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Abstract
Complement 3 (C3) expression is increased in the cerebellum of aging mice that demonstrate locomotor
impairments and increased excitatory synapse density. However, C3 regulation of locomotion, as well as
C3 roles in excitatory synapse function, remain poorly understood. Here, we demonstrate that constitutive
loss of C3 function in mice evokes a locomotor phenotype characterized by decreased speed, increased
active state locomotor probability, and gait ataxia. C3 loss does not alter metabolism or body mass
composition. No evidence of signi�cant muscle weakness or degenerative arthritis was found in C3
knockout mice to explain decreased gait speeds. In an enriched primary cerebellar granule cell culture
model, loss of C3 protein results in increased excitatory synaptic density and increased response to KCl
depolarization. Our analysis of excitatory synaptic density in the cerebellar internal granule cell and
molecular layers did not demonstrate increased synaptic density in vivo, suggesting the presence of
compensatory mechanisms regulating synaptic development. Functional de�cits in C3 knockout mice are
therefore more likely to result from altered synaptic function and/or connectivity than gross synaptic
de�cits. Our data demonstrate a novel role for complement proteins in regulation of locomotor function
and proper organization of cerebellar neuronal networks.

Introduction
The complement system is a group of more than 30 proteins �rst appreciated to be important mediators
of innate immunity. Many complement proteins are widely expressed within the CNS [1–7], and regulate
critical neuronal functions, including migration, proliferation, adult neurogenesis, and synaptic
maintenance.

Complement 3 (C3) is a multifunctional protein with catalytic, regulatory, and cell surface receptor
activities. Previous studies suggest that C3 plays critical roles in CNS development, synaptic plasticity,
and behavior [8–11]. For example, C3a receptors (C3aRs) regulate in vitro neuroprogenitor cell
differentiation and migration [12]. C3 knockout decreases neurogenesis in the subventricular zone [13],
while both C3 knockout and knockdown evoke clear neuronal migration de�cits from the subventricular
zone into the cortex [14] mediated by C3aRs and downstream Rac1 activity reduction [15]. In the
cerebellum, C3aR stimulation through subdural agonist delivery results in a transiently reduced thickness
of the external granule cell layer (EGCL) and increased thickness of the internal granule cell layer (IGCL).
Stimulation of C5aR results in the opposite phenotype. C3 and C5 may thus have opposing roles
regulating cerebellar granule cell proliferation and migration [16, 17]. Interestingly, there are no long-term
gross cerebellar abnormalities in mice constitutively lacking C3, C5, C3aR, or C5aR [17] suggesting that
these molecules may ensure proper cerebellar development by acting as a rescue mechanism in the event
of developmental in�ammation.

C3 also has demonstrated roles in synaptogenesis and synaptic plasticity. Motoneurons from C3
knockout mice have delayed clearance of synaptic terminals after axotomy, suggesting a C3 role in
synapse maintenance [18]. C3aR null mice similarly expressed decreased GAP43 (a marker of synaptic
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sprouting), while C3aR overexpressing mice expressed increased GAP43 in a cortical stroke model [19].
C3 has been shown to mark or opsonize synapses for targeted pruning by microglia in the developing
brain [20, 9]; C3KO or loss of C3aR impairs synapse elimination in the thalamic lateral geniculate nucleus
leading to non-segregated eye-speci�c territories and retention of multi-innervated relay neurons [9, 21]. In
mature synapses, C3 loss also lowers glutamate release probability in hippocampal CA3 and CA1
synapses without changing synaptic e�ciency [22]. C3a can protect neurons from N-methyl-D-aspartate
(NMDA) induced injury; however, a direct mechanism has yet to be determined [23]. C3 knockout also
protected mice from age related de�cits in hippocampal function by preventing age-related decreases in
hippocampal synaptic density, age-related decreases in hippocampal long-term potentiation, and age-
related neuron loss in CA3 [24]. These synaptic effects of C3 may have a signi�cant role in early
Alzheimer’s disease pathology [25].

The above developmental and synaptic consequences of altered C3 function evoke distinct mouse
behavioral phenotypes. Speci�cally, C3 knockout mice (strain C3tm1Crr/J) demonstrated enhanced spatial
learning and altered working memory in a T-maze cognitive assay, as well as enhanced contextual
conditioning to an aversive stimulus [24]. Hyperphagia was noted in male C3KO mice (strain C3tm1Hrc/J)
and quite prominent in female C3KO mice receiving a high fat diet [26, 27]. C3KO mice (strain B6N(Cg)-
C3tm1.1(KOMP)Vlcg/J) had generalized hypoactivity and an anxiolytic response to open �eld, elevated plus,
and novel object assays of exploratory behavior [24].

Our prior work has demonstrated that C3 expression increases with age in the cerebellum and
hypothalamus of mouse strains with locomotor and metabolic phenotypes, respectively [28]. Similar age-
associated increases in C3 expression were noted in human cerebellar tissue [28]. To better understand
how altered C3 expression may underlie these aging phenotypes, we used a constitutive C3 knockout
mouse model to examine home cage behavior and metabolic status. These studies demonstrated that
C3KO mice had decreased gait speed, increased gait ataxia, and altered active state movement
probabilities compared to WT mice. Examination of forelimb strength and tibial plateau cortical bone
anatomy and thickness further localized these gait disturbances to CNS, rather than biomechanical,
causes. We �nally demonstrated altered in vitro cerebellar granule cell properties in C3KO mice compared
to WT.

Methods

Mice and animal husbandry
Cohorts of 2 month old male C57BL6/J (n = 8; stock #000664) and B6;129S4-C3tm1Crr/J (C3KO, stock
#003641) mice were acquired from The Jackson Laboratory (Bar Harbor, ME) for behavioral testing,
synapse studies, and breeding. Of note, genotyping (per JAX) revealed that this strain had 3 markers (one
each on chromosomes 7, 12, and 19) that were not �xed for C57BL/6 alleles; with the chromosome 12
marker indicating 129S4 allele homozygosity. This �nding suggests that C3KO mice employed in this
study were not fully congenic to the control C57BL/6 strain, but rather retained < 3.1% 129S4 DNA. Pups
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for in vitro synapse studies were generated using a triad mating system matching two C57BL/6 females
to one C57BL/6 male to breed pups yielding WT cerebellar internal granule cells. Similarly, we matched
two C3KO females to one C3KO male to breed pups yielding cerebellar internal granule cells with
constitutive C3 loss.

C3KO mice were generated by homologous recombination of a PGK-neomycin cassette into a C3 exon
coding for the C-terminal region of the beta chain and the N-terminal region of the alpha chain [29]. This
site is required for processing pro-C3. Previous studies have shown that these C3KO mice have a
disrupted C3 genomic locus [29], loss of C3 protein product by Western blot [24], absent immunostaining
for C3 protein product in the kidneys and brain [30, 9], and loss of C3 mRNA signal from hepatic-derived
samples [31, 32]. No serum C3 functional activity was detected in homozygous mutant mice. To reduce
delivery-associated stress, mice were acclimated to the UNMC vivarium for 1–2 weeks prior to behavioral
assessment. During this acclimation period, mice were singly housed in standard mouse cages on
microisolator racks (Lab Products Inc., Seaford DE). Cages contained a layer of ground corn bedding
(#7097, Envigo, Huntington UK), and mice were provided with a nestlet (Ancare, Bellmore NY),
environmental enrichment (EnviroPak®, WF Fisher Somerville NJ) and ad libitum access to chow (#7012,
Envigo) and water.

