manipulations. This was
achieved by crossing mice harboring ubiquitous deletion of Clga (Botto, 1998) with SMA mice.
SMA::Clg-/- mice showed significant rescue of proprioceptive synapses on the somata as well as

on proximal dendrites of L1 motor neurons in comparison to SMA mice at P10 (Vukojicic et al.,

2019) (Figure 51A-C).
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Figure 51. Genetic deletion of C1g in SMA mice rescues proprioceptive synapses. (A) z-stack
projections of confocal images motor neurons visualized with ChAT (shown in blue) and VGIuT1
(shown in white) immunoreactivity in SMA and SMA::C1q” motor neurons at P11. Total distance
in the z-axis: 22.4 pum. Inset shows at higher magnification motor neuron dendrites (shown in blue)

with VGIuT1 synapses (shown in white). (B) The total number of VGIuT1 synapses on the entire
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soma in WT (shown in dark blue, n = 10), SMA (shown in red, n = 10), and SMA::C1q” (shown in
light blue, n = 10) L1 motor neurons at P11. *p < 0.05, **p < 0.01, ***p < 0.01; One-way ANOVA
with Tukey’s test. (C) VGIUTL1 synaptic density — number of synapses in 50-um from the soma
dendritic compartments for WT (shown in dark blue, n = 41), SMA (shown in red, n = 43), and
SMA::C1q™ (shown in light blue, n = 29) motor neurons. *p < 0.05, **p < 0.01, ***p < 0.01; one-
way ANOVA with Tukey’s test. Adapted from (Vukojicic et al., 2019).

Similar to C1q neutralization, there was no rescue of L1 motor neurons in SMA::C1q-/-
mice (Vukojicic et al., 2019) (Figure 52), further supporting that C1q does not play a role in motor
neuron death. These results are not surprising considering recent studies demonstrating that motor
neuron death is a cell autonomous event in which SMN deficiency leads to activation of intrinsic
mechanisms involved in motor neuron degeneration (Simon et al., 2017; Van Alstyne et al., 2018).
Additionally, since previous results demonstrated that synaptic loss is not due to cell-autonomous
mechanisms but rather due to proprioceptive-autonomous mechanisms (Fletcher et al., 2017), it is

expected that synaptic rescue and motor neuron death are independent events in SMA::C1g-/- mice.
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Figure 52. Genetic deletion of C1g in SMA mice does not rescue motor neurons. Total number
of L1 motor neurons in WT (shown in dark blue, n = 3), SMA (shown in red, n = 4), and
SMA::C1q™”" (shown in light blue, n = 4) mice. ***p < 0.01; one-way ANOVA with Tukey’s test.
Adapted from (Vukojicic et al., 2019).

To address whether rescued synapses are functional, in collaboration with Dr. Delestree the
ex vivo spinal cord preparation was utilized to measure the monosynaptic reflex amplitude recorded
in the L1 ventral root upon the stimulation of the L1 dorsal root SMA::C1g-/- mice showed a
significant increase in the reflex amplitude compared to the age matched SMA mice (Vukojicic et
al., 2019) (Figure 53A, B). No difference was recorded in the reflex latency (Vukojicic et al., 2019)
(Figure 53C).
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Figure 53. Genetic deletion of C1q in SMA mice improves motor output by rescuing synaptic
function. (A) The monosynaptic response (indicated with arrows) in SMA and SMA::C1q™ mice at
P10 are shown. The arrowheads indicate stimulus artifacts. (B) The amplitude of the monosynaptic
reflex responses at P10, in SMA (shown in red, n = 9) and in SMA::C1q™ (shown in light blue, n =
4) mice. **p < 0.01; t test. (C) The latency of the monosynaptic response onset for the same groups.
Adapted from (Vukojicic et al., 2019).

These results demonstrate that genetic removal of C1g in SMA mice rescues number and
the function of proprioceptive synapses which indicates that C1q mediated synaptic elimination is

an active aberrant pathogenic process.

4.3. Clqg mediates sensory-motor circuits refinement during normal development

Surprisingly, genetic removal of Clg, unlike postnatal C1q neutralization with anti-C1q
antibody, did not result in any behavioral improvement in SMA mice, despite very similar rescue of
proprioceptive synapses. While SMA mice treated with a-C1q antibody from birth had striking
improvement in time to right SMA::Clg-/- mice lacked any improvement in righting reflex
(Vukaoijicic et al., 2019) (Figure 54A). Their body weight gain and time to right across all ages were
comparable to those of SMA mice (Vukojicic et al., 2019) (Figure 54B,A). These results were
intriguing considering a seeming sensory-motor circuitry restoration, as both synapse numbers and
function were rescued. These results opened the possibility of Clg involvement in synaptic
elimination during the spinal sensory-motor circuit refinement during the prenatal development.
Proprioceptive neurons synapse onto motor neurons innervating the homonymous muscle, but not
the antagonistic muscle. However, during early development motor neurons do receive

proprioceptive inputs originating from antagonistic muscles (Seebach and Ziskind-Conhaim, 1994),
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that will be eliminated at postnatal ages (Poliak et al., 2016) to achieve proper motor function. The

molecular mechanisms involved in this sensory-motor circuitry refinement are currently unknown.
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Figure 54. Genetic deletion of Clg in SMA mice does not confer behavioral benefit. (B)
Righting time and (B) body weight gain during postnatal development in SMA (shown in red, n=9)

and SMA::C1qg” (shown in light blue, n=10) mice. Adapted from (Vukojicic et al., 2019).

