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Abstract

Age-Dependent Roles of Clq in Ia Afferent Synapse Dynamics Post-Peripheral Nerve Injury: A
Comparative Study in Neonates and Adults
By Celia Bianco

Peripheral nerve injuries, especially those involving nerve transections, frequently cause reduced
functionality. These injuries lead to the irreversible loss of Ia proprioceptive synapses from their
target motoneurons, preventing full functional recovery despite nerve regeneration and muscle
reinnervation. Consequently, the monosynaptic muscle stretch reflex disappears, leading to
impaired fine motor control in affected individuals. Crush injuries, however, do not cause this
permanent loss of Ia afferent synapses, and therefore, the muscle stretch reflex returns. The
recovery pattern after crush injuries shifts dramatically during the early postnatal period, a crucial
phase for developing weight-bearing movements. Injuries inflicted at this stage result in far greater
and more permanent la afferent synaptic losses than when this injury occurs during adulthood.
Notably, the extent of la afferent synaptic loss from neonatal crush injuries closely mirrors that of
full nerve transections in adults. These permanent synaptic losses occur despite successful muscle
reinnervation and no evidence of peripheral immune cell invasion, which has been implicated in
removing these contacts after nerve transections in adults. This early developmental window is
marked by an upregulation of complement proteins by microglia, triggering the complement
cascade for developmental synaptic pruning to refine motor circuits. Considering the pivotal role
of Clq, the complement cascade's initiating protein, in synaptic pruning during both development
and pathology, our study investigates C1q's involvement in post-injury synaptic pruning and its
differential impact between neonates and adults. We examined two cohorts: neonates subjected to
sciatic nerve crush injuries, with and without global C1q deletion, and adults undergoing sciatic
nerve transection, including animals with C1q selectively removed from microglia prior to injury,
and their genetic control littermates. Our analysis on the quantity of VGLUT1 synaptic boutons
on injured motoneurons reveals a stark contrast; unlike in adults, where synaptic contacts decrease
after nerve transection regardless of C1q presence, VGLUT1 contacts in neonates are preserved in
the absence of Clq. However, these synapses are significantly reduced in size, indicating
diminished functionality. This finding emphasizes C1q's distinct role in synaptic pruning following
nerve injuries across developmental stages and suggests an age-dependent mechanism of synaptic
loss post-injury. It provides new insights into the complex interplay between injury, development,
and synaptic plasticity.
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INTRODUCTION

Epidemiology of Peripheral Nerve Injury

Peripheral nerve injury (PNI) is a condition characterized by the disturbance or damage
to the peripheral nervous system (PNS), a complex network of nerves that connects various body
parts to the central nervous system (CNS). It impairs the normal function of the peripheral
nerves, leading to problems in transmitting signals between the CNS and the muscles, skin, and
internal organs (Lopes et al., 2022). This condition often results in significant functional deficits,
such as loss of sensory and motor abilities, muscle atrophy, chronic pain, and weakness (Zhang
et al., 2022). Between 13 and 23 out of every 100,000 people are affected by PNI, and
approximately 90% of those who suffer from PNI do not attain complete motor or sensory

recovery (Dong et al., 2021; Portincasa et al., 2007; Scholz et al., 2009).

Peripheral nerve injuries impact individuals of all ages, yet the prevalence of specific
types of these injuries tends to shift with age. In adults, ulnar nerve injuries, often resulting from
motor vehicle crashes, are among the most common PNIs (Althagafi and Nadi, 2023). Despite
axonal regeneration and muscle reinnervation, about 90% of patients continue to experience
impairments years after injury (Portincasa et al., 2007). Ulnar nerve injuries impair fine motor
skills, particularly affecting the ability to pinch, hold objects like pens, and button shirts due to
muscle weakness or paralysis. This results in reduced coordination and dexterity, complicating

precise hand movements (Lleva et al., 2023).

In children, the brachial plexus is the nerve network most commonly affected. This

network is crucial for sensation and muscle control in the shoulder, arm, hand, and fingers



(Govindan and Burrows, 2019). Brachial plexus injuries usually occur from stretch injuries to
the head, neck, and shoulder, often during birth. The incidence of these injuries ranges between
0.4 to 4 per 1,000 live births (Govindan and Burrows, 2019). While the severity of the injury
greatly influences recovery, approximately 20-30% of children with brachial plexus injuries are
left with residual deficits (Volpe et al., 2018). Given the prevalence of PNIs and the low
likelihood of complete recovery for those affected, it becomes increasingly important to deepen
our understanding of the underlying mechanisms involved in both the injury itself and the

subsequent regeneration.

Degenerative Processes Following Peripheral Nerve Damage

Following a peripheral nerve injury, cellular and molecular mechanisms are activated
first at the site of injury in the periphery. These mechanisms orchestrate a series of events
tailored to the specific nature of the injury, guiding either the degeneration or the potential
regeneration of the affected nerve fibers. Peripheral nerve injuries are classified into three main
types: neuropraxia, axonotmesis, and neurotmesis (Sunderland, 1951). Neuropraxia, the mildest
form, arises from mild compression of the nerve, leading to a temporary disruption in nerve
function (Menorca et al., 2015). This condition is characterized by decreased conduction velocity
due to focal segmental demyelination, yet it preserves axonal continuity without any loss of the
axon itself. In contrast, axonotmesis, otherwise known as a “crush” injury, involves the
severance of axons while preserving the connective tissue sheaths around them (Menorca et al.,
2015). Neurotmesis, also referred to as "cut" injuries, represents the most severe form of nerve

damage. This type involves the complete severance of the nerve fibers (axons) as well as the



surrounding connective tissues, disrupting both the electrical signaling and the structural

integrity of the nerve (Menorca et al., 2015).

Following axonotmesis and neurotmesis, the severed nerve undergoes a degenerative
process known as Wallerian degeneration, whereby the nerve breaks down to help establish a
microenvironment that facilitates axonal regeneration (Menorca et al., 2015). Despite not having
experienced the trauma directly, the distal segments of the injured axons deteriorate due to their
severed connection from the neuron's cell body, thereby losing access to essential nutrients and
metabolic support (Rotshenker, 2011). The speed of this process is proportional to the pace of
regeneration, with faster degeneration leading to a quicker and usually more successful recovery
(Rotshenker, 2011). The proximal stump also degenerates but is much less severe as it typically
only progresses to the first node of Ranvier. When the injury site is close to the neuronal cell
body in the dorsal root ganglion (DRG), however, apoptosis may occur, thus eliminating the

potential for axon regeneration (Tetzlaff and Bisby, 1989).

The first step in Wallerian degeneration is axon fragmentation. The rate of this process is
dependent on several factors, including the diameter of the axon, the distance between the injury
and the end-organ, and the species experiencing the injury (Lubinska, 1977; Beirowski et al.,
2005; Gilliatt and Hjorth, 1972). Generally, injured axons with a smaller diameter, shorter distal
segments, and belonging to smaller-sized animals tend to fragment more quickly. Fragmentation
can be observed through light microscopy within 36 to 44 hours post-nerve transection in
rodents, whereas in baboons, it is only detectable about one week after the injury (Lubinska,
1977; Gilliatt and Hjorth, 1972). Furthermore, large, heavily myelinated afferent fibers, such as

the proprioceptive la afferents that transmit information regarding muscle length and dynamics,



undergo degeneration and subsequent regeneration more slowly compared to afferent fibers with
less myelin and a smaller diameter, such as the Ib fibers, which play a crucial role in touch
sensation. Following fragmentation, axon destruction progresses from the site of injury towards

the muscle, advancing at a rate of about 10 to 24 millimeters per hour (Rotshenker, 2011).

These afferent fibers not only disconnect from their innervated muscles, but they also
disconnect from their contacts upon neurons in the spinal cord. When sensory axons are injured,
they disconnect form target muscles and also withdraw their connections with neurons in the
spinal cord (Blinzinger and Kreutzberg, 1968). This prevents motor neurons from receiving
sensory input (Alvarez at al., 2010; Alvarez et al., 2011). The severity of synaptic stripping
differs between axonotmesis and neurotmesis injuries, with both involving activated microglia
surrounding motor neurons, but only after neurotmesis injuries the microglia reaction extend in
time causing a phenotypic change in activated microglia towards expression of the chemokine C-
C motif ligand 2 (CCL2) and infiltration of C-C motif receptors (CCR2) positive blood-borne
immune cells responding to this chemokine (Rotterman et al., 2024). The extent of this immune
reaction and CCL2-CCR?2 signaling determines whether synapses from muscle sensory afferents

return to their target neurons.