All studies were performed under regulatory supervision of the UNMC Institutional Animal Care and Use
Committee (IACUC) with strict adherence to appropriate state and federal law (NIH Guide for Care and Use
of Laboratory Animals).

Home cage monitoring system
The home cage monitoring system (HCM) was designed to characterize freely behaving mice with
minimal human contact over an extended time period with high spatial and temporal resolution.
Characterization of this system has been reported [33, 34]. A major strength of this system is that it
provides highly replicable data (both within- and across institution and investigator) demonstrating strain-
speci�c circadian activity, feeding, and drinking patterns. To assess activity, the system measures torque
at three load cells positioned in a triangle at the base of the cage. Mouse coordinates are determined by
solving exact equations relating torque, force, and moment arm length. Load cell voltages are sampled at
1 KHz permitting temporal resolution of 1 ms. Chow consumption is determined by measuring
photobeam breaks as the mouse accesses a special cage chamber for food; water consumption is
determined by a capacitive lickometer attached to the sipper tube.

Raw data undergoes automated quality control to identify events that may impact data reliability
(blocked photobeam, leaking lick spout, excessive position drifts). If identi�ed, these data are removed
from further analysis. Data loss from these errors is typically much less than 1% of total collected data.
Quality-controlled data then undergoes automated classi�cation to determine mouse patterns of
wakefulness and sleep (active/inactive states), and to classify ingestive and motor behaviors. These
algorithms are described in detail in supplemental methods [33].
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Locomotor bouts and movement-in-place bouts are determined using a machine learning algorithm that
examines gait speed and turning angle characteristics of all locomotor events not involving either the
feeder or licker, and uses the distribution of these measures to determine if movements best conform to
forward locomotion, movement in place, or no movement. Data from all locomotor states can then be
further analyzed for bout duration and onset timing of each event. We measured gait ataxia using
minimum bounding rectangle (MBR) analysis to quantify the straightness of individual locomotor paths
[35].

Following acclimation to the UNMC facility, mice (n = 8 WT, n = 8 C3KO) were moved into the home-cage
monitoring system for a total of 21 days. Within the HCM, each mouse was housed in a low pro�le cage
(Allentown PC10196HT, 48 × 26 × 15 cm3). Within each cage were a nestlet, niche, corn bedding, and
Alpha-dri Plus® tabs (Shepherd Specialty Papers, Watertown, TN) to reduce ammonia levels. Each cage
contained an aluminum niche with dimensions similar to wild mouse burrows; the niche is intended to
bias mouse sleeping behavior to a speci�c location within the cage. While in the HCM mice had ad
libitum access to milled chow (#5058 PicoLab) and water. The health of each animal, as well as the level
of food and water available was visually checked daily. Food and water were changed twice weekly, and
the entering and exit weights used to estimate daily food and water consumption. Mice were habituated
to the system over the �rst �ve testing days; this habituation period was not analyzed. The last 16 days of
data collection were analyzed for genotypic differences in home cage behavior.

Metabolic Assays
To test for differences in body composition or metabolic function, the same cohorts of WT and C3KO
mice that underwent home cage monitoring assay were assessed using dual energy X-ray absorptiometry
(DEXA) and indirect calorimetry. We calibrated the DEXA system (PIXImus I scanner, and Piximus 2.10
software, Inside/Outside Inc., WI) with a vendor-supplied phantom, and measured body mass
composition by standard protocol (modi�ed from mutant mouse phenotyping center
www.mmpc.org/shared/showFile.aspx?doctypeid=3&docid=104 and Whitelabs
www.whitelabs.org/Lab%20Protocols/live%20animal%20protocols/DEXA%20scanning%20protocol.htm).
We focused our assessment on central adiposity, and chose the abdomen just below the diaphragm as
our region of interest (ROI). In this ROI, we measured bone mineral density (BMD), bone mineral content
(BMC), bone area (BArea), tissue area (TArea), ratio of soft tissue attenuation (RST), total tissue mass
(TTM), and percent adiposity. We obtained body weight using a digital scale (Scout Pro SP401, Ohaus,
Parsippany NJ).

Indirect calorimetry was performed using an open circuit system (Oxymax Equal Flow, Columbus
Instruments, OH) composed of an air pump, CO2 sensor (range 0%-0.8%; 0.002% resolution; drift < 20ppm
CO2 per hour), paramagnetic O2 sensor (range 0–100%; 0.002% of speci�ed range resolution; drift < 0.06%
of speci�ed range per 24 hours), air dryer, controller, 8 hermetically sealed indirect calorimetry chambers
(2.1 × 10.2 × 12.7 cm3, #760M-D8, Columbus Instruments), chamber photocell bracket (1.27 cm spacing
between photocells), photocell controller (Opto M3, Columbus Instruments), and Oxymax for Windows
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4.49 running on dedicated hardware. Mice were fasted from roughly 5:00 PM until testing at 11:00 AM.
Prior to running indirect calorimetry the system was calibrated. Calibration gases consisted of 100% N2

and a mixture of 0.5% CO2 / 20% O2 / 79.5% N2 (span gas). Indirect calorimetry assessments for each
mouse were taken 20 times, each assessment over a continuous 2 minute epoch. Therefore, 40 minutes
of data was collected for each mouse over a period of roughly 5.5 hours. We obtained the following
outcomes: maximum oxygen uptake ( O2), input vs. output oxygen difference (DO2), output oxygen

concentration (O2-out), maximum carbon dioxide production ( CO2), input vs. output carbon dioxide
difference (DCO2), output carbon dioxide concentration (CO2-out), and generated heat (calculated by
Oxymax per User Manual version 0233-118M, Eq. 13, p. 72). Basal metabolic rates were calculated by
averaging values from three epochs where the individual mouse demonstrated the least activity (as
determined by a photobeam bracket spanning the longest chamber dimension). Activity-associated
metabolic rates were calculated by averaging values from the three epochs where the mouse had the
most activity.

Microtomography of the knee joint.

Power studies using microtomography data from prior studies to estimate sample means and variance
suggested that we could detect a 15% difference in the bone volume to tissue volume (BV/TV) ratio at α = 
0.05 and β = 0.20 using a sample size of n = 5 WT (98 days old) and n = 5 C3KO (88 days old) mice. Mice
of these cohort sizes were thus initially perfused with PBS until running clear (approx 3 min) using
automated perfusion system; then perfused with 4% paraformaldehyde for 5 minutes. Hindlimbs were
disarticulated from the body at the hip joint, and immersed in 4% PFO for additional �xation. Hindlimbs
remained in 4% PFO for at least one month to ensure full �xation of the entire limb. C3KO and WT groups
sacri�ced at different times so mouse ages would be fully comparable.