To explore whether C1q is involved in synaptic refinement early during development, the
synaptic numbers of VGIuT1+ proprioceptive synapses on soma and proximal dendrites of motor
neurons in C1g-/- mice were investigated. Synaptic density analysis revealed ~25% of excessive
VGIUT1 synapses, on the soma and proximal dendrites of C1g-/- motor neurons in comparison to
WT counterparts at P11 (Vukojicic et al., 2019) (Figure 55A-C).
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Figure 55. Genetic deletion of Clg in SMA mice results in an increased number of

proprioceptive synapses during normal development. (A) Z-stack projections of confocal images
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of L1 motor neurons visualized with ChAT (shown in blue) and VGIuT1 synapses (shown in white)
in WT and C1qg™ mice at P11. Total distance in the z-axis: 25.2 um. Circled areas indicate MN
nuclei. Higher magnification images (right) of z stack projections from single motor neurons in WT
and C1q” mice. Total distance in the z-axis: 2.1 pm. (B) The total number of VGIuT1 synapses on
the entire soma from WT (shown in blue, n = 10) and C1q™ (n = 12) L1 motor neurons. **p < 0.01;
t test. (C) VGIUTL synaptic density — number of synapses in 50-um from the soma dendritic
compartments in WT (shown in blue, n = 41) and C1q” (shown in green, n = 35) motor neurons.
**p < 0.01, ***p < 0.001; t test. Adapted from (Vukojicic et al., 2019).

To test whether these supernumerary synapses were functional, in collaboration with Dr.
Delestree, dorsal root-to-ventral root reflexes were measured in the L1 lumbar segment, ex vivo, at
P11.The monosynaptic reflex amplitude was significantly increased compared to WT counterparts
(Vukojicic et al., 2019) (Figure 56A, B). Furthermore, to probe the synaptic efficacy of these
excessive synapses in Clg-/- mice, synaptic neurotransmission was challenged under high
frequency (20Hz) stimulation. Electrophysiological recordings revealed that the change in reflex
amplitude during repetitive stimulation, was similar to the one observed in WT mice (Vukojicic et
al., 2019) (Figure 56C, D).
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Figure 56. Supernumerary synapses in C1g”- mice are functional. (A) Ventral root responses to
supramaximal stimulation of the homonymous L1 dorsal root in WT and C1q™ spinal cords at P10.
The arrowheads indicate the stimulus artifacts. (B) The amplitude of the monosynaptic reflex
responses for WT (n = 6) and C1q”" (n = 7) mice at P11. *p < 0.05; t test. (C) Superimposed traces
of the 1% (shown in black) and 5" (shown in red) responses following 20-Hz stimulation of the
dorsal root in WT and C1q” mice. (D) Percentage of the amplitude change of the 5" response
normalized to the 1% response, following a 20-Hz stimulation in WT (n = 6) and C1q™ (n = 7) mice.
Adapted from (Vukojicic et al., 2019).
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Additionally, there was no difference in the numbers of motor neurons in WT and C1q™
mice (Vukojicic et al., 2019) (Figure 57A,B) which together with previous observation indicates
that supernumerary synapses in C1g-/- mice are functional.
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Figure 57. Genetic deletion of C1q does not result in motor neuron death. (A) Confocal images
of L1 motor neurons labeled with ChAT (shown in blue) in WT and C1g” mice at P11. (B) The
total number of L1 spinal segment motor neurons in WT (shown in blue) and C1q” (shown in

green) mice. Adapted from (Vukojicic et al., 2019).

Behavioral analysis revealed a mild underweight condition for C1g-/- mice compared to the WT
controls (Vukojicic et al., 2019) (Figure 58).

Body weight (g)

Age (days)

Figure 58. Genetic deletion of C1q results in mild under-weight gain. Body weight gain in WT
(shown in blue, n=10) and C1q™ (shown in green, n=10) mice. Adapted from (Vukojicic et al.,
2019).
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Strikingly, C1q” mice exhibited remarkable differences in time they took to right (Vukojicic
et al., 2019) (Figure 59). They showed a significant delay in righting, very prominent at birth and
with progressive improvement during the second postnatal week (Vukojicic et al., 2019) (Figure
59). This is not surprising as previous results demonstrated involvement of proprioceptive sensory
synapses in the righting ability during the first postnatal week (Fletcher et al., 2017). In the second
postnatal week, however, descending pathways mature and especially vestibulospinal pathways
play a more prominent role in the righting reflex. This could explain why sensory-motor circuitry

perturbations caused by the lack of C1qg will not have strong effect after the first postnatal week.
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Figure 59. C1q”- mice show a significant delay in righting. Righting times in WT (n = 10) and
C1qg™ (n = 18) mice during the first 12 postnatal days. ***p < 0.001; t test for the individual ages.
Adapted from (Vukojicic et al., 2019).