Ia sensory afferents are nerve fibers that play a critical role in the body's proprioceptive
system, primarily by innervating muscle spindles in the periphery. These muscle spindles are
sensory receptors located within the muscle that detect changes in muscle length, effectively
providing the central nervous system with information about the position and movement of
limbs. Upon detecting a stretch in the muscle, la afferents transmit signals to motorneurons in the

spinal cord, triggering the stretch reflex. This reflex involves the immediate contraction of the



stretched muscle and relaxation of the antagonist muscle, thereby preventing overstretching and
injury. The disappearance or dysfunction of Ia afferents disrupts this feedback loop, leading to
deficits in motor control. Without the precise input from muscle spindles via la afferents, the
central nervous system struggles to accurately gauge muscle position and movement, resulting in
impaired coordination and difficulty executing fine movements, such as those involved during
slope walking (Maas et al., 2007). This is because balance and adjustments required for such fine

motor tasks rely on the instantaneous feedback provided by these sensory afferents.

Peripheral Nerve Regeneration

Once Wallerian degeneration is complete in the peripheral nerve, regeneration begins
(Dahlin, 2006). The remaining part of the nerve closest to the body is known as the proximal
stump and it is connected to the cell body that resides in dorsal root ganglia (DRGs). Transected
axons start growing by making many different sprouts. Many of these branches are pruned,
leaving the survivors to continue growing (Morris et al., 1972). The growth of these axons relies
on structural proteins produced both locally and within the cell body, which are then
anterogradely transported along the axon. These proteins include actin and tubulin (Fu and
Gordon, 1997; Ertiirk et al., 2007; McQuarrie, 1985). Because these building materials travel
slowly, axon regeneration progresses at a rate of 1-3 mm per day (Griffin et al., 2013). At the
forefront of each growing axon is a structure known as a growth cone. This cone guides the axon
toward the far end of the nerve, the distal stump, by reacting to environmental guidance signals

known as neurotrophins. Depending on the signals, growth cones can be drawn towards or



pushed away from specific areas, ensuring the axons grow in the correct direction to ultimately

reconnect to their targets (Goodman, 1996; Tuttle and O'Leary, 1998).

Schwann cells play crucial roles in nerve regeneration, performing several functions that
facilitate the healing process. After a nerve injury, Schwann cells dedifferentiate and proliferate
along the remaining endoneurial tubes of the extracellular matrix (ECM), forming structures
known as the bands of Biingner. These structures create a hollow tube that serves as a guided
pathway for the regenerating axons to grow through (Burnett and Zager, 2004). In addition to
physically supporting axon regrowth, Schwann cells communicate with the damaged neurons by
sending retrograde signals. These signals lead to changes in the neuron's gene expression profile,
specifically tuning it to promote regeneration (Hall, 1997). Furthermore, Schwann cells secrete
neurite-promoting factors, including fibronectin and laminin, into the ECM. These proteins are
crucial for the growth cones at the tips of regenerating axons, as they provide a surface for these
cones to adhere to (Guénard et al., 1991). By adhering to the basal lamina of the endoneurial
tubes, the growth cones can navigate through the pathway laid out by the Schwann cells,
advancing the regeneration of the nerve towards the neuromuscular junction (NMJ). For the
connection to become fully functional, the axon needs to undergo remyelination and increase in
size (Menorca et al., 2015). These changes together enhance the axon's ability to transmit signals
effectively. Ultimately, the regeneration process concludes with functional re-innervation, where
the newly regenerated axon establishes a functional link with the end-organ, restoring its activity

and communication.

The outcomes of nerve regeneration are significantly influenced by the integrity of the

endoneurial tube. Axonotmesis, which affects the axons without harming the surrounding



connective tissue, provides an optimal environment for axonal regrowth due to the intact
endoneurial tube. In neurotmesis injuries, where both the axons and endoneurial tubes are
damaged, the formation of bands of Biingner is hindered, and there is an increase in scar tissue.
This can block the growth cone, resulting in disorganized axonal growth (Geraldo and Gordon-
Weeks, 2009). Furthermore, the gap length created by the injury is inversely related to the
success of regeneration, with larger laps leading to less successful axonal outgrowth (Menorca et
al., 2015). Successful regeneration and maturation also hinge on the condition of the NMJ.
Following denervation, muscle fibers begin to atrophy as soon as three weeks after the injury,
with collagen deposits forming in the endomysium and perimysium (Dahlin, 2006; Noaman et
al., 2004). Therefore, even if a regenerated axon reaches its target, the end-organ must be

preserved for the full functional recovery of the nerve.

Another issue that arises is that axons often fail to connect with their correct targets in the
periphery (Brushart and Mesulam, 1980). This misdirection in reinnervation is more common
after neurotmesis injuries (Brushart,1993). The absence of an intact endoneurium increases the
likelihood of axons being misdirected, causing them to enter incorrect pathways, such as motor
axons regenerating towards skin instead of muscles. In contrast, accurate reinnervation is more
likely after crush injuries due to the presence of an intact endoneurium, which helps guide
regenerating axons back to their original targets (Sunderland, 1968). This discrepancy in the
reinnervation process can lead to the formation of inappropriate connections, thus decreasing the

likelihood of achieving a full functional recovery.



Sensory Input Recovery in the Central Nervous System

For full functional recovery after an injury, it's crucial that not only the muscles become
efficiently and precisely reinnervated motor axons and la sensory axons reinnervating muscle
spindles. In addition, the central collaterals of Ia sensory afferents inside the spinal cord need to
successfully re-establish connections motor neurons in the ventral horns. When these synaptic
contacts fail to reconnect with their target neurons, both motor and sensory functions become
impaired. Synapses from neurons expressing different synaptic markers exhibit varying
outcomes. After successful muscle reinnervation, Vesicular Glutamate Transporter isoform 1
(VGLUT]1) synapses, which label Ia afferent proprioceptive synapses (as well as II afferents),
suffer a large and permanent depletion (Alvarez et al., 2011). The permanent loss of the
VGLUT]1 synapses, which convey information about muscle length and dynamics, has been
shown to cause the permanent loss of the monosynaptic muscle stretch reflex (Bullinger et al.,

2011).

As with nerve regeneration and muscle reinnervation, the fate of VGLUT1 synapses post-
injury depends on multiple factors. Injury type significantly impacts recovery, with axonotmesis
injuries permitting the eventual full restoration of VGLUT]1 synapses, unlike neurotmesis
injuries (Rotterman et al., 2024). The presence of an intact endoneurial tube accelerates nerve
regeneration, resulting in faster muscle reinnervation, usually completing around 3 weeks post-
injury (Rotterman et al., 2024). This condition supports the return of VGLUT1 synapses by 8
weeks post-injury. Conversely, in cases of neurotmesis, axon regeneration occurs more slowly,
with full muscle reinnervation taking up to 8 weeks post-injury (Rotterman et al., 2024). After

such injuries, VGLUT1 contacts do not fully re-establish connections with motor neurons, only



reaching about 20% of their original density (Rotterman et al., 2024). The lack of recovery of la
afferent synapses has been related to developing with time microglia expressing CCL2
(Rotterman et al., 2024). This occurs after 14-21 days of continuous microglia activation and was
shown to contribute to the permanent deletion of Ia afferent synapses. In contrast, microglia
revert to a normal surveying microglia in none activated state after nerve crush injuries and this

facilitates the return of Ia afferent synapses on motor neurons.