Microtomography data of the knee joint was acquired using a Skyscan 1172 (Bruker) scanner and C9300
11 Mp camera (Hamamatsu). The samples were scanned under following parameters: 55 kV voltage, 181
µA current, 785 ms exposure, 8.82 µm resolution, 0.5 mm aluminum �lter, 0.4° rotation step, 4 frames
averaging, 10 random movements, and 180° rotation scanning.

The following work�ow was employed to determine BV/TV, a parameter directly correlated with bone
density. The software platform was 3D.Suite (Bruker) provided by the UNMC microCT core. We used
NRecon 1.7.4.6 (Bruker) to make 3-D reconstructions of raw microtomography data with corrections (as
necessary) for misalignment compensation, ring artifact reduction, dynamic range adjustment, and beam
hardening adjustment. Tibia were oriented using DataViewer 1.5.6.2 (Bruker), and all samples were 3D-
registered. During registration, great care was taken to ensure as close a �t as possible in the coronal,
horizontal, and sagittal planes. Following registration, the tibia was isolated using CTAn 1.18.8.0 (Bruker)
with contoured region of interest. To determine our primary outcome, bone volume fraction (BV/TV, %), we
set the upper boundary for analysis along the plane where the femur and tibia articulate; we set the lower
boundary 60 slices below the upper to maximize inclusion of cortical bone while minimizing inclusion of
trabecular bone. Scanning data quality for one member of the WT cohort was inadequate for 3-D

V̇

V̇
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reconstruction using NRecon; this mouse was dropped from the study. Three-dimensional reconstruction
of the knee joint to which all study data was registered was created by CTVox 3.3.0 (Bruker). Data quality
for one WT and one C3KO mouse were inadequate for tibial plateau 3-D rendering, and were thus not
included in the �nal �gure.

Mouse Grip Strength
Power studies using grip strength data from prior studies to estimate sample means and variance
suggested that we could detect a 50% difference in the grip strength at α = 0.05 and β = 0.20 using a
sample size of n = 5 WT and n = 5 C3KO mice. We used a single-sensor mouse grip strength meter
(1027SM, Columbus Instruments) to measure mouse forelimb grip strength. Sensor range is 0–1 kg with
accuracy within 0.25% of full scale reading. Testing parameters were in peak tension mode
(recommended to test forelimb strength), with output unit set to Newtons. We calibrated the grip strength
meter to zero force before data collection. Mice (n = 5 WT, 98 days old; n = 5 C3KO, 88 days old) were
positioned to grip the triangle center with both forearms; gentle tension was then applied at the base of
the mouse's tail until unable to maintain grip. Each mouse was assessed three times, with a 10 min
intertrial interval between each effort.

Primary Cerebellar Granule Cell Culture (pCGC)
We used a pre-existing published protocol to culture cerebellar granule cells under nondepolarizing
conditions [36]. To prepare cerebellar neuron cultures, post-natal mice (P4-P6) were rapidly decapitated,
and the brain removed and placed into cold calcium-magnesium free PBS in a petri dish on ice. Brains
were then transferred to a new petri dish with fresh ice cold PBS and the cerebellum removed under a
dissecting microscope. The white matter in the center of the cerebellum containing the deep cerebellar
nuclei was removed leaving predominately cerebellar folia with a small amount of white matter
connecting them. Meninges were removed in strips by carefully pulling meningeal tissue laterally along
the surface of the brain using �ne dissection forceps. Cerebellar tissue was then transferred to a new petri
dish with ice-cold PBS (Hyclone #SH30256). This process was then repeated for additional brains with a
maximum of 12 per procedure to minimize time from dissection to culture.

Once all brains were dissected, each was segmented into small relatively uniform (1–2 mm) pieces using
micro dissection scissors under a dissecting microscope. Using a 25 mL pipette the tissue pieces were
transferred to separate 15 mL conical tubes holding 10 mL of cold PBS. As a wash step dissected tissues
were allowed to sink to the bottom of the conical tubes. PBS was then aspirated from the tubes and 1 mL
of a trypsin solution (1200 µL of 2.5% Trypsin (Worthington Labs #3707), 33 µL 30% glucose (Fisher
#D16)), and 1767 µL of BME stock solution (240 mL Earls Balanced Salt Solution (EBSS), 2.5 mL Basal
Medium Eagle vitamins (Sigma-Aldrich #B6891), 2.5 mL Basal Medium Eagle amino acid solution
(Sigma-Aldrich #B6766), and 1 M NaHCO3 to pH of 7.2–7.4) was added. Tissue was incubated at room
temperature in trypsin solution for 3 minutes with occasional manual mixing to evenly distribute tissues
in solution. Following incubation, trypsin solution was removed and 1 mL of DNase solution (150 µL of
1% DNase (Sigma #DN25), 183 µL 30% D-glucose, and 2817 µL of BME stock solution) was added to
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degrade any DNA released from cells damaged during dissection. The addition of DNase solution aids in
downstream trituration, as it reduces tissue clumping.

Using a P1000 pipette set to 750 µL the tissue was triturated until a single cell suspension was formed
(trituration maximum of 15 repetitions). The single cell suspension was then centrifuged at 700G for 5
minutes at 4°C. The DNase solution was then removed and 2 mL of cold PBS with 500 µL of DNase
solution was added, followed by resuspension using a P1000 pipette as previously described. The single
cell suspension in each tube was then �ltered through a 40 µm nylon cell strainer (BD Falcon #352340)
into new 15 mL conical tubes to remove any aggregated cells or tissue that failed to break down. After
�ltering, cells were pelleted by centrifugation at 700G for 5 minutes at 4°C. The PBS/DNase solution was
removed and the pellet re-suspended in 1 mL pre-warmed serum containing plating media (81.5 mL BME
stock solution, 5 mL fetal bovine serum (Gibco #10100-139), 2.5 mL horse serum (Sigma-Aldrich
#H1138), 50 µL pen-strep solution (Gibco #15140-122), 500 µL L-glutamine (Gibco #25030-081), 800 µl
30% D-(+)-glucose (Sigma #G8270), and 50 µL of 1% DNAase solution). Cell density was quanti�ed using
a hemocytometer. Cells were plated at a density of 200,000 cells per 14 mm onto glass insert petri dishes
(MatTek #P35G-0-14-C) or 24 well plastic bottom dishes (BD Falcon #351147). All plating surfaces were
coated with 100 µM poly-D-lysine (Sigma #P7886 or #P6407) for 4–6 hours before cell isolation and
washed twice with sterile culture grade water (Hycone #SH30529) before plating.