The righting inability of C1g-/- mice coupled with the increased numbers of proprioceptive
synapses on MNs raised the question whether sensory motor circuits may have been inadequately
established during the late embryonic and early postnatal development. Therefore, the connectivity
pattern between two antagonistic motor pools, Gastrocnemius (Gastro) and the Tibialis Anterior
(TA) muscles were investigated. An assay that utilizes the transganglionic transport properties of
cholera toxin B-subunit (CTb) conjugated to Alexa-555 was used. Upon muscle injection, CTb
accumulates in approximately 40% of proprioceptive synapses, which can be independently and
selectively marked by the presynaptic VGIUT1 expression (Mendelsohn et al., 2015). The TA
muscle was injected with CTh-Alexa-555 which labels TA motor neurons as well as proprioceptive
synapses. At the same time Gastro muscle was injected with fluorescein dextran (Dext) which
labels only motor neurons (Vukojicic et al., 2019) (Figure 60A, B). This distinction allowed binary
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density comparison of proprioceptive synapses labeled with CTb in contact with either

homonymous CTb-labeled or Dextran labeled antagonistic MNs (Mendelsohn et al., 2015).

A N B[ TA MN

Figure 60. Experimental set up for binary density comparison of proprioceptive synapses in
contact with either homonymous CTb-labeled or Dextran labeled antagonistic motor neurons.
(A) Schematic illustration for retrograde labeling of Tibialis Anterior (TA) motor neurons and their
proprioceptive synapses with CTbh-555 (shown in red) and gastrocnemius (Gastro) motor neurons
only with fluorescinated dextran (shown in green). The dotted red line indicates inappropriate
Tibialis Anterior synapses onto gastrocnemius motor neurons. (B) Tibialis Anterior and
gastrocnemius motor neuronss labeled with CTh-555 and fluorescinated dextran correspondingly.
Adapted from (Vukojicic et al., 2019).

Synaptic density was analyzed 6-7 days after injection which is the minimum time needed
for labeling both motor neurons and proprioceptive synapses (Mendelsohn et al., 2015). C1qg-/- mice
had approximately 22% of Gastro motor neurons which received inappropriate sensory synapses
originating from proprioceptive neurons in antagonistic TA muscle compared to none in WT mice
(Vukojicic et al., 2019) (Figure 61A, B).
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Figure 61. C1g mediates sensory-motor circuitry refinement during normal development. (A)
Single optical planes of confocal images with the tracers fluorescinated dextran (shown in green),
CTb-555 (shown in red) and VGIuT1 (shown in blue) immunoreactivity from gastrocnemius motor
neurons in a WT and a C1” mouse at P7. Inset shows an example of inappropriate synapse — tibialis
anterior-originating proprioceptive synapse (arrow) on a gastrocnemius motor neuron. (B)
Percentage of motor neurons receiving inappropriate synapses in WT (n = 3) and C1g-/- mice (n =
4). *p < 0.05; t test. Adapted from (Vukojicic et al., 2019).

These results provide evidence that sensory-motor circuitry refinement occurs early during
development, likely during late embryonic and early postnatal period, and that it is C1g-dependent.
Although these data demonstrate that ~ 22% of Gastro motor neurons receives inappropriate
sensory synapses, this percentage is likely higher but due to experimental limitations cannot be
assessed prior to P7. These results may also offer the explanation for the lack of motor
improvement in SMA::C1g-/- mice, as these inappropriate synapses contributed to seemingly
rescued VGgluT1 density on vulnerable SMA motor neurons in the absence of C1g. Importantly,
these results indicate a major role for C1q in the refinement of spinal sensory-motor circuits during

the normal development.

88



5. DISCUSSION

5.1.  Sensory-motor circuitry dysfunction in SMA is driven by non-motor neuron
autonomous mechanisms

Dysfunction and death of wvulnerable neurons are common characteristics of
neurodegenerative diseases. Behavioral deficits are often thought to be due to dysfunction
of vulnerable neurons driven by cell-autonomous mechanisms. Deciphering the mechanisms behind
these events is key in understanding and determining their contribution to pathology of disease.
Importantly, since vulnerable neurons are located within neuronal circuits, the mechanisms by
which their synaptic partners contribute to the disease process may play important roles in disease
pathology. Neuronal dysfunction is often described by changes in physiological properties in
disease vulnerable neurons (Kuo et al., 2004; Mentis et al., 2011).

This study confirms, in a mouse model of spinal muscular atrophy (SMA), that non-cell
autonomous mechanisms drive motor neuron dysfunction. It has been shown that the reduction of
EPSP amplitude observed in SMA motor neurons is restored in SMA+PVvC™ (restoration of SMN in
proprioceptive neurons only) but not in SMA+ChAT®® motor neurons (Fletcher et al., 2017)
indicating that motor neuron dysfunction is a consequence of SMN loss from proprioceptive
neurons. Following SMN restoration in proprioceptive neurons (SMA+PvC™), synaptic loss is
rescued. Taken together with physiological findings (Fletcher et al., 2017), this suggests that SMN-
deficiency from proprioceptive neurons causes sensory-derived motor neuron dysfunction leading

to motor behavior impairments.