Another less understood factor that influences the fate of VGLUT1 synapses after injury
is the age at which the injury occurs. Evidence suggests that injuries sustained during specific
developmental windows impact the possibility of VGLUT1 synaptic restoration. As mentioned
earlier, adults experiencing axonotmesis injuries can expect the eventual return of VGLUT1
synapses. However, when the entire nerve is transected, these synapses do not recover
(Rotterman et al., 2024). In neonatal rodents of postnatal day 1 (P1) to P5, all nerve injuries
regardless of modality induce the death of almost all sensory and motor neurons (Lowrie and
Vrbova, 1992; Hart et al., 2008) and motor function is abolished. Lesions at early postnatal
development times (around 10 days after birth in mice homologous to babies in the first 6
months of age) preserve sensory and motor neuron viability but result in lasting impairments in
motor function even in the case of milder axonotmesis (crush nerves): muscle tension only
recovers to half of its normal capacity, with fast-twitch muscles being more severely affected
than slow-twitch ones (Lowrie et al., 1987). Additionally, the maximal compound muscle action
potential (CMAP) recorded from these muscles fails to return to pre-injury levels, even 60 days
post-injury, despite muscle reinnervation (Arbat-Plana et al., 2023). Moreover, Ia synapses are

permanently lost over motor neuron even in the case of milder nerve injuries (Arbat-Plana et al.,
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2023). The reason why axonotmesis results in more severe synapse loss in younger animals

remains unclear.

The Critical Window of Developmental Synapse Pruning

The time frame during which axonotmesis leads to the permanent loss of Ia
afferent/VGLUT1 synaptic contacts aligns with a crucial period of synaptic plasticity. This
period is essential for the development of weight-bearing motor functions, mirroring the
maturation of posture and limb coordination seen in human infants aged 8 to 15 months (Altman
and Sudarshan, 1975; Westerga and Gramsbergen, 1990; Greensmith and Vrbova, 1992; Altman
and Bayer, 2001). For the development of these motor functions, developmental synapse pruning
must occur. This is general process that occurs during maturation of synaptic circuits throughout
the central nervous system, and microglia play a pivotal role by activating genes involved in
eliminating unnecessary synapses and axons (Matcovitch-Natan et al., 2016; Hammond et al.,
2019, 2021). They achieve this through a mechanism known as the classical complement cascade
(Stephan et al., 2012). This cascade begins with the protein C1q, which "tags" for removal
synapses deemed functionally inappropriate. C1q and the complement cascade have not only
been implicated in synapse pruning during development but also in the synapse pruning observed
in neurodegenerative diseases such as Huntington's and Alzheimer's. Studies in mice have
demonstrated the importance of complement mediated Ia afferent synapse removal during
removal. The connections between Ia afferents and motor neurons are characterized by high
specificity: Ia afferents from a given muscle contact motor neurons that innervate the same

muscle and some synergists (motor neurons innervating muscles with similar function), but not
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motor neurons that innervate antagonist (muscle with opposite function around a joint, for
example flexor vs extensor). In mice lacking C1q, approximately 22% of motor neurons in the
ventral horn receive inappropriate Ia afferent sensory inputs from antagonistic muscles, an error
not present in wild-type mice (Vukojicic et al., 2019). This highlights the essential role of Clq
and the classical complement cascade in sculpting sensory-motor circuits during early

development.

The expression of genes associated with synapse and axon pruning, coupled with the
observation of a permanent loss of la afferent synapses after axonotmesis—a loss that is less
severe in adults—Ileads to the focus of the current study. We aim to determine whether C1q plays
a different role in the synapse pruning process in young animals compared to adults, whose
microglia do not upregulate pruning-associated genes in their basal state. Our study focused on
analyzing la-motoneuron synapses in mice after a nerve crush injury at P12, comparing the
outcomes between C1g-deficient animals and their control littermates. While muscle
reinnervation and survival of la afferent neurons were similar in both groups, the loss of la
afferent synapses did not occur in the absence of C1lq. Furthermore, in adults, the extent of Ia
afferent synapse loss following neurotmesis injuries was comparable in individuals with and
without C1q. This indicates that while C1q is responsible for pruning these synapses in young

animals, it does not contribute to the synaptic stripping observed following nerve injury in adults.
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MATERIALS AND METHODS

Transgenic Models and Experimental Groups

All aspects of animal care, including surgical operations, were conducted at either
Columbia University or Emory University. These procedures adhered to the National Institutes
of Health Guidelines on the Care and Use of Animals and received approval from the
Institutional Animal Care and Use Committee (IACUC). Several transgenic lines were obtained
from The Jackson Laboratory and maintained on a C57BLk/6 background (see Table 1). Surgery
procedures were conducted at either Columbia University by Dr. Danny Florez-Paz in the lab of
Dr. George Mentis (Motor Center, Columbia University) or at Emory University by Ms. Zoé
Haley-Johnson in the Alvarez lab. The harvested tissues were mailed to Emory University for

processing and analyses.

The adult mouse group was composed of both Cx3crl CER* .. C1q ™ (n=3) and
Cx3crl 7" :: C1q ™™ mice (n=3), all of which were littermates matched in terms of age (~1.5
months old, postnatal day 46, P46) and subjected to the same injury: mid-thigh sciatic nerve

1 CreER* 2 Clq ™% mice enable

transection followed by ligation preventing regeneration. Cx3cr
the induction of microglia-specific and temporally controlled C1q gene deletion. In this process,
tamoxifen can be administered at a chosen time to selectively remove the c/g coding gene from
microglia. Once tamoxifen is injected, the microglia in these mice stop producing the Clq
protein required to carry out the classical complement cascade. This is a conditional c/g gene

deletion. The Cx3crl ™+ C1q ™™ mice functioned as the genetic control group. This control

group possesses the wild-type Cx3crl locus, ensuring that the C1q gene in their microglia is not
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subject to tamoxifen-induced deletion. As a result, the C1q protein within the microglia in these

mice remains unaltered, thereby maintaining the integrity of the classical complement pathway.

The postnatal group consisted of C1q 7~ global knockout (KO) mice (n=5) and wild-type
mice (n=4). All C1q 7~ mice, and one wild type, were raised and nerve injured in the Mentis Lab.
In this case we performed sciatic nerve crush injuries allowing regeneration to occur. Three
additional mice were born at Emory, and all their surgeries and tissue processing were completed
at Emory. The reason for these different sources was post-surgery death (n=1), failure to
retrogradely label the sciatic motor pool (n=1) and incomplete nerve injuries (n=2) in the wild-

type cohort form the Mentis lab.

In contrast to the Cx3crl CER* :: C1q ™™ mice, the C1q 7~ mice do not need a
q q

tamoxifen injection for the removal of the c/q gene. Further, the deletion of the c/g gene in these
mice is not targeted to a specific cell type but occurs globally. This genetic alteration is present

from gestation and persists throughout their lives.

In both experimental cohorts we used males and females but at present the number of
animals analyzed is too small to reliably test for sex differences. This will be performed as more

animals (currently under preparation) are added to the experiments.

Table 1. Mouse Models

Mouse Jax # Background Donating laboratory Reference
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CX3CRcrer 020940 | C57BL/6J Dr. George Mentis, Yona et al.,
Columbia University 2013
Dr. George Mentis Fonseca et al.

flx/flx C57BL/6N ’ ’
Clq 031261 Columbia University 2017
-/-

Global Clq 031675 C57BL/6 Dr. George Mentis, Botto et al.,
Columbia University 1998

Wild Type 000664 | C57BL/6] Dr. Francis.,co Alvarez, Paigen et al.,
Emory University 1985

Tamoxifen Treatment and PNI Procedures

In mice possessing the Cx3cr1¢ER alleles crossed with the C1q ™/ line, Cre
recombinase was activated 24 hours before nerve injuries. To achieve this, 2 mg of tamoxifen, at
a concentration of 5 mg/mL dissolved in peanut oil, was injected directly into the peritoneal
cavity (IP). This injection triggers Cre recombination in all Cx3crl-expressing cells, including
resident microglia and certain peripheral immune cells. Effective removal of C1q was confirmed
with immunohistochemistry (see below).

The adult cohort, which included both conditional microglia- c/g deleted mice and their
control littermates, underwent sciatic nerve cut ligation surgeries. Before the injury was induced,
the mice were anesthetized with isoflurane to achieve a deep surgical level of anesthesia
(induction at 4-5%; maintenance at 1-3%, both in 100% O2). An incision (~1.5 cm) was created
through the skin and underlying connective tissue and the biceps femoris muscles in the mid-
thigh of the right hind limb were carefully separated to expose the sciatic nerve. The nerve, once

exposed, was cut with surgery scissors. To inhibit nerve regeneration, a small piece of sterile silk
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was tied around the nerve's proximal stump. Following the transection and ligation of the nerve,
the injury site was flushed with 0.9% sterile saline. The skin incision was then closed using
absorbable sutures.