Cells were incubated for 4–6 hours at 37°C and 5% CO2 to facilitate adherence. Serum containing media
was removed and each coverslip or petri dish was gently rinsed with pre-warmed serum free media (92.4
mL Low-Glucose DMEM (Life #11965-092), 2 mL of N2 supplement (Gibco #17502-048), 2 mL B27
supplement (Gibco #17504-044), 1.6 µl 20% sucrose (Fisher #BP22-01), 1 mL L-glutamine, and 100 µl
Pen-Strep). Fresh pre-warmed serum-free media (2 mL) was then added to each well. After two days in
culture, 5 µM AraC (Sigma #C1768) was added to inhibit the growth of dividing cells, primarily glia and
endothelia. One half of the media was replaced with fresh serum free media on day 4 and then every half
of the media was changed every three days.

pCGC culture transfection
We transfected primary cerebellar granule cell cultures at DIV2 using lipofectamine 2000 (ThermoFisher
#11668027) with 1.0 µg of a plasmid with green �uorescent protein (GFP) expression under control of a
CMV promoter (courtesy of Arikkath lab, [37]) using manufacturer’s recommended protocol. In the �rst
tube we combined plasmid DNA with DMEM (Life #11965-092) at the above concentrations to reach 25
µL per well. In the second tube, we combined 2 µL lipofectamine with 23 µL per well of DMEM. The tubes
were mixed, incubated at room temperature for 15 minutes, and 50 µL of the mixture added to each well.
With this method we achieved low-density transfection suitable for analysis of individual cerebellar
granule cell synaptic densities.

Immunocytochemistry
Primary cerebellar neuron cultures were �xed with 4% paraformaldehyde/4% sucrose solution pre-warmed
to 37°C for 10 minutes at room temperature. Cultures were rinsed 3 times in PBS (Hyclone). To allow
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antibody access to intracellular protein epitopes, cells were permeabilized with 0.1% triton X-100 for 10
minutes at room temperature. Following permeabilization cells were rinsed 3 times for 10 minutes in PBS
then blocked with 5% BSA in PBS for 1 hour at room temperature. After blocking, primary antibodies were
diluted in 1% BSA in PBS and incubated overnight at 4°C. Primary antibodies used in this study were
against NeuN (anti-mouse, Millipore, #MAB377, 1:100), GFAP (anti-chicken, Neuromics, #CH22102,
1:2000), CD11b (anti-rat, Abcam, #ab8878, 1:300), cleaved caspase 3 (anti-rabbit, Cell Signaling
Technology, #9661, 1:400), Vglut1 (anti-guinea pig, Millipore, #AB5905, 1:4000), Vglut2 (anti-guinea pig,
Millipore, #AB2251, 1:4000), Gad65 (anti-mouse, Developmental Studies Hybridoma Bank, #GAD-6,
1:100), and Vgat (anti-mouse, Synaptic Systems, #131 − 011, 1:500). After primary incubation cells were
rinsed 3 times in PBS, and incubated with appropriate secondary antibodies diluted in 1% BSA in PBS for
1 hour at room temperature. All secondary antibodies were from the Alexa Fluor series (ThermoFisher)
and used at 1:250–1:500. Cells were then washed 3 times with PBS for 10 minutes each. Nuclear
counterstaining was completed with 4’,6-diamidino-2-phenylindole (DAPI) in PBS for 1 minute. Cells were
rinsed twice with PBS and then cover slipped using Prolong Gold or Diamond Antifade Reagent
(Invitrogen P36934 or P36961). Mounting media was allowed to dry overnight in the dark and then
samples were stored at -20°C or -80°C until imaging.

Confocal Imaging of pCGC Cultures
Synaptic densities, cell types, and caspase-3 activation in pCGC cultures were all analyzed using confocal
microscopy under blinded conditions. All images were collected using a Zeiss LSM 700 scanning
confocal microscope with either 10x (Zeiss EC Pan-Neo�uar 10x/0.3 NA, 1.11 µm resolution, #440330-
9902-000), 20x (Zeiss EC Plan-Neo�uar 20x/0.50 NA, 0.67 µm resolution, #420350-9900-000), or 40x
(Zeiss EC Plan-Apochromat 40x/1.3 NA, 0.26 µm resolution, #420762-9800-799) objectives. All data was
collected using settings optimized for each experiment and the settings were maintained across all
samples. Confocal imaging was restricted to a maximum of 4 channels using 405 nm (5 mW), 488 nm
(10 mW), 555 nm (10 mW), and 639 nm (5 mW) diode lasers, with each set to collect on independent
channel for minimal bleedthrough. For pCGC culture cell type analysis, images were collected using the
20x objective with 0.5x digital zoom to increase the �eld of view. For in vitro synaptic density analysis, z
stack images were taken using a 40x objective at 1024 × 1024 resolution (160 µm × 160µm × 4.58 µm;
0.352 µm z-step). For cell type and cleaved caspase-3 measurements images were collected using a 20x
objective with 0.5x digital zoom at 1024 × 1024 resolution (640 µm × 640 µm) with focus set to the
brightest DAPI plane.

Analysis of Cell Types and Apoptosis
To determine the relative distribution of cell types in the cultured cell population, pCGC cultures were �xed
and immunostained for markers of neurons (NeuN), astrocytes (GFAP), and microglia (CD11b) at DIV6.
Images were collected by confocal microscopy and analyzed using analyze particles feature in ImageJ
software [38]. A minimum of 8 �elds (technical replicates) per sample were imaged across multiple
experimental (biological) replicates (n = 3 for C3KO, n = 2 for WT as well as prior pCGC validation studies).
Images were uploaded as .lsm �les and the global scale was set based on imaging parameters. For the
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DAPI+ and NeuN+ cell quanti�cation, a macro was used to automate the counting procedure. First, the
batch threshold was set manually where fainter cells were quanti�able while the brighter cells remained
distinct from surrounding cells. Images were then smoothed to ensure detection of cell borders and
converted to binary, where the watershed function was used to separate closely opposed cells. Cells were
quanti�ed using the ‘analyze particles‘ function controlling for size and circularity. To validate count
accuracy, the masks feature was used and overlaid on the original image. For quanti�cation of non-
nuclear GFAP and CD11b immunoreactivity, the positive cells were counted manually using the cell
counter application of ImageJ.

Cell type analysis for C3KO and WT pCGC cultures was performed using the detect spots feature in
IMARIS (Bitplane, South Windsor CT) controlling for �uorescent signal intensity and quality.

Analysis of pCGC Synaptic Density
Gross synaptic densities were quanti�ed in blinded samples using detect spots function in IMARIS
software on blinded confocal images. Settings for puncta size and quality were optimized for the data set
and remained uniform for all samples. Vglut1 and GAD65 puncta counts were quanti�ed, along with the
number of DAPI positive cells per �eld. Data was presented as gross synaptic counts per �eld, as well as
counts normalized to the number of cells per �eld. To determine cell speci�c synaptic densities per µm2

of surface area, pCGC transfected with GFP were imaged and analyzed. Using the create surfaces
function in IMARIS the structure of the cell was generated. Next, detect spots was used to identify
excitatory and inhibitory synaptic puncta. We then used the split into surface objects function to identify
synaptic puncta in contact with the generated surface. The number of puncta detected was then
normalized to surface area of the individual cell.