Motor neuron dysfunction can be seen as a non-motor neuron autonomous consequence of
SMN deficiency in proprioceptive neurons which is further exacerbated at later stages by
progressive synaptic loss from motor neuron dendrites (Redman, 1979), which comprise nearly
80% of the total synaptic number (Rotterman et al., 2014). Dendritic synapses are also largely
responsible for the activation of motor neurons (Redman, 1979). Thus, to decipher the mechanisms

behind the SMA pathology it was critical to understand how are these synapses lost.
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5.2.  Loss of vulnerable synapses in SMA is induced by aberrantly activated classical
complement pathway

Results of this study in neurodegenerative disease SMA indicate involvement of Clq in
synaptic dysfunction and its role in selective elimination of proprioceptive synapses. Dysfunction of
the vulnerable motor neuron synapses is coupled with deposition of Clq and the subsequent
activation of classical complement cascade, which leads to progressive microglia-mediated synaptic
elimination in SMA. Inhibition of classical complement pathway after birth with an anti-C1q
antibody in vivo treatment, rescues the number and the function of vulnerable synapses, while also
extending moderately the lifespan and conferring significant behavioral benefit in a mouse model of
SMA. Thus, protecting vulnerable synapses from elimination by neutralizing aberrant C1g may
serve as an applicable therapeutic approach complementary to upregulation of SMN. This study
uncovers previously unknown roles for classical complement pathway in synaptic pathology of
SMA.

SMA is a neurodegenerative disease in which a deficiency in the SMN protein leads to
selective loss of motor neurons, but the course of disease does not involve CNS injury.
Additionally, there is a limited knowledge on neuroinflammation, if any present, in either human
patients or mouse models of disease (Deguise et al., 2017; Papadimitriou et al., 2010). Furthermore,
the loss of blood-brain barrier integrity has not been reported in SMA patients or in mouse models
of SMA, nor the influx of lymphocytes and myeloid cells, which would be the case in classically
defined neuroinflammatory conditions such as multiple sclerosis or during CNS infections or
following CNS injury. Importantly, results from this study demonstrate absence of infiltrating
macrophages in SMA mouse spinal cord tissue , since all Ibal+ cells were positive for TMEM119,
a marker specific to microglia but not expressed by either macrophages or other immune or
neuronal cell types (Bennett et al., 2016). Furthermore, in CD68 experiments, all 1bal+ cells were
positive for CDG68, suggesting that there is no infiltration of monocytes or macrophages.
Additionally, immunohistochemistry against CD45 in L1 spinal cords of WT and SMA mice at P4
— when complement proteins are highly expressed and synaptic tagging occurs, revealed low
expression of CD45, while no CD45+/Ibal- cells were observed, suggesting that there is no
infiltration of leukocytes. Although influx of leukocytes was not observed, it is possible that
microglia as well as astrocytes and endothelial cells could locally produce cytokines in response to
homeostatic imbalance in SMA, as seen in some neurodegenerative diseases. However, gene
expression levels of few important pro-inflammatory cytokines (IL-1B, IL-6 and TNF) from mouse
L1/L2 spinal segments - which show significant pathological changes early in the course of disease,
showed no significant difference between WT and SMA at the onset of the disease when synaptic
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loss occurs and complement proteins are highly expressed. All these observations, suggest that the
aberrant upregulation of C1q by local microglia production does not occur in response to activation
of inflammatory pathways but as a direct consequence of SMN-deficient conditions which are
driving neurodegeneration in SMA. How does loss of SMN leads to increased C1q expression is an
intriguing question left to be solved. Several genes have been recently implicated in the sensory
neuron dysfunction in SMA (Ackermann et al., 2013; Shorrock et al., 2018). However, a precise
mechanistic bridge that connects the loss of SMN with the increased C1q expression reported in this
study remains unknown. It is possible that microglia under its own SMN deficient conditions
changes gene expression profile, which includes upregulation of Clg. However, since this
upregulation happens at specific time point, around the time when synaptic loss occurs, it is more
likely that microglia is upregulating C1q in response to signals from other SMN deficient cell
type(s). SMN deficiency in motor neurons leads to their dysfunction which could cause a release of
yet unknown factor(s) from motor neurons, that could be recognized either directly by microglia or
through signals from other glial cell(s) triggering the overexpression of C1q in microglia. Overall,
there has been very limited information on the contribution of glia to SMA pathology. However,
some reports have highlighted the involvement of astrocytes in the disease. Increased astrogliosis
was observed in postmortem tissues of SMA patients (Dachs et al., 2011; Kuru et al., 2009; Rindt et
al., 2015; Tarabal et al., 2014) and in the SMA-A7 mouse model at both early and late disease
stages (McGivern et al., 2013). Astrocytes are known to control formation, maturation and function
of synapses through various contact-mediated and secreted signals (Clarke and Barres, 2013). It is
possible therefore that astrocytes “sense” SMN deficient synapses and then signal to microglia
which in turn upregulates expression of C1q, an initiating protein that mediates synaptic elimination
in SMA.