Postnatal C1q global KO animals and their wild type counterparts received sciatic nerve
crush surgeries at postnatal day 12 (P12). Anesthesia and sciatic nerve exposure were performed
as described above. The sciatic nerve was then crushed for 30 seconds using blunt forceps coated
with Fast Blue crystals. This technique allows Fast Blue to be taken up by the nerve and
retrogradely transported to the motor neurons, thereby marking the pool of injured motor
neurons. The success of each crush injury was verified by ensuring that the nerve turned
translucent at the crush site yet remained intact. The animals were then euthanized for collecting
tissues at P30 or 18 days postsurgery. This time point was used because we expected complete

muscle reinnervation by motor axons at this time point, as confirmed in the results.

After undergoing nerve injury surgeries, all animals were administered buprenorphine
(subcutaneously, 0.1 mg/kg) immediately, and then every 12 hours for 48 hours as a prophylactic
measure to alleviate any potential pain and distress. Mice were monitored for signs of pain or
distress, such as lethargy, vocalizations, weight loss, or lack of grooming, but none were

observed in any of the animals.

Harvesting Tissue for Histological Analysis

All adult animals survived for 2 weeks following nerve injury to study synaptic

depletions at their peak without nerve regeneration (Rotterman et al., 2019, 2024). Postnatal
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animals survived for 18 days post-injury to analyze synaptic depletion that are preserved after
muscle reinnervation by motor axons is completed. The animals were deeply anesthetized using
an overdose of Euthasol (100 mg/kg), and then transcardially perfused with fixatives for tissue
preservation. The perfusion process began with a vascular rinse that contained heparin,
effectively clearing the blood vessels. Subsequently, the tissues were infused with 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB) at a pH of 7.4. This procedure ensured

thorough fixation of the tissues.

For the adult group comprising conditional C1q KO animals and their control littermates,
only the spinal cords were extracted for subsequent analysis. All spinal cords were removed and
post-fixed in a solution containing 4% PFA in 0.1 M of PB at 4°C overnight. They were then
transferred to a solution containing 30% sucrose in PBS. Tissues remained in this solution until

they were subjected to histological sectioning and immunohistochemistry.

The postnatalatal group, consisting of C1q global KO animals and their wild-type
counterparts, received a more comprehensive dissection of different tissues. This included the
extraction of the spinal cord, the left and right dorsal root ganglia (DRGs) from segments L4 and
L5, along with the left and right lateral gastrocnemius (LG) and tibialis anterior (TA) muscles.
The procedure for extracting and preserving the spinal cord remained consistent between these

tissues and the spinal cord tissues analyzed as part of the adult cohort.

To extract the muscles, the mice were clipped at the ankle and above the knee. While the
muscles remained attached to the bone, they were transferred to a 4% paraformaldehyde (PFA)

solution, where they remained for 24 hours. Over the next 72 hours, the muscles were
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sequentially submerged for 24 hours each in solutions of 10% sucrose, then 20% sucrose, and

finally 30% sucrose.

Histological Processing and Immunohistochemistry

Spinal cords lumbar segments 4 and 5 (L4-L5) were sectioned into 50 pm thick slices
using a freezing sliding microtome. The resulting slices were then processed for
immunohistochemistry as free-floating sections. For all adult animals, spinal cord sections were
equally divided into two vials. All sections in the vials were washed in 0.01 M PBS containing
0.3% Triton X-100 (PBS-T) and then blocked for 1 hour with 10% normal donkey serum in
PBS-T. They were then incubated for approximately 24 hours at room temperature with gentle

agitation in different primary antibody mixtures.

To investigate whether Clq is involved in pruning synapses after nerve injury, vial 1 was
incubated in a primary antibody mixture containing guinea pig anti-VGLUT1, goat anti-choline
acetyltranferase (Chat) to detect cholinergic neurons including motor neurons, and rabbit anti-
Cyclic AMP-dependent transcription factor ATF3 to detect injured motor neurons. To ensure
that C1q had successfully been removed from microglia, the second vial contained a mixture of
chicken anti-lonized calcium adaptor molecule 1 (Ibal) to detect microglia, rabbit anti-C1q, and
mouse anti-neuronal nucleus (NeuN). Species-specific secondary antibodies conjugated to FITC,
Cy3, or Cy5 were used to reveal immunoreactivities. Finally, after a last round of PBS washes,

the sections were mounted with Vectashield (Vector Laboratories, Burlingame, CA, US).
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Postnatal spinal cords were processed using methods similar to those for the adult cords,
though they received a different primary antibody mixture. This combination, like the one in vial
1 of the adult cords, was selected to explore C1q's involvement in synaptic pruning post nerve
injury. The incubation included primary antibodies for NeuN, Chat, and VGLUT]1 (all the same
as above). Additionally, wild type postnatal cords were stained with Ibal, VGLUTI, and Clq to
investigate how microglia release C1q and interact with VGLUT1-IR synapses. In this case

injured motor pools were retrogradely labeled by Fast Blue.

The DRGs and muscles from these animals were processed cut in a cryostat and
processed on gals slides . The DRGs and muscles were immediately frozen in Tissue-Tek® OCT
Compound (Sakura Finetek, Torrance, CA, USA). Cryostat sections of the muscles, 60 pm in
thickness, were prepared and mounted on Fisherbrand Superfrost Plus slides (Fisher Scientific,
Pittsburgh, PA, USA). The DRGs were sectioned at a thickness of 40 um. These slides were then
kept at 20°C until they were needed for immunohistochemistry. For labeling, the slides were first
brought to room temperature and the OCT was removed with three PBS washes. The sections
were blocked using 10% normal donkey serum in PBS with 0.3% Triton X-100 (PBS-T) for an

hour.

To investigate the fate of the cell bodies of the Ia afferent fibers after injury, DRGs were
incubated overnight with chicken anti-Parvalbumin and mouse anti-NeuN to investigate possible
loss of sensory neurons because cell death. The muscles were immunostained to enable
visualization of reinnervation of neuromuscular junctions (NMJs) by motor axons. For this
purpose, NMJs were revealed by incubating the sections with with Alexa Fluor 647-conjugated

a-bungarotoxin (a-btx, 1:100, Invitrogen, Carlsbad, CA, US) and a mix of primary antibodies.
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This mix included guinea pig anti-vesicular acetylcholine transporter (VACHT) to label the

motor-end plate (the synapses from motor axons) and chicken anti-neurofilament heavy chain

phosphorylated (NFH) to label the motor axons. The following day, all slides were again washed

in PBS and incubated for 2 hours at room temperature with secondary antibodies that were

matched to the primary antibodies used. Similar to the spinal cord sections, the sections were

mounted with Vectashield after a last round of PBS washes. A summary of antibody sources and

catalog numbers appears in Table 2.

Table 2. Antibodies Used for Immunohistochemistry

Antigen Immunogen Host/type Manufacturer Dilution
VGLUTI Recombinant Guinea Synaptic Systems  1:1000
protein (aa 456 to  pig/polyclonal catalog #135304
560 from rat
VGLUT1)
NeuN Purified cell nuclei Mouse/monoclona EMD Millipore 1:1000
from mouse brain 1 A60 clone catalog #MAB377
Ibal Synthetic peptide ~ Chicken/ Synaptic Systems  1:500
corresponding to monoclonal catalog #234009
residues near the recombinant IgY
carboxy terminus
of rat IBA1
ATF3 Recombinant Mouse/ Novus Biologicals 1:100
protein monoclonal catalog
corresponding to
amino acids #CL1685
(MMLQ...EKTEC)
Chat Human placental Goat/polyclonal EMD Millipore 1:100

enzyme

catalog #AB144P
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Clq Full length native ~ Rabbit/ Abcam catalog 1:1000
protein monoclonal #82451
corresponding to
mouse Clq

NFH Native NF-H Chicken/ Encor catalog 1:1000
purified from polyclonal #CPCA-NF-H
bovine spinal cord.