RNA isolation, puri�cation, and RT-PCR
RNA was isolated from primary cerebellar granule cell cultures generated from WT and C3KO mice using
a RNeasy Minikit (Qiagen #74104). Brie�y, the media from DIV6 cultures was removed and the cells were
rinsed with sterile PBS. RLT buffer was then added and repeatedly rinsed over the surface of the well to
ensure even cell disruption. Buffer was then collected from individual wells and further disrupted with a
tuberculin syringe 5–7 times in a 1.5 mL conical tube. The remainder of the RNA isolation was as
described in manufacturer protocol.

RNA purity was assessed using spectrophotometry (NanoDrop II, Thermo, Waltham MA) to measure
Å260/230 and Å260/280 ratios. RNA degradation was assessed by micro gel electrophoresis
(BioAnalyzer 2100, Agilent Technologies). Only RNA samples meeting minimum purity and quality were
used for downstream analysis. Speci�cally, any samples with Å260/280 ratios less than 1.8 were deemed
unsuitable for analysis secondary to RNA contamination. Additionally, any samples with larger 18S
instead of 28S peaks, or RNA integrity numbers (RINs) < 7.0 were deemed unsuitable for analysis
secondary to RNA degradation.
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RT-PCR was performed using Verso SYBR Green 1-Step kits (Thermo Scienti�c #AB4105) according to
manufacturer protocols. All primers used were from the QuantiTect Primer Assay series (Qiagen). All
samples were run in triplicate and each reaction contained both no template and no primer controls. A full
melt curve was generated for each reaction to ensure a solitary product. RT-PCR data was analyzed for
relative expression using the 2(−ΔΔCT) method with normalization to Gusb as a housekeeping gene using
Microsoft Excel.

Calcium Imaging and Analysis
To assess functional properties of cerebellar granule cells generated from WT and C3KO mice, we
performed live cell calcium imaging using Fluo-4AM, a calcium indicator dye that is permeable to cell
membranes (ThermoFisher #F14201). Since Fluo-4AM �uorescence magnitude in response to Ca++

depends upon many factors, including solution temperature, pH, ionic strength, and pressure, these
results provide qualitative, but not strictly quantitative, differences in Ca++ response between neurons
from WT and C3KO mice [39]. pCGC cultures were loaded with 1 µM Fluo-4AM and pluritonic acid for
stabilization and imaged using an upright �uorescent microscope. Cultures were imaged in arti�cial
cerebrospinal �uid (mM: 124 NaCl, 26 NaHCO3, 3 KCl, 2 MgCl2, 2 CaCl2, 1.25 NaH2PO4, 10 glucose, 0.5
ascorbic acid, 1.5 Na-pyruvate, 1 thiourea; pH 7.4, maintained by carbogen [95% O2 and 5% CO2] bubbling
at room temperature). pCGC cultures were imaged every 5 seconds, Neuronal depolarization was induced
after 1 minute (cycle 15) by adding 25 mM KCl to the aCSF. Images were analyzed using Axiovision
Software (version 4.8.2.0, Zeiss). A total of 60 WT cells and 90 C3KO cells were analyzed from samples
generated from 2 and 3 biological replicates respectively. A third WT sample was lost due to
complications with imaging autofocus parameters. For analysis, baseline �uorescent intensity for each
cell was calculated as the average GFP intensity of the �rst minute of imaging (a total of 12 cycles with 5
seconds between cycles). The GFP intensity of each cell at each time point was then normalized to
individual cell baseline to generate a fold change from baseline.

Transcardial Perfusion and Tissue Processing
WT or C3KO male mice at 1 and 3 months of age were deeply anesthetized with 17 µl/g body weight of
2.5% Avertin (2,2,2-Tribromoethanol 97%, Sigma #T48402). Transcardial perfusion was performed to
preserve tissue architecture for downstream histological analysis. Mice were perfused by perfusion pump
(Manostat® Vera, Sigma) with PBS for 3 minutes to clear blood, followed by 5 minutes with 4% PFA/PBS
(32% Paraformaldehyde Stock, Electron Microscopy Sciences, #15714). Following perfusion, the brain
was collected and post �xed in 4% PFA/PBS for 24 hours at 4°C. To preserve cell architecture and prevent
crystal formation upon freezing, brains were cyroprotected with 30% sucrose at 4°C until the tissues sank,
roughly 24 hours. Tissues were then embedded in Sakura® Tissue-Tek® OCT. (VWR, #4583), and frozen
in dry ice and ethanol slurry. Tissue blocks were stored at -80°C for further processing. For sectioning,
OCT tissue blocks were allowed to equilibrate to the cryostat temperature of -20°C for 30 minutes.
Tissues were sectioned on a cryostat (Leica Cyrostar NX50) in either the sagittal or coronal plane at 14
µm and directly mounted on glass slides (Fisher Scienti�c, #12-550-15). Tissues mounted on slides were
stored at -80 °C until staining.
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Immunohistochemistry
To assess for genotypic differences between wildtype and C3KO mice in vivo, tissue sections were
immunostained with antibodies targeting speci�c synaptic proteins. We used the same antibodies at the
same dilutions employed for cell culture immunocytochemistry as discussed above. Tissue sections were
warmed to room temperature for 30 minutes prior to processing. Slides were washed 3 times in PBS to
remove excess OCT, followed by blocking in 5% bovine serum albumin (BSA) in PBS. To promote
antibody access to intracellular epitopes, the blocking, primary, and secondary antibody buffers contained
0.2% Triton-X 100. After blocking, slides were incubated overnight at 4 °C in antibody solution (0.5% BSA
in PBS with 0.2% Triton) containing primary antibodies for excitatory and inhibitory synaptic proteins.
Following overnight incubation, slides were washed 3 times in PBS. The slides were then covered with
antibody solution containing species-speci�c secondary antibodies for 2 hours at room temperature in
the dark. Following secondary antibody staining, slides were washed 3 times, counterstained with DAPI,
washed again, and cover slipped with Prolong Diamond anti-fade mounting media. Slides were dried
overnight in the dark at room temperature and then stored at -20 °C until imaging.

In Vivo Synaptic Density Confocal Microscopy
Densities of excitatory (Vglut1, Vglut2) and inhibitory (GAD65) synaptic proteins in wildtype and C3KO
mice were assessed using confocal microscopy. To assess synaptic density in the molecular layer,
confocal z-stack images from 3 month old mice were acquired using 40x objective and 2x zoom on a
Zeiss LSM 700 scanning confocal microscope. Images were taken at 1024 × 1024 resolution over a 160
µm × 160µm × 12.04 µm window with a z-step of 0.430 µm. Synaptic formations in the cerebellar granule
cell layer were imaged under the same objective and settings, but with modi�ed gain and laser intensity.

Analysis of In Vivo Synaptic Density
The primary vesicular protein associated with molecular layer excitatory synapses is Vglut1 arising from
parallel �bers of cerebellar granule cells. Vglut1 puncta in the molecular layer are very dense and uniform
in size. To detect each puncta, we employed the detect spots feature in IMARIS software controlling for
�uorescent signal quality. GAD65 positive and Vglut2 positive puncta were assessed using the same
feature but were less uniform in size. We also quanti�ed average puncta volume using the ‘Detect spots
of varying sizes’ feature with local contrast settings to de�ne sizes. Output from this analysis included
the number of puncta, average puncta mean intensity, average puncta median intensity, and for Vglut2
and GAD65 the average puncta volume.