SMA has been used as a model disease which allows studying the role of synaptic
dysfunction in neurodegenerative diseases (Shorrock et al., 2019; Tisdale and Pellizzoni, 2015). It
has been shown that loss of motor neurons follows sensory synapse dysfunction (Mentis et al.,
2011). Additionally, restoration of SMN selectively in proprioceptive sensory neurons, restores
number of sensory synapses as well as their function, which results in the spiking frequency
improvement of SMA motor neurons, while not having an effect on the survival of motor neurons
(Fletcher et al., 2017). This finding revealed that in SMA, motor neuron survival and synaptic
dysfunction are two independent events (Fletcher et al., 2017). Similarly, SMN restoration in spinal
interneurons and sensory neurons in Drosophila models of SMA was reported to improve
behavioral phenotype (Imlach et al., 2012). All these studies had one thing in common - sensory

synapses were identified as primary neuronal target which contributes to the disease phenotype.
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However, the mechanisms by which sensory synapses are lost in SMA remained elusive. Results of
this study demonstrate that synaptic loss in SMA is due to an active elimination of proprioceptive
sensory synapses contacting motor neurons. These vulnerable synapses are tagged by the imitating
protein of classical complement pathway - C1q, as well as with the downstream C3 protein, both of
which are aberrantly expressed in SMA. Clq and C3 are found to localize to proprioceptive
synapses both in WT and in SMA mice, but to a significantly higher extent in SMA. Furthermore,
VGIUT1 remnants found within microglia suggest that upon C1q deposition on proprioceptive
synapses activation of the classical complement pathway is triggered leading to their subsequent
elimination. Microglia mediates synaptic elimination likely via complement receptor 3 (CR3)
considering that C3 deposits on synapses and that microglia are the only cell type in CNS carrying
receptor for cleaved C3 protein. Additionally, results of this study show that microglia have another
important role in developing and diseased spinal cord. C1q production in the spinal cord of WT and
SMA mice is reserved exclusively to microglia, which is also consistent with a recent study in the
brain (Fonseca et al., 2017). Importantly, C1q protein as well as C1g mRNA were not observed
within motor neurons, as previously suggested (Zhang et al., 2013). Considering these findings
microglia may be an important target in combinatorial SMA therapy. Pharmacological
neutralization of C1q or genetic ablation in SMA mice results in a rescue of vulnerable synapses,
which indicates that dominant mechanism of synaptic elimination in SMA is activation of the
classical complement pathway. Additionally, microglia depletion in vivo with PLX5622 from birth,
resulted in a significant synaptic rescue in treated SMA mice. Coupled with the rescue of vulnerable
synapses was a significant phenotypic benefit observed in these mice, further confirming the role
for C1q and microglia in synaptic elimination. The focus of this study was the loss of VGIuT1+
synapses, but VGIuT2+ synapses have also been reported to be reduced in SMA (Ling et al., 2010b;
Simon et al., 2016). Although not investigated, complement proteins and microglia could also be
involved in their removal. This study therefore demonstrates that aberrant activation of classical
complement cascade triggers loss of proprioceptive synapses and indicates that microglia are
responsible for elimination of synapses in SMA. However, what is the trigger for this selective

elimination of proprioceptive synapses in SMA, remains to be answered.

It is unlikely that preferential C1q tagging of glutamatergic synapses in SMA is due to the
type of neurotransmitter, since inhibitory synapses are selectively removed via C1lqg in a mouse
model of FTD (Lui et al., 2016). It is possible that neuronal activity may be a driving factor for the
selective elimination of synapses. It has been shown (Fletcher et al., 2017) that in SMA,
proprioceptive synapses dysfunction to a certain extent very early (P2) in the disease process. It is

possible that C1q can “‘sense’’ these early synaptic changes, tag synapses and further propagate
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their dysfunction leading to demise of motor function. Furthermore, if SMN is selectively restored
in proprioceptive neurons or if neuronal activity is pharmacologically induced, synaptic function
will be rescued and synaptic elimination is prevented in SMA mice (Fletcher et al., 2017). Results
of this study demonstrate that restoration of SMN selectively in proprioceptive neurons of SMA
mice abrogates synaptic tagging by C1qg to nearly WT levels. This is in the support of the idea that
C1q somehow senses changes in synaptic activity and that tagging by C1q is mediated by synaptic
mechanisms that arise from proprioceptive neurons. Considering the tagging role for C1lq in
synaptic elimination, there must be a way for tight regulation of this process, by which all properly
active synapses remain protected from complement proteins. It has been reported that CD47 is
localized at synapses (Mi et al., 2000; Toth et al., 2013). CD47, also termed integrin-associated
protein (1AP), is widely expressed transmembrane protein which provides a “do not eat me” signal.
It has been demonstrated recently that in the developing lateral geniculate nucleus (LGN) CD47
localizes preferentially in more active synapses, to which it may provide protective signal against
the complement proteins. Therefore, microglia get to eliminate dysfunctional or weak synapses
(Lehrman et al., 2018). It is possible that vulnerable proprioceptive synapses in SMA, may have
downregulated CD47 expression, thus became available to complement and microglia-mediated

elimination.