VAChT Recombinant Guinea pig/ Synaptic Systems  1:500
protein polyclonal catalog #139105

corresponding to
residues near the
carboxy terminus
of rat VAChT

Analysis of VGLUT1 Densities on 3D Reconstructed MNs

The spinal cord sections from both adults and postnatal mices, containing labeled LG
MNs and VGLUT1-IR synapses, were imaged using an Olympus FV1000 confocal microscope.
Imaging was performed at both low magnification (10x, z-step: 1.5 um, NA 0.4) and high
magnification (60x, z-step: 1 um). All sections were imaged on both injured and uninjured sides
using identical parameters. High magnification images were uploaded to Neurolucida 360 for the
partial reconstruction of motor neuron surfaces. This involved tracing the neuron across 13
confocal mid-plane optical planes. Mid-plane optical sections of the cell body were identified by
the presence of the nucleolus. VGLUT]1 synaptic contacts on all motor neuron optical cross-
sections were then counted based on specific criteria: the synapse must be in contact with the

motor neuron surface and visible in at least two optical planes, but only counted once.
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Subsequently, these reconstructions were imported into Neurolucida Explorer for analysis of the
cell body surface. The surface area analyzed was estimated by calculating the total surface of the
partially reconstructed cell body object and then subtracting the areas contributed by the cut
surfaces. For each animal, 20 motor neuron cell bodies were reconstructed: 10 from the injured
side and 10 from the uninjured side. This resulted in the partial reconstruction and quantification

of 120 motor neurons from the adult animals and 200 from the postnatal group.

Analysis of VGLUT1 Contact Size

To assess the size of VGLUT1-IR contacts upon motor neurons, neurons exhibiting
VGLUTI-IR soma densities closest to the average for each respective animal and injury status
were selected across all conditions. The optical plane in which the synapse of interest appeared
in-focus, and the corresponding image was imported into ImageJ. There, a region of interest
(ROI) was delineated around the synapse. Next, all channels except for the one displaying
VGLUTI-IR in black and white were eliminated. The image was then subjected to thresholding

to generate a 2D mask of the synapse, and the area of this reconstruction was recorded.

Due to the varying densities of VGLUT1 between each condition, the quantified number
of synapses also differed accordingly, with conditions exhibiting lower VGLUT1 densities
resulting in fewer synapses quantified. To maintain data consistency, we utilized these individual
synapse size quantifications and determined the average per animal per condition for further

analysis
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Quantifying Muscle Reinnervation

Images of TA and LG muscle tissue were acquired at 20x magnification with a z-step
size of 1um. These images were then transferred to Neurolucida 360 for manual quantification of
dual-labeled structures. Neuromuscular junctions (NMJs) positive for both a-btx and VAChT
were identified as innervated. Conversely, NMJs marked solely by a-btx, in the absence of

VACHT staining, were classified as not reinnervated.

Muscle samples were collected from six neonatal animals. Of these, three were from animals
with global C1q KOs, and the remaining three were from their corresponding genetic controls.
For each animal, between 120 and 240 NMJs were analyzed, with the number of NMJs evaluated
per condition (injured or uninjured) ranging from 60 to 120. Overall, approximately 250 NMlJs

were quantified for each condition across all animals.

To quantify the extent of reinnervation, the number of reinnervated NMJs was
determined for each animal and condition (injured or uninjured), and then expressed as a
percentage of the total NMJs evaluated within that specific animal and condition. This process
allowed us to calculate the percent reinnervation for both the injured and uninjured sides of each
animal. Subsequently, data from individual animals were aggregated to derive an estimate of the

overall percent reinnervation within each condition, for both the TA and LG muscles.

Statistical Comparisons of VGLUT1 Synaptic Density

The data was first organized in Prism (GrahPad) for a Nested-ANOVA analysis taking

into account animal and repetitive measures from individual motor neurons and using four
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experimental groups: Wild-type control and injured side, conditional (adult) or global KO
(neonate) control and injured side. These analyses resulted in significance for the adult nerve
transection experiment, but not for the P12 nerve crush experiment due to high interanimal
variability. Thus, we conducted one-way ANOV As across animals within each animal cohort
and this resulted in detection of interanimal variability in all experimental cohorts in the P13
experiment, but not within the animals in the adult experimental groups (Table 2). Therefore, we
proceeded to analyze the data by comparing the experimental side to the control side using
paired t-tests and estimating of effect sizes by calculating the mean difference and the 95%
confidence limits of this difference. Because adult animals 14 days after nerve transection
showed no variability, we were able to group their data and perform a two-way ANOVA for
genetics (wild type vs conditional microglia C1q KO and spinal cord side (experimental vs

control).

Table 3. Interanimal Variability in Different Experimental Groups for VGLUT1 Density (one-

way ANOVAs)
Experimental group N (anima F value Dfi gzzzsrr?f P value
n (motoneurons)
Adult P45
Wild Type Control 3 1.500 2 0.2418
Wild Type Experimental 3 1.870 2 0.1736
Conditional KO Control 3 1.079 2 0.3540
Conditional KO Experimental | 3 1.303 2 0.2883
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Neonatal P12
Wild Type Control 4 14.19 <0.000] *%***
Wild Type Experimental 4 5313 0.0039%**
Global KO Control 5 2.743 0.0399*
Global KO Experimental 5 0.948 <0.000] **%**

Statistical Comparisons of VGLUT1 Synapses Sizes

Statistical analyses that evaluated VGLUTI1 synapse size differences were also done

using Prism (GraphPad) . The data was organized as before. In neonates, due to non-normal

distribution and interanimal variability, initial analyses used Kruskal-Wallis one-way ANOV As

to evaluate interanimel variability in the different groups. When this was rejected, we pooled all

animals within each group and compared their average sizes. The distribution of VGLUT1

average sizes followed normality allowing using a two-way ANOVA to assess the effects of

injury status and genotype. Paired t-tests analyzed within-animal synapse size changes, offering

insights into injury impacts. For adults, with no significant interanimal variability, two-way

ANOVAs directly assessed genotype and injury status effects, with paired t-tests for within-

animal comparisons.

Table 4. Interanimal Variability in Different Experimental Groups for Synapse Size

Experimental group

N (animal),

n (motoneurons)

F value

Degrees of
freedom

P value
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Adult P45
Wild Type Control 1.808 2 0.2832
Wild Type Experimental N/A N/A 0.2185
Conditional KO Control N/A N/A 0.5013
Conditional KO Experimental 0.5508 2 0.5508
Neonatal P12
Wild Type Control 2.104 4 0.0903ns
Wild Type Experimental N/A N/A 0.0001***
Global KO Control N/A N/A 0.0407*
Global KO Experimental N/A N/A 0.2967ns
RESULTS

To explore the involvement of Clq in the elimination of VGLUT1-IR synapses following

a sciatic nerve crush injury during the postnatal period, we utilized mice of two genotypes: those

with a global deletion of Clq and their wild-type counterparts of the same age who experienced

the same injury. C1q initiates the classical pathway of the complement cascade; thus, in its absence,

this pathway cannot proceed. Each group of mice underwent a sciatic nerve crush injury at

postnatal day 12 (P12), a critical phase during which after axotomy of the sensory axons in the

peripheral nerve the cell bodies of proprioceptors are spared, yet their synapses on motor neurons

(MNs), marked by VGLUTI-IR, are known to go through significant developmental plasticity

dependent on microglia and C1q mechanisms. We therefore tested whether an injury, even mild

like nerve crush, will induce synapses losses larger than normal.
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Clq is necessary for VGLUT]1 synaptic losses after nerve crush injury in neonates

To identify MNs injured in the nerve, these were retrogradely labeled with Fast Blue at the
time of injury by applying Fast Blue crystals while crushing the sciatic nerve (Fig. 1A1). We
examined the loss of VGLUTI1 boutons specifically around the retrogradely labeled MNs 18 days
post-injury, that is at P30 (Fig. 1A2). In these animals we also visualized IBA 1-positive microglia
(Fig. 1A3) and Clq immunoreactivity (Fig. 1A4). According to prior studies in young rats, peak
microgliosis is observed 7 days after a sciatic nerve crush injury (Arbat-Plana et al., 2023),
suggesting that at our chosen time point, microgliosis would be near its basal level. However,
given the active upregulation of Clq at this stage to facilitate developmental synapse pruning, an
increase in C1q expression within microglia can be observed, but mainly in the dorsal horn (Fig.
1A4). Nevertheless, even at 18 days post-injury, microglia carrying Cl1q were seen surrounding
motor neurons and extending their processes towards VGLUTI-IR synapses (Fig. 1B).
Furthermore, C1q puncta were observed in proximity to, or "tagging," VGLUT1-IR synapses (Fig.