Input to cerebellar granule cells occurs through a specialized glomerular synaptic structure. Thus,
individual synaptic puncta are not well de�ned. For quantifying Vglut1 and Vglut2 in the cerebellar
granule cell layer, the ‘Create surfaces’ function was used to map the structure of the excitatory synaptic
glomerulus. GAD65 puncta, which form an inhibitory ring around each glomerulus, were identi�ed using
the ‘Detect spots’ feature. The output for this analysis included the number of glomeruli, average
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glomerulus surface area and volume, �uorescent intensity mean and median of glomeruli, and the
number, size and intensity of GAD65 puncta.

Statistics
Home cage assay. To control familywise-error rates, we �rst perform false discovery rate analysis (FDR;
[40]) across all 665 behavioral measures assessed by the system. Behavioral categories (e.g. overall
measures, behavioral time budgets, active/inactive state properties, ingestion bout properties, movement
bout properties, peri-event active state properties) containing one or more differentially-expressed
behaviors are then examined in more detail to elicit patterns. Speci�cally, we employ two-way ANOVA to
assess for behavioral differences (genotype and light/dark cycle as treatment), and perform Tukey’s post-
hoc test and Bonferroni correction for multiple comparisons as required.

Minimum bounding rectangle. Differences in MBRs were quanti�ed by repeated measures ANOVA using
genotype as treatment factor, replicated for each animal over all days of data collection, and individual
mice as covariates.

Dual emission X-ray absorptiometry. We employed Bonferroni-corrected two-tailed t-tests to test for
differences in DEXA parameters.

Indirect calorimetry. ANCOVA analysis was performed to identify signi�cant differences in metabolic
parameters (V̇O2, DO2, O2-out, V̇CO2, DCO2, CO2-out, and heat) between genotypes as a function of
adiposity and lean-body mass [41].

Microtomography of the knee joint. We employed one-way analysis of variance (ANOVA, implemented by
anova1 function in MATLAB R2019a) with BV/TV as response and genotype as treatment to determine if
genotype had any effect on cortical bone density.

Mouse grip strength. Data was analyzed by repeated measures analysis of variance (ANOVA,
implemented by ranova function in MATLAB R2019a), with grip strength as response variable, genotype
as predictor variable, replication as within-subject variable, and Greenhouse-Geisser adjustment for lack-
of-sphericity.

Analysis of cell types and apoptosis. Statistics for activated caspase-3 staining was performed in
Microsoft Excel 2010, using a two-tailed student t-test to compare genotypes. Statistics were not
performed on cell type analysis, as we only used 2 biological replicates for WT controls. However, the
data concurs with that generated for original culture characterization.

Analysis of pCGC synaptic density. All comparisons were performed using two-tailed student t-tests in
Microsoft Excel 2010. Pilot experiments were performed on DIV5 cultures to determine mean and
variance characteristics for excitatory and inhibitory puncta in WT and C3KO primary cerebellar cultures;
using these values in a standard experiment power calculator revealed that we could detect a 10% or
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greater difference between these two means (at α = 0.01 and b = 0.8) by examining 95 internal granule
cells per genotype (excitatory puncta) or 148 internal granule cells per genotype (inhibitory puncta).

Calcium imaging and analysis. Fold change data was analyzed by two-way repeated measures ANOVA
controlling for genotype, time, and sample (SPSS Ver 22).

Analysis of in vivo synaptic density. Genotypic differences in glomeruli metrics were assessed by two-
sided t-tests assuming equal variance as implemented in Microsoft Excel 2010.

Results
Decreased gait speed, increased locomotor bout duration with C3 loss

We identi�ed 143 behaviors differentially expressed by FDR between WT and C3KO mice. Differences
were observed in aggregate measures of intake and movement, behavioral time budget, active state
properties, ingestive bouts, and movement bouts. Volcano plots were generated from differential
behaviors lists depicting signi�cance versus fold change from WT. This analysis yielded 53 behaviors
with a 2-fold or greater change from controls (Fig. 1). Of the 53 behaviors, 25 were signi�cantly decreased
and 28 signi�cantly increased. Within this data set are several behavioral differences that correspond to
functional aspects of locomotion, bout probabilities, and feeding and drinking properties.

There were no genotypic differences in overall locomotor movement (cm/hr) over the light cycle, dark
cycle, or full circadian day (Fig. 2A). We found no genotypic differences in the number of locomotor bout
onsets per hour or in bout probability (Fig. 2B,C). However, C3KO mice show a marked increase in
locomotor bout duration across the circadian day (WT 786.35 ± 263.1 ms, C3KO 1305.5 ± 370.8 ms, FDR
t-test p = 0.0192). This difference holds when the light cycle and dark cycle are assessed independently
as well (Fig. 2D). Increased bout duration is likely a result of a signi�cantly reduced forward locomotion
gait speed in C3KO mice (WT 23.73 ± 4.50, C3KO 15.43 ± 3.04 cm/s, FDR t-test p = 0.0067; Fig. 2E). This
difference holds though both dark and light cycles as well as the full circadian day. The changes in C3KO
locomotor gait speed and bout duration tended to balance one another out, leading to no signi�cant
differences in per bout movement between WT and C3KO mice (Fig. 2F). These data collectively
demonstrate that C3KO mice have de�cits in functional aspects of locomotion, but motivation for
locomotor appears to be spared, as the number of onsets, probability, and total movement are equal to
controls. We observed concordant �ndings regarding mouse movement-in-place, de�ned as movements
with low gait speed and high turning angles (Supplemental Fig. 1). Brie�y, C3KO mice again displayed
decreased movement-in-place bout speed, with no differences in movement-in-place bout onsets or
probability. In contrast to forward locomotion, C3KO mice had similar length movement-in-place bout
durations, and thus demonstrated less per-bout movement, and ultimately less overall movement.

Increased active state movement probability with C3 loss
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Of note, overall active state organization signi�cantly differs between WT and C3KO mice with regards to
locomotor behavior. We observe that, except for the �rst few minutes at the start of each active state,
C3KO mice are more likely to engage in locomotion compared to WT mice. To demonstrate this �nding,
we �rst display the structure of every active state observed in the experiment (truncated to 180 min
duration) for a representative WT and C3KO mouse (Fig. 3). In this manner, we can show the structure of
every active state (up to 180 min) that the mouse expressed. As one can observe, the representative C3KO
mouse demonstrated more movement events (corresponding to green rasters) compared to WT. The inset
extends this �nding across the entire tested cohort, demonstrating that throughout the active state, C3KO
mice were more likely to engage in locomotion compared to WTs (p < 0.006, critical p = 0.0125).