5.3. Therole of the C1q in the Normal Development of Spinal Sensory-Motor Circuits

This study has uncovered a previously unknown role for the C1qg and classical complement
pathway in the refinement of spinal sensory-motor circuit during normal development. The
monosynaptic spinal sensory-motor arc reflex includes proprioceptive sensory neurons which
directly synapse onto motor neurons which innervate homonymous muscle. It has been shown
during embryonic development that 30% of motor neurons are being innervated by proprioceptive
afferents originating from antagonistic muscles (Seebach and Ziskind-Conhaim, 1994).
Additionally, it has been demonstrated that this persists during the first postnatal week (Poliak et
al., 2016). However, proprioceptive afferents which connect motor neurons that supply antagonistic
muscles are being removed during postnatal development (Mears and Frank, 1997; Mendelsohn et
al., 2015). However, molecular mechanisms behind elimination of these inappropriate synapses had
long remained elusive. This study shows that removal of these inappropriate synapses requires C1q
and likely the activation of the classical complement cascade. Results of this study demonstrate that
genetic removal of C1q from WT mice results in increased number of proprioceptive synapses, for
approximately 25%, on both soma and proximal dendrites of WT motor neurons. These results
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indicate that in the absence of C1q 25% of proprioceptive synapses fail to be pruned and suggest its
involvement in sensory-motor circuitry refinement. Additionally, tracing experiments demonstrate
involvement of C1q in refinement of proprioceptive synapses which contact motor neurons that
originate from antagonistic muscles. This result reveals a Clg-mediated mechanism behind the
synaptic refinement in developing spinal cord. During this early postnatal period, proprioceptive
synapses play a major role in righting behavior (Fletcher et al., 2017). It has been demonstrated that
descending pathways, such as vestibule-spinal inputs have more impact in this behavior than
proprioceptive after the first postnatal week (Bignall, 1974; Pellis and Pellis, 1994; ten Donkelaar,
2000). The amplitude increase of the homonymous dorsal to ventral root reflex in C1q” mice
compared to WT mice revealed that supernumerary synapses in C1q deficient mice are functional.
However, observed deficits in motor behavior which are illustrated through the impaired righting
behavior during the first postnatal week could be explained by the absence of pruning of
inappropriate synapses. In support of this are also the results from SMA mice in which Clq was
removed genetically. Unlike postnatal neutralization of C1q with anti-C1q antibody, there was no
behavioral benefit in SMA mice lacking C1q, despite the similar level of synaptic rescue.
Furthermore, results of this study show an increased C1q expression at birth compared to later
postnatal days. Taken together, these results suggest the role for C1q in pruning of inappropriate
proprioceptive synapses during development. However, the intriguing question is how does Clq
mediate elimination of inappropriate proprioceptive synapses? The assembly of selective
connections between sensory and motor neurons has been demonstrated to depend on their surface
recognition features as well as on the position at which will motor neurons settle in ventral spinal
cord (Fukuhara et al., 2013; Pecho-Vrieseling et al., 2009; Surmeli et al., 2011). Microglia are
known to interact with synapses as a response to sensory experience or neurotransmitter
release (Nimmerjahn et al., 2005; Ransohoff and Perry, 2009; Wake et al., 2009). In addition, it has
been demonstrated that early during development, microglia engulf synapses in lateral geniculate
nucleus. This engulfment is dependent on neural activity and complement tagging, and it is
mediated through microglia-specific CR3 (Schafer et al., 2012). It is likely that inappropriate
proprioceptive synapses are being less active, which could be sensed by microglia, leading to C1q
deposition, subsequent activation of the classical complement cascade and finally microglia-
mediated elimination of improper synapses via CR3. In support of this are following observations:
Cl1g and C3 tagging of VGIUT1 synapses early in postnatal WT mice and VGIuT1 remnants within
microglia. This suggest that a portion, if not all, inappropriate proprioceptive synapses tagged by
Clq are eliminated via classical complement cascade and microglia-mediated mechanism and
unfolds their previously unsuspected role in spinal sensory-motor circuits refinement during normal

development.
94



In summary, this study shows that refinement of spinal sensory-motor circuits during
early development is mediated by C1g-depndent mechanisms. In neurodegenerative disease SMA
aberrantly activated classical complement cascade contributes to the synaptic dysfunction
and induces elimination of proprioceptive synapses early in the disease pathology, propagating the
demise of motor function. Future studies should determine whether pruning of
other synapses in the spinal motor circuit is mediated by similar mechanisms during their
developmental refinement. It will be also interesting to resolve mechanism behind the Clq
upregulation in SMA and to answer the intriguing question of what exactly C1qg binds to on the
synapse. Importantly, future work should examine the therapeutic potential of C1qg neutralization in
SMA patients, as part of the combinatorial strategy for the treatment of this devastating

neurodegenerative disease.
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1)

2)

3)

4.)

5)

6.

7)

8.)

6. CONCLUSIONS

Based on the results of this study, the following conclusions can be drawn:

This study confirms, utilizing a mouse model of spinal muscular atrophy (SMA), that
presynaptic impairment driven by SMN deficiency in proprioceptive neurons is responsible
for motor neuron dysfunction in SMA. Thus, results of this study indicate that non-cell
autonomous mechanisms drive motor neuron dysfunction.