1C1-C3).
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Figure 1. VGLUTI-IR synapse loss, microglia reaction and Clq 18 days after P12 sciatic nerve
crush.

Panels (A1-5) display z-stack projections from confocal image stacks through a 50 um thick
section, revealing four fluorescent signals analyzed: Fast Blue MNs (Al), VGLUTI-
immunoreactive (IR) synaptic boutons (42), IBAI microglia (A3), and Clq (A4). A composite
image of all signals is also shown (A5). Red dotted lines denote the injured motor neurons. The
white arrow in panel (A2) highlights the sciatic motor pool region where we can see a reduction
in VGLUTI-IR puncta on the side ipsilateral to the nerve injury. The solid yellow line marks the
spinal cord boundary, while the dotted line delineates the gray matter. The white square in (45)
highlights the approximate location of the lateral gastrocnemius (LG) motor pool area. Panel (B)
shows the highlighted LG area at higher magnification, featuring z-stack images of Fast Blue,
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IBAI, and Clgq, along with a single optical plane of VGLUTI. Panel (C1-3) illustrates a VGLUTI-
IR bouton in proximity to a Clq punctum.

To investigate the role of Clq in the removal of VGLUT1 synapses we labeled some
sections for CHAT, VGLUTI and NeuN (Fig. 2A1-5) and quantified VGLUT1 synapses on the
cell bodies of sciatic MNs across four conditions: (1) uninjured motor neurons in animals
expressing Clq (Fig. 2B1), (2) injured motor neurons in animals expressing Clq (Fig. 2C1), (3)
uninjured motor neurons in animals with a global C1q knockout (KO) (Fig. 2D1), and (4) injured
motor neurons in animals with a C1q KO (Fig. 2E1). Injured motorneurons were labeled with fast
blue, CHAT, and NeuN, while uninjured motorneurons were labeled by only CHAT and NeuN.
Both CHAT and NeuN are known to decrease after axotomy, but their normal intensity in the
injured sited in these images is indirect evidence that these MNs have reinnervated muscle. To
estimate the density of the VGLUT1 contacts upon the MNs, we created partial 3D reconstructions

of the cell body surface of MNs using Neurolucida (Fig. 2B2, 2C2, 2D2, 2E2) (see also methods).

The density of VGLUT1 synapses per 100 pm? motor neurons was determined, categorized
by genotype, injury status, and individual animal (Fig. 2F1). We first compared interanimal
variability within each experimental group. After confirming that the data from each animal (10
MN cell bodies) was normally distributed we performed within group one-way ANOVAS and
found significant animal variability (Table 2). Given the substantial inter-animal variability
observed, including discrepancies among MNs under identical conditions, it was inappropriate to
pool the data for a Nested or 2-way ANOVA. This variability might have come by technical
differences in the preparation of different samples (fixation, immunohistochemistry, ... etc).

Therefore, we performed within animal comparisons (Fig. 2F2). We calculated the average
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VGLUT1 density for each animal and condition, and subsequently conducted two-tailed paired t-

tests comparing only injury vs uninjured side in wild-types and C1q global KOs.

This analysis revealed that VGLUT1 synaptic density on injured motor neurons in wild-
type animals consistently decreased (Fig. 2F2). Conversely, C1q global KO mice did not exhibit a
discernible pattern (Fig. 2F3). Specifically, we observed a 55% decrease in VGLUT1 synaptic
density, with a standard deviation of +11%, between the uninjured and injured sides of wild-type
animals, and no significant decrease between the uninjured and injured MNs in the Clq KO
animals. This indicates a significant reduction in VGLUT1 synapses upon injury in the presence
of Clq, but not in its absence. These findings imply that C1q plays a crucial role in the elimination
of VGLUTI1 synapses following peripheral nerve crush injuries during early postnatal

development.
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Figure 2. Preservation of VGLUTI-IR synapses following nerve crush injury in postnatal mice

lacking Clgq

Panels (A1-A5) display confocal z-stack 2D projections of a 50 um-thick sections of the spinal
cord 18 days post-sciatic nerve crush injury: Fast Blue-labeled motor neurons (MN) (A1), CHAT-
positive motor neurons (A2), VGLUTI-immunoreactive synaptic boutons (A3), NeuN-mature
neurons (A4), and a composite image integrating all markers (A5). Anatomical landmarks are
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delineated: the spinal cord boundary with a solid yellow line, the gray matter with a yellow dotted
line, and the injured motor neuron pool area with a red dotted line. The sciatic motor pool region,
on the side ipsilateral to the injury, shows a marked decrease in VGLUTI-immunoreactive puncta
(pointed out with a white arrow), suggesting synaptic depletion (A3). High-magnification, single-
plane images of MNs separated by condition (B1, C1, D1, El). Beneath these, 3D reconstructions
of partial MN surfaces, with magenta circles indicating VGLUTI synaptic contacts. Panel (F1)
shows estimated VGLUT1 densities in all MNs sampled in each animal and experimental group.
Each MN is one dot. Horizontal lines are the mean and error bars S.D. Each animal number and
sex indicated in the x-axis (f: female, m: male). One-way ANOVAs show large interanimal
variability. Panels (F2) and (F3) show estimation plots from paired t-tests comparing mean
differences between the uninjured and uninjured side in each animal for wild-types (WTs) (F2)
and Clq global KOs (F3). A significant difference was found in WTs but not in Clq global KOs
(all p values are indicated).

The size of preserved synapses decreases in both WTs and Clq global KOs

To evaluate the functionality of VGLUT1 synapses, we measured the sizes of synaptic
boutons on motor neurons, based on the premise that larger boutons from Ia afferents indicate
stronger synaptic connections, while smaller synapses correspond to weaker inputs (Pierce and

Mendell, 1993; Pierce and Lewin, 1994).

We analyzed synaptic bouton areas at midpoint confocal planes, sorting the data by
genotype, injury status, and individual animals (Fig. 3B1-B4). When the data sets were tested for
normality, we found that the data distribution for synapse sizes often deviated from normality.
This is likely a result of confocal microscopy resolution limitations: the smaller synaptic boutons
could not be resolved such that datasets are skewed towards larger synapses because a cut-off limit
measuring smaller synapses. Therefore, data sets were compared for interanimal variability using
Kruskal-Wallis one-way ANOVAs and we must assume that the size of smaller synapses might

be overestimated in all samples. We observed only limited variability in synapse sizes across
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animals: in the WT injured side animal #4 was smaller than three other and in the uninjured side
of Clq global KOs animals #4 and #5 revealed a small difference (Fig. 3C1). We calculated an
average for each animal. Animal averages were normally distributed permitting the use of
parametric statistical tests. A two-way ANOVA showed a significant effect of injury status (p <
0.0001), but not of C1q genotype (p = 0.1379), with a significant interaction between these factors
(p = 0.0386) (Fig. 4C2, left). This suggests that, on average, synapses on MNs following
regeneration after P12 injuries are of smaller size. This result was confirmed using paired t-tests
for within animal comparisons (Fig. 3C2, right). These findings suggest that synapse size and
therefore VGLUT1 synaptic functionality was similarly decreased on MNs of WTs and Clg-
absent animals after injury. The results highlight the injury's impact on synaptic integrity
independent of Clq presence. We did not calculate a percentage size decrease because of the

expected overestimation of small synapse sizes.
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Figure 3. Neonate synapse size after injury in wild-types and Clq global KOs

Panels (A) display a confocal z-stack 2D projection from through a 50 um thick section, revealing
distinct fluorescent markers in the spinal cord 18 days post-sciatic nerve crush injury: Fast Blue-
labeled MNs, CHAT-positive motor neurons, VGLUTI synaptic boutons, NeuN-expressing mature
neurons. Anatomical landmarks are delineated: the spinal cord boundary with a solid yellow line,
the gray matter with a yellow dotted line, and the injured motor neuron pool area with a red dotted
line. Panels (B1-B4) are high-magnification, single-plane images of individual MNs separated by
condition. On the bottom right of each image is an enlarged, thresholded view of the quantified
synapse indicated by a white arrow. (Cl) illustrates synapse size estimations across different
conditions, using brackets and asterisks to denote significant differences in synapse sizes within
the same condition. Panel (C2, left graph), two-way ANOVA analysis based on the average
synapse area per animal. Statistical significances are indicated. Panel (C2, right graphs), within
animal paired t-tests and estimation differences for Wild-types (WTs) and Clq global KOs all tests
indicate that synapses on MNs after injury (and regeneration) are significantly smaller
independent on whether is in Clq wild -types or Clq global KOs.
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At the end point used in the study (18 days post-injury) muscle reinnervation is similar and
complete, independent of C1q presence.