Increased gait ataxia with C3 loss

To quantify potential gait differences between WT and C3KO cohorts, we measured locomotor path
straightness using minimum bounding box areas �t to motor paths, a reliable approach to assess gait
ataxia. Analysis of locomotor paths in WT and C3KO mice revealed a signi�cant increase in median
bounding box area in C3KO mice (median minimum bounding box area: WT 3.65 cm2, C3KO 7.91 cm2, p 
< < 1 x 10− 6), which is indicative of less straight locomotor paths (Fig. 4). Young C3KO mice thus
demonstrate signi�cantly more locomotor ataxia compared to age-matched WT controls.

Loss of C3 does not impair metabolism or lead to signi�cant changes in body composition

We found minimal genotypic differences in body mass composition. There were no signi�cant
differences in BMD, BMC, total bone area, RST, adiposity, TTM, or body weight; a minimal difference was
appreciated in TTA (WT 8.45 ± 0.48, C3KO 90.5 ± 0.60, p = 0.044; Supplemental Fig. 2). Similarly, loss of
C3 had no effect on either basal (Supplemental Fig. 3A) or activity-associated (Supplemental Fig. 3B)
metabolic rates when normalized for adiposity. These results suggest that loss of C3 leads to minimal
changes in metabolic properties or energy balance phenotypes on a C57BL/6 background.

Loss of C3 does not affect forearm grip strength, tibial plateau articular surface morphology, or density of
cortical bone at the tibial plateau

Both muscle weakness and joint arthritis may compromise biomechanical function underlying
locomotion, and thus lead to slower gait speeds. To examine these possibilities, we tested muscle
strength by performing grip strength tests, and we performed microtomography of the knee joint to
examine the tibial articular structure for arthritic changes. We found no genotypic difference in forelimb
grip strength between WT and C3KO mice (Fig. 5A, repeated measures ANOVA, n = 5 WT, n = 5 C3KO, with
no differences noted in either average strength or changes in strength over the testing procedure, F2,12 =
4.18, NS; F2,12 = 3.27, NS for genotype and time, respectively). Examination of the tibial plateau articular
surface in both WT and C3KO males reveals no erosions or deformities consistent with joint arthritis
(Fig. 5B). Similarly, we noted no differences in cortical bone thickness at the tibial plateau between WT
and C3KO mice (Fig. 5C; one way ANOVA, n = 4 WT, n = 5 C3KO, genotype NS, F1,7 = 2.12).
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Increased Vglut1 + synaptic puncta in C3KO cerebellar granule cell cultures

Complement proteins have been shown to tag synapses for pruning by microglia in multiple brain
regions. Loss of complement expression has been linked to increased synaptic density in the cortex and
hippocampus, but less is known about this process in the cerebellum [24, 9, 20]. To assess for synaptic
alterations in cerebellar granule cells, primary neuron cultures enriched for granule cells were isolated
from postnatal day 5 mice and matured in culture. WT and C3KO granule cell cultures (n = 3 biological
replicates per genotype) were �xed at multiple stages of synaptic maturation and immunostained for
excitatory and inhibitory synaptic proteins. Across early stages of synaptic development (day in vitro 3)
there were no signi�cant differences in total gross excitatory (WT 367 ± 112; C3KO 522 ± 98 Vglut1+

puncta per �eld; p = 0.145) or inhibitory (WT 27 ± 17; C3KO 40 ± 1 VGAT puncta per �eld, p = 0.257,
Fig. 6A) synaptic density. Concordantly, we further found no genotypic differences in excitatory (WT 7.2 ± 
1.5; C3KO 9.5 ± 3.0 Vglut1+ puncta per �eld; p = 0.30) or inhibitory (WT 0.49 ± 0.21; C3KO 0.76 ± 0.22
VGAT puncta per �eld, p = 0.19, Fig. 6B) synaptic densities when normalized to DAPI+ cells per �eld.

However, when cerebellar granule cell cultures were analyzed at a later stage in synaptic maturation (day
in vitro 6), C3KO cultures (n = 3 biological replicates) showed increased excitatory and inhibitory synaptic
densities compared to WT controls (n = 3 biological replicates). This increase in excitatory synapses was
consistent across several methods of quanti�cation and normalization. When assessed as total puncta
per �eld, C3KO cerebellar granule cell cultures show a greater than two fold increase in excitatory synaptic
puncta (WT 1090 ± 373; C3KO 3066 ± 254; p = 0.0016; Fig. 7A,B). There was no signi�cant difference in
the number of cells per �eld, but to account for any difference in synaptic number due to variability in cell
density, we normalized synaptic counts to cells per �eld as above. C3KO cerebellar granule cells still
showed a signi�cant increase in excitatory synaptic puncta (WT 23 ± 5; C3KO 46 ± 7; p = 0.0107; Fig. 7C).
To assess inhibitory synaptic density, VGAT + puncta per �eld were quanti�ed and C3KO mice show an
increase in inhibitory synaptic puncta (WT 179 ± 89; C3 KO 392 ± 8; p = 0.0149; Fig. 7A,B). This difference
falls just below signi�cance when normalized to cell number per �eld (WT 3.72 ± 1.2; C3KO 6.01 ± 0.76; p 
= 0.052; Fig. 7C).

Increased Vglut1 + synaptic puncta in individual cultured C3KO cerebellar granule cells

The above studies suggest that the overall cerebellar granule cell phenotype evoked by C3 functional loss
was characterized by a temporal increase in the neuronal expression of Vglut1 and VGAT. These �ndings
justi�ed further effort to examine this phenotype at single granule cells. Cerebellar granule cell cultures
were thus transfected with a GFP vector to identify individual granule cell neurons and processes.
Cerebellar neuron cultures were then �xed and stained for excitatory and inhibitory synaptic markers at
day 3 and 6 in vitro. Individual cell synaptic input was then analyzed per 100 µm2 of GFP + cell surface
area as described in the methods. Cultures analyzed at DIV3 (n = 3 biological replicates examining at
least 20 neurons per genotype) showed no differences in Vglut1+ or VGAT+ puncta, total cell surface area
per cell, or primary dendrite number (Supplemental Fig. 4). However, at DIV 6, C3KO granule cells showed
a signi�cant increase in Vglut1 + synaptic puncta (WT 2.75 ± 0.49; C3KO 5.42 ± 0.78; p < 0.0075), an
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increased number of VGAT + puncta per 100 µm2 of GFP + cell surface area (WT 0.51 ± 0.159; C3KO 0.81 
± 0.088; p < 0.047; Fig. 8A-C), and a greater number of primary dendrites (WT 6.03 ± 0.15; C3KO 6.83 ± 
0.31, p < 0.015; Fig. 8D) compared to WT controls. Again, we examined at least 20 neurons arising from 3
biological replicates per genotype to obtain the above �nding. No genotypic differences in total surface
area per cell were noted in granule cell neurons from DIV6 culture.