Proprioceptive synapses in SMA have significantly reduced numbers compared to age-
matched WT mice at late stages of disease. Results of this study demonstrate that this is not
due to synaptic arrest occurring during development and that synapses in SMA are formed
normally, but subsequently eliminated, starting at the onset of diseases phenotype in SMA
mice.

Results of this study demonstrate a transient expression of C1lq during early normal
postnatal development in WT spinal cords as well as an aberrant upregulation of C1q at the
onset of SMA in both mouse model and human tissue.

In a mouse model of SMA, Clq aberrantly tags vulnerable proprioceptive synapses at the
onset of the disease, which correlates with the time synaptic loss occurs, suggesting
involvement in synaptic elimination. Furthermore, similar percentage of proprioceptive
synapses on proximal dendrites were tagged by a downstream complement component C3,
suggesting that early in the disease process the classical complement pathway is triggered
and activated.

While C1q aberrantly tags vulnerable excitatory synapses in SMA, there was no significant
difference in C1q tagged inhibitory synapses between WT and SMA mice. Additionally,
C1q was not found in the periphery, on NMJs, suggesting that complement proteins are not
involved in the denervation of NMJs.

Proprioceptive synapses are eliminated by resident macrophages within the central nervous
system — microglia, upon the activation of the classical complement cascade, in a mouse
model of SMA.

Microglia are the major and likely the sole source of C1q in the spinal cord during normal
early development as well as in SMA.

Pharmacological depletion of microglia by PLX5622 in vivo treatment of SMA mice,
revealed that depletion of microglia, rescued synapses that are eliminated in SMA. This

pharmacological approach conferred significant behavioral benefit in SMA mice.
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9)

10.)

11.)

12.)

Experiments in which SMN was selectively restored in proprioceptive neurons revealed that
SMN deficiency in proprioceptive neurons drives C1g-tagging of proprioceptive synapses.
The number and the function of proprioceptive synapses in SMA mice can be rescued with
in vivo postnatal neutralization of C1q by a-C1q antibody treatment, demonstrating that C1q
also plays a role early in synaptic dysfunction. Treatment with a-C1q antibody provided
remarkable behavioral benefit, underling its significance as a potential combinatorial
therapeutic approach in SMA patients.

Genetic removal of C1g in SMA mice rescues number and the function of proprioceptive
synapses which indicates that C1q mediated synaptic elimination is an active aberrant
pathogenic process.

This study uncovers previously unknown role for the C1q in the refinement of spinal
sensory-motor circuit during normal development. In this process C1q mediates elimination

of inappropriate proprioceptive synapses.
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Crynujcku nporpam  buoJioruja

HacnoB pana KoMmiieMeHT M1 MHKPOIIHja Ka0 MOCPeIHNULM I'yOMTKA CEH30PHO-
MOTOPHHX CHHAIICH TOKOM HopMaJsHor pa3Buha un y cnmnannoj mumunhaoj arpopuju

Menrop dr. George Z. Mentis u 1p busbana bo:xkuh HexesbxoBuh
[Norrucann/a Anekcanapa Bykojuunh

W3jaBibyjem ma je mraMmmana Bep3uja MOT JOKTOPCKOT pajia UCTOBETHA €JIEKTPOHCKO] BEP3HUjU KOJY
caMm mpenao/na 3a oOjaBibHBame Ha moprany JururajHor peno3uropujyma YHHBep3uTeTa Y
beorpany.

Jlo3BosbaBaM /a ce o0jaBe MOjU JIMYHU IOJAALM BEe3aHW 3a JI0OMjamke aKaJeMCKOT 3Barma JOKTOpa
HayKa, Kao IITO Cy UMe U Npe3uMe, TOAMHA U MECTO polerwa U 1aTym oalOpaHe paja.

OBu JMYHM MOJAalM MoOry ce O0jaBUTH HAa MPEXHUM CTpaHUlLlaMa TUTrHTaiaHe Oulinoreke, y
eJIEKTPOHCKOM KaTaJIory U y myOnukanujama Y HuBep3uteta y beorpany.

ITornuc ayropa

VY Beorpany, 03.12.2020



MpwnJor 3.

M3jasa o Kopuwherwy

Omnamthyjem YHuBep3utercky Oubmmuoreky ,,Cerozap MapkoBuh® na y Jururanau

perno3uToprjyM YHuBep3UTeTa y beorpaay yHece Mojy JOKTOPCKY JUCEPTALM]y MO/ HACIOBOM:

KoMIiuieMeHT M1 MEUKPOIJIHja Ka0 MOCPeIHUIM I'YOUTKA CEH30PHO-MOTOPHUX CHHAIICH

TOKOM HOpMAaJIHOT pa3Buha u y cninmHaaHoj mumiuhHoj atpoduju
KOja je MOje ayTOPCKO JeJo.

JlucepTanujy ca CBUM IpHIO3UMa Mpeaao/aa caMm y eJIeKTPOHCKOM (GopMmaTy MOTOJHOM 3a TPajHO

apXUBUPAE.