To exclude the possibility that VGLUT] alterations was a consequence of different rates
of regeneration and muscles reinnervation in the absence of Cl1q we examined the reinnervation
of neuromuscular junctions (NMJs) in the lateral gastrocnemius (LG) and tibialis anterior (TA)
muscles. We labeled NMJs with Alexa-555 conjugated a-bungarotoxin. This toxin binds strongly
to nicotinic cholinergic receptors labeling the postsynaptic NMJ region. We also used antibodies
against the vesicular acetylcholine transporter (VACHT) to label the motor endplate (the MN
synapse) and antibodies against phosphorylated neurofilament heavy chain (NFH) to label the
motor axons. NMJs were considered reinnervated if opposed by a VAChT motor endplate

emerging from a motor axon (Fig 4).
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Figure 4. Reinnervation of motor end plates in wild-types and Clq global KOs

Panels A1-A4 feature z-stack projections of confocal image stacks through a 60 um thick section
of muscle tissue, illustrating three fluorescent markers: (A1) NFH-labeled motor axons, (42)
VAChT-positive motor end-plates, (43) a-BTX-labeled neuromuscular junctions (NMJs), and (44)
a composite image showing all fluorescent signals merged. Panels B1-B4 highlight a reinnervated
NMJ, demonstrating dual labeling with VAChT and a-BTX, and its connection to motor axons.
Panels C1-C4 depict one non-reinnervated NMJ (white arrow). Panels DI-D2 show the
percentage of reinnervated NMJs across all conditions. Two-way ANOVA followed by Tukey
multiple comparisons showed no significant differences.

We examined around 50 NMJs in 3-4 high magnification images in each muscle and animal

(n =3). In the LG and TA muscles at least 90% reinnervated, a threshold which constitutes full
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functional recovery (Rotterman et al., 2024). A two-way ANOVA for injury and Clq deletion
followed by post-hoc pair-wise Tukey tests found no significant differences in NMJ innervation
among animals in either the TA or LG, yet a small significant difference among animal according
to Clq genetics was revealed by the ANOVA in the LG (p=0.0216*), although no significance
was found in post-hoc Tukey tests. We conclude that any small differences in reinnervation of the
LG 18 days postinjury in the condition of Clq global KO is very small. New animals are currently

being investigated to confirm or falsify this result.

In summary, our findings indicate complete reinnervation of both TA and LG muscles 18
days post-injury across all animals injured at P12, irrespective of their genotype: C1q KO or WT.
Consequently, the reduction in VGLUT1-positive synaptic boutons or their sizes cannot be

attributed to lack of MN reinnervation of muscle.

Microglia express and release C1q after nerve injury in adult spinal cords.

In early postnatal mice, Clq is actively upregulated in microglia as part of the
developmental synaptic pruning process (Matcovitch-Natan et al., 2016; Hammond et al., 2019,
2021). In contrast, adult microglia do not express Clq in their basal state. Nonetheless, C1q has
been implicated in synaptic pruning during neurodegenerative diseases in adults (reviewed in
Stephan et al., 2012). To explore whether C1q is upregulated after peripheral nerve injury in adults,
and whether all Clq is derived from activated microglia, we localized C1q by immunolabeling
after sciatic nerve transections before and after conditionally knocking out the c/q gene
specifically from microglia 24 hours before sciatic nerve transections. For analyses we chose 14

days after injury, a timepoint associated with peak microglial response around the injured motor



37

neurons (Rotterman et al., 2024). In this experiment we labeled the sections for IBA1 microglia,
Clq and NeuN. At this time point MNs have not reinnervated muscle targets and NeuN therefore
stays depleted following downregulation induced by the axotomy. This gives a convenient marker

to identify injured motor pools (Fig.5A1-5).

In mice with intact C1q expression, microglia and C1q cluster around injured MNs (Fig.
5A1-5, Fig. 5C2). The immunohistochemical analysis confirmed that microglia are the primary
source of Clq as demonstrated by complete absence of Clq immunoreactivity following its
knockout in microglia (Fig. 5B2). This confirms a previous study that used c/g mRNA in situ
hybridization methods to detect the sources of Clq in the spinal cord after nerve injury (Berg et
al., 2012). Despite the absence of C1q, microglia continued to accumulate (Fig. 5B1) in the area

containing injured MNs (Fig. 5B3).
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Figure 5. Successful depletion of Clq from microglia in adult conditional Clg KO mice

(A1-4 and B1-4) z-stack 2D projections of confocal stacks through 50 um thick sections from a
wild-type (A1-4) and an animal in which Clgq was conditionally removed from microglia (B1-4)
14 days after unilateral sciatic nerve transection. They show the three fluorescent signals
analyzed: 1BA1 microglia (A1, Bl), Clq (A2, B2), NeuN (A3, B3), and a merge of all channels
(A4, B4). Solid yellow lines indicate the spinal cord edge. Dotted lines mark the gray matter. The
dotted red lines locate injured motor pools (NeuN negative). (C1-4) high magnification images of
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MNs from a wild-type (C1-2) and an animal with Clq deleted from microglia (C3-4), showing
uninjured (Cl, C3), and injured MNs (C2, C4).

Clq is not necessary for VGLUT1 synapse plasticity 14 days after nerve transection in adults

After establishing that C1q is released from activated microglia and associates with MN
cell body surfaces following injury, we aimed to determine if removing C1q would preserve
VGLUTTI synapses in adults as it does in neonates. Serial sections from the animals described in
the previous section were labeled with CHAT to define MN cell bdoy surfaces (NeuN is
downregulated), ATF3 to identify axotomized MNs and VGLUT]1 (Fig. 6 A1-4). Injured MNs
were identified by CHAT and ATF3 in the nucleus (Fig. 6B1, D1), and uninjured MNs by
CHAT only (Fig. 6C1, E1). Like our approach with neonates, we created 3D reconstructions of

MN cell body surfaces to assess VGLUT1 contact density (Fig. 6B2, C2, D2, E2).

Our analysis revealed that all the data followed normal distributions with no interanimal
variability (Table 2), enabling the use of a nested one-way ANOVA followed by post-hoc Tukey
tests for multiple comparisons. Our findings included significant differences between injured and
uninjured states in both wild-types (p = 0.0008***) (p = 0.0056**) and C1q microglia KOs. No
significant differences in VGLUT]1 density were observed between C1q microglia KO injured and
WT injured MNs (p=0.9645), or between C1q KO uninjured and WT uninjured MNs (p = 0.2028
(Fig. 7F1). Subsequently, we conducted paired t-tests comparing injured and uninjured motor
neurons within both genotypes. This analysis revealed a significant reduction of 47% (£5.5 SD) in
VGLUTTI contacts between uninjured and injured WT MNs (p=0.0073*%*) (Fig. 7F2). Similarly, a

significant decrease of 54% (+11 SD) in VGLUT1 contacts was observed between uninjured and
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injured C1q microglia KO MNs (p=0.0322%*) (Fig. 6F3). These findings suggest that Clq is not

essential for the elimination of VGLUT1 synapses in adult mice.