Complement proteins and receptors have been previously described to regulate cell migration,
proliferation, and apoptosis. To assess whether synaptic differences seen in C3KO compared to WT
cultures were a result of differences in cell populations, in�ammatory signaling, or changes in apoptosis
we performed immunohistochemistry for cell speci�c markers (n = 3 per genotype) including neurons
(NeuN), astrocytes (GFAP), and microglia (CD11b), as well as cleaved caspase 3. Importantly, loss of
complement protein C3 does not lead to any signi�cant changes in cell type distribution, cell apoptosis, or
in�ammatory signaling in cerebellar neuron cultures that may alter synaptic density (Supplemental
Fig. 5). Levels of other transcripts relating to NF-κB signaling (IκB-α, IL-β, p105, IKK-α, Syk, p65) were also
assessed by immunohistochemistry with no expression differences noted (p105, IKK-α, Syk, p65 data not
shown). Additionally, pCGC cultures are enriched for neurons, with low levels of glial cells. Taken together,
our data suggests that synaptic alterations are a result of neuronal complement 3 loss and not a
secondary effect from changes in cell distribution or glial response. Next, we wanted to determine if
increased synaptic density led to any changes in pCGC function that may underlie locomotor de�cits.

Increased responsiveness to KCl induced depolarization is a functional outcome of C3 loss

As presented above, mature granule cell neurons from C3KO mice demonstrate increased protein
expression of both Vglut1 and VGAT. This �nding suggests that cerebellar granule cells from mutant mice
may demonstrate altered responses to excitatory stimuli. Measuring changes in intracellular calcium
levels is one method to assess neuronal response to activity-inducing stimuli. Treatment of neurons with
potassium chloride (KCl) results in robust depolarization by increasing the extracellular potassium
concentration, opening voltage-gated calcium channels and evoking rapid Ca2+ in�ux. Using a cell
permeant calcium indicator dye (Fluo-4AM) that exhibits �uorescence upon calcium binding, we assessed
neuronal response to KCl induced depolarization in control and C3KO pCGC cultures. Cerebellar granule
cells isolated from C3KO mice have an increased responsiveness to KCl depolarization and delayed
washout response, taking longer to return toward baseline �uorescence (Fig. 9). A signi�cant genotype ×
time interaction for GFP intensity was noted by two-way repeated measures ANOVA (F1,89 = 30.6, p < 1 x

10− 6). This data demonstrates potential functional differences between WT and C3KO cerebellar granule
cells.

Loss of complement protein C3 does not alter cerebellar synaptic density in vivo

Prior studies have shown that complement protein loss may increase excitatory synaptic density in select
CNS regions [24]. Furthermore, our in vitro analysis of matured cerebellar granule cells revealed
signi�cant genotypic differences in both excitatory and inhibitory synaptic densities between neurons
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with and without C3 function. We therefore hypothesized that C3KO mice may have altered synaptic
densities within selected regions of the cerebellum that underlie locomotor de�cits. To quantify in vivo
synaptic densities, we processed 1- and 3-month old WT and C3KO mice for immunohistochemistry and
subsequent confocal microscopy of the cerebellar molecular and internal granule cell layers. The
molecular layer contains the primary synaptic output from cerebellar granule cells, where projecting
parallel �bers synapse with the extensive dendritic trees of Purkinje cells. As we observed increased
excitatory synaptic density in cultures, we hypothesized we would observe similar changes in the
molecular layer. However, quanti�cation of Vglut1 + excitatory synapses and GAD65 inhibitory synapses
in the molecular layer yielded no signi�cant differences in synaptic puncta number or mean intensity
(Supplemental Fig. 6A-C). In addition to Vglut1 positive synapses from cerebellar granule cells, climbing
�bers from the inferior olive form Vglut2 excitatory synapses in the molecular layer. Quanti�cation of
Vglut2 positive synapses also yielded no differences in density or intensity (Supplemental Fig. 7A-C). As
we observed no differences in the molecular layer, we then assessed the internal granule cell layer. Mossy
�bers from the pons form excitatory synapses with cerebellar granule cells in a specialized synaptic
structure (glomerulus) surrounded by a ring of inhibitory synapses. Quanti�cation of glomeruli number,
intensity, and volume of Vglut1 positive glomeruli and the GAD65 inhibitory surrounding synapses
demonstrated no differences in vivo (Supplemental Fig. 8A-C). Quanti�cation of Vglut2 positive glomeruli
number, intensity, and volume also showed no differences (Supplemental Fig. 9A-C). These �ndings were
unexpected, especially given the large differences observed in culture. However, as we observed
differences in synaptic function, it is possible there are differences in synaptic activity with a normal
underlying synaptic density. Additional analysis of primary motor cortex in 1-month old C3KO mice also
did not reveal any differences in synaptic density compared to WT controls (data not shown). The
implications of these �ndings will be discussed in further detail below.

Discussion
Here, we present data generated from an unbiased behavioral assessment of C3KO mice, where we
identi�ed a novel locomotor phenotype characterized by a marked reduction in gait speed, increased
locomotor bout duration, increased locomotor probability within individual active states, and gait ataxia.
Prior studies have failed to identify motor phenotypes in C3KO mice. However, in these studies motor
function was assessed by open �eld, SHIRPA, and rotarod assays [24]. In these assays, locomotion is
confounded by other factors (e.g. novelty, handling, balance) and may thus be insensitive to detect
changes in gait speed, locomotor patterns, and ataxia. In contrast to the open �eld assay, mice in the
home cage system are freely moving within a habituated home space, thus providing a more face valid
assessment of overall daily movement in the absence of forced testing. We further determined that the
decreased gait speed observed in C3KO mice was not a result of signi�cant limb weakness (as assessed
by forelimb grip strength) nor joint arthritis (as assessed by visual inspection of the joint articular surface
and cortical bone thickness at the knee tibial plateau). Quanti�cation of daily ambulatory function,
especially gait speed, is a critical measure of overall health as reduced gait speeds in the elderly are
associated with poor healthcare outcomes [42].
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The reduced gait speed and ataxia with preservation of movement bout initiation locomotor phenotype
displayed by C3KO mice suggests a primarily cerebellar etiology [43]. The C3KO behavioral phenotype
further was noted to resemble that observed in aged C57BL/6 mice. Of note, C3 cerebellar expression is
signi�cantly increased in aged mice. The U-shaped curve demonstrating locomotor impairments in mice
with either C3 lack or C3 overexpression suggests that (similar to other physiological functions described
by U-shaped output characteristics) C3 expression must remain within a de�ned range for optimal
locomotor function [44]. Detailed assessment of other cerebellar-dependent behaviors (such motor
learning, coordination, eye movements) may reveal further de�cits.

C3 interactions with Factors B and D generate C3a, which itself is rapidly cleaved to acylation-stimulating
protein (ASP, also known as C3adesArg). ASP is well appreciated for its ability to stimulate triglyceride
production from adipocytes and �broblasts. We thus chose to examine body weights, body mass
composition, adiposity, and metabolic rate in WT and C3KO mice. Concordant with other investigators, we
found no differences in body weight between C3KO and WT mice ([27, 45]; studying the C3tm1Hrc and the
C3tm1Pkna knockout strains, respectively). C3KOs have been reported to have both decreased body weight
and adiposity [46]; however, both 16-week-old WT and C3KO (C3tm1Pkna) cohorts from this study were
signi�cantly heavier than our 3 mo old mice or the 4 month old mice of [45]. Sources of these
discrepancies may re�ect different transgenic strains of C3KO mice, different systems and calibration