Mojy MAOKTOpPCKY JAucepTalujy MoxpameHy y JWruramHu peno3uTopujyM YHHUBEp3UTETa Y
beorpany Mory ga KopucTe CBM KOJHU TMOINTY]y oapende caapkaHe y oJa0paHOM THUIY JIUIICHIIE

Kpeatusne 3ajeanuiie (Creative Commons) 3a Kojy cam ce oJITy4uo/na.
1. AyropcTBO

2. AyTOpcTBO — HEKOMEPITH]aTHO

3. AyTOpCTBO — HEKOMEPIIHjaTHO — O6€3 TIpepajie

4. AYTOPCTBO — HeKOMeDHHiaﬂHO — JCJIUTHU 1o MCTUM YVCJI0BHUMA

5. AyTtopcTtBo — 6€3 mpepaze
6. AyTOpCTBO — JEIUTH MO UCTUM YCIIOBUMA

(Monumo 512 3a0Kpy>KHUTe caMo jeIHy O]l IIecT MOHYh)eHNX JMLEHIH, KpaTaK OMKC JULEHIH AaT je

Ha nonehunu nucra).

ITornuc ayropa

Beorpany, 03.12.2020 %ug(awﬁ ‘é ~




1. AyropctBo - Jl0o3BOJBAaBaTE YMHOKABAKE, JUCTPUOYIIM]Y U JABHO CAOMIITaBALE JCa, U TIpepae,
aKo ce HaBele MMe ayTopa Ha HauuH ojjpel)eH o CTpaHe ayTopa WIM JaBaolld JIMLEHIE, YaK U Y

koMepuujanHe cBpxe. OBo je HajcI000JHI]a O] CBUX JIMIICHIIH.

2. AyropcTtBo — HekoMeprwjanHo. Jlo3BoJbaBaTe YMHOKaBame, JUCTPHOYIM]Y U jaBHO
caomInTaBame Jielia, ¥ Mpepaje, ako ce HaBelle UMe ayTopa Ha HayuH ojapeheH ox crpaHe aytopa

WM AaBaoria JuiieHie. OBa JMIIeHIIa He T03B0JbaBa KOMEPIIHjIHY yIOTpeOy aena.

3. AyTopcTBO - HekoMepuujanHo — 0e3 mpepaje. J(o3BojbaBaTe yMHOXKaBame, AUCTPUOYLHU]Y U
JaBHO caomINTaBame Jena, 6e3 mpoMeHa, MPeoOIMKOBaka WM YIOTpeOe JIefia y CBOM JIeNTy, aKo Ce
HaBe/Ie MMe ayTopa Ha HauWH oapeheH ox cTpaHe ayTopa WM naBaoua jurenne. OBa JUICHIIA HE
JI03BOJbaBa KOMEPIIMjAIHY yIIOTpeOy Jiena. ¥ OJHOCY Ha CBE OCTaJie JIHUIICHIIE, OBOM JIMIICHIIOM Ce

orpaHnnyaBa HajBehu oO6uM rnpasa kopunrhema jaena.

4. AyTOpCTBO - HEKOMEpPLHUJATHO — JAEIUTU HOJ MCTUM ycioBuMa. J[03BOJbaBaTe yMHOXKaBame,
IMCcTpUOYLIMjy M JaBHO CaolllTaBame Jeja, M Ipepaje, ako ce HaBele MMe ayTopa Ha HauuH
onpeheH o cTpaHe ayTopa WIM J1aBaola JHUIICHIE U aKo ce Mpepasa TUCTpUOyHpa Mol KCTOM HITH

cimyHOM JureHioM. OBa JHUIIEHIIAa He J03B0JbaBa KOMEPIUjaIHy yHIoTpeOy Jea u mpepaja.

5. AytopctBo — 6€3 mpepaze. [lo3BojbaBaTe yMHOXKaBame, NUCTPUOYIN]Yy U JaBHO CAOIIITaBAKE
nena, 0e3 mpoMeHa, NMpeoOIMKoBamba WK yHnoTpede Jieja y CBOM /ey, ako ce HaBele UMe ayTopa
Ha HayuH onapeheH ox cTpaHe ayTtopa wiM JAaBaona JjuineHne. OBa JUIEHIIA J03BOJbaBa

KOMepLHjaHy ynoTpely nena.

6. AyTOpCTBO - J€JIUTH MOJ UCTHM yciaoBuMa. Jlo3BosbaBaTe yMHOXaBamwe, TUCTPUOYIIM]Y U jJaBHO
caolITaBame Jieja, U Mpepaje, ako ce HaBeJe MMe ayTopa Ha HauuH ojapeheH on cTpaHe ayTopa
WIM JlaBaolla JIMLEHIE M aKo ce Mpepaja AUCTPUOyupa Moj MUCTOM WM CIMYHOM JnieHoM. OBa
JMIIEHIIA J03BOJbaBa KOMepIHjalHy ymnoTpeOy nena u mnpepaga. CindHa je copTBEpCKUM

JIMICHIIaMa, OJTHOCHO JIMIICHIaMa OTBOPCHOT" KOJIa.
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