To further explore the functionality of synapses as we did with neonates, we assessed the
sizes of the VGLUT]1 contacts. Bouton sizes data sets showed no interanimal variability (tested
with Kruska-Wallis ANOVAs because similar data in neonates’ size distributions were not
normally distributed) (Fig. 7C1). This prevented the use of a Nested ANOVA and led us to perform
a two-way ANOVA using the animal averages (which we confirmed were normally distributed).
This analysis revealed no significant differences according to genotype (p=0.0930), injury status
(p=0.2025), or the interaction between these two variables (p=0.2160) (Fig. 8C2, left graph). This
conclusion was confirmed by “within animals” comparisons using paired t-test (Fig. 7C2, right
graph).

These findings indicate that injury decreases VGLUT1 synapse numbers on MNs, but do
not affect their size—and by extension, their function. However, previous studies reported that
remaining synapses fail to recover stretch reflexes (Rotterman et al., 2024) and a trend towards
smaller sizes was observed. Because only 3 animals were studied in each condition this statistical

comparison might be underpowered and we are currently preparing more animals
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Figure 6. Lack of preservation of VGLUTI-IR synapses after nerve cut injury in Clg conditional
KO adult mice

Panels (A1-A5) present confocal z-stack projections form 50 um thick sections of the spinal cord,
captured 14 days after a sciatic nerve cut ligation injury. These images reveal the distinct
fluorescent markers used : ATF3 upregulation in the nuclei of injured motor neurons (MNs) (A1),
VGLUTI synaptic boutons (A2), CHAT-positive MNs (A3), and a composite image that integrates
all markers (A4). Anatomical landmarks within the spinal cord define the boundary of the spinal
cord (solid yellow line), the gray matter (yellow dotted line), and the area of the injured motor
neuron pool (dotted red line). Notably, within the sciatic motor pool region, which is ipsilateral to
the injury, there is a significant reduction in VGLUTI-IR puncta, as highlighted by a white arrow
in (A2), indicating synaptic depletion. Panels (B1, C1, D1, El) feature high-magnification, single-
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plane images of quantified MNs, categorized by condition. Below these images, 3D reconstructions
illustrate partis reconstructions of MN cell body surfaces and magenta circles mark VGLUTI
synaptic contacts. Panel (F1) quantifies the VGLUTI contacts per 100 um? of motor neuron
surface area, with the data organized by animal number, genotype, and injury status. Each MN is
one dot. Horizontal lines are the mean and error bars S.D. Each animal number is indicated in
the x-axis. A nested one-way ANOVA followed by post-hoc Tukey tests show significant differences
between injury and non-injury side in both wild-types and animals with conditional removal of
Clg form microglia (**p<0.01, ***p<0.001). Furthermore, panels (F2) and (F3) display
estimation plots from paired t-tests that compare the mean differences in VGLUTI contacts
between uninjured and injured MNs in individual WT and Clq conditional knockouts (KO)
animals. VGLUTI synapses are significantly depended in both situations.
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Figure 7. Adult synapse size is unaffected by injury or presence of Clgq.

Panel A displays a confocal z-stack projection through a 50 um thick section of the spinal cord,
taken 14 days post-sciatic nerve cut ligation injury showing superimposed ATF3 upregulation in
injured MNs, VGLUTI synaptic boutons, and CHAT-positive MNs. Landmarks within the spinal
cord are delineated a s in previous figures. Panels BI-B4 show high-magnification, single-plane
images of individual MNs, categorized by condition. The bottom right corner of each image shown
an enlarged and thresholded synapse (marked with a white arrow). Panel C1 shows synapse size
estimations across different conditions, showing no interanimal variability within experimental
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groups. Panel C2 (graph at left) shows a two-way ANOVA analysis of average synapse sizes per
animal. The result showed no statistical differences detected. Panel C2 (graph at right) confirms
this result using paired —tests in within animal analyses.

DISCUSSION

In this study, we delve into the mechanisms of synaptic pruning following peripheral
nerve injuries, with a focus on the role of C1q and the complement cascade during the early
postnatal period. This phase is marked by significant synaptic plasticity, making it an interesting
time for studying the effects of nerve crush injuries. Such injuries during this period lead to the
significant and permanent losses of VGLUT1 synaptic contacts, critical for transmitting sensory
information from muscle spindle proprioceptors to spinal a-motoneurons. This permanent loss
occurs despite the full reinnervation of muscles (Arbat-Plana et al., 2023). Here, we investigate
why these synapses are permanently lost, and whether C1q, known for its role in synaptic
elimination during developmental stages and pathological conditions (Stephan et al., 2012), plays

a part in this process.

Given the active upregulation of C1q by microglia during this period, we hypothesized
that Clq is implicated in the injury-induced synaptic pruning observed. Our findings suggest that
Clq is indeed necessary for the permanent removal of Ia afferent synapses observed post-injury
in neonates. This aligns with the broader understanding of C1q's role in developmental synaptic

pruning and adds a novel perspective on its role in injury-induced synaptic changes.
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When comparing the neonatal injury model to adult nerve crush models, we observed
similar synaptic losses but through seemingly different mechanisms (Rotterman et al., 2019;
2024). In the absence of C1q, neonatal VGLUT1 boutons remained, whereas in adults lacking
Clq, these synapses were still lost. This difference suggests a novel role of Clq in injury-
induced neonatal synaptic pruning and suggests alternative mechanisms are at play in adults,
potentially involving CCR2-CCL2 signaling mechanisms and the infiltration of peripheral
immune cells following nerve transection as recently proposed (Rotterman et al., 2019; 2024).
These findings suggest that milder nerve injuries are more deleterious in neonates than adults,

inducing more plasticity in motor synaptic circuitry in the spinal cord.

To indirectly assess the functionality of the remaining synapses, we estimated their
functionality through immunohistochemistry, focusing on synaptic bouton size as a proxy for
synaptic strength. Larger boutons are indicative of stronger synaptic connections (Pierce and
Mendell, 1993; Pierce and Lewin, 1994). Our results indicate that post-nerve transection in
adults, the remaining synapses are larger and therefore likely more functional than those in
neonates, irrespective of Clq presence. Nevertheless, in these mice la afferent input cannot
recruit motor neurons to fire after muscle stretch and the stretch reflex still does not recover
following regeneration after nerve transection (Rotterman et al., 2024). However, after nerve

crush in the adult the stretch reflex recovers and in fact is enhanced.

In contrast, boutons remain very small following regeneration after nerve crush in
neonates. This finding coupled with evidence that muscle tension only recovers to half its normal
capacity post-reinnervation in the early postnatal period (Lowrie et al., 1987; Kemp et al., 2015),

suggests a large functional deficit after nerve crush in neonates. Comparison of synaptic bouton
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sizes in animals with C1q present or depleted were no different and this further suggests that
while Clq is involved in synaptic removal in neonates, an alternative mechanism likely

contributes to the functional silencing of these synapses.

Future Directions

Future investigations should aim to further elucidate C1q's role in VGLUT]1 synaptic
dynamics post-PNI. One potential future study may involve conditional C1q knockout models in
neonates. This could help to differentiate between developmental synaptic pruning and injury-

induced pruning.

Additionally, to gain a better understanding of the functionality of the VGLUT1 synapses
after injury, future studies can measure H-responses. H-responses tests evaluate the sensory and
motor pathway function by activating the monosynaptic muscle stretch reflex. Conducting this
tests offers a measure of the physiological impact of synaptic losses or preservation, and how this

may differ between C1q and injury statuses.

Much work is yet to be done to understand how Cl1q is involved in synaptic plasticity
after nerve injury in adults. Although our study indicates that C1q is not necessary for VGLUT]1
synapse removal in adults, it may still play a supplementary role in synaptic pruning post-injury.
We observed that C1q accumulates around motor neurons following injury (Fig. 5C2), yet its
specific role here is yet to be understood. We also need to analyze time points after 14 days in
which regeneration has been completed to evaluate whether Clq is still not relevant for delayed

synaptic losses after 14 days.
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In conclusion, our study supports the notion that complement-mediated synaptic removal,
plays a critical role in the loss of la afferent synapses following early postnatal nerve crush
injuries. However, the functionality of the remaining synapses appears compromised, suggesting
that C1q's role in synaptic pruning during development differs significantly from its role in adult
nerve injuries. Further research into the mechanisms of synaptic pruning and recovery post-PNI

will be important for improving functional recovery after peripheral nerve injuries.
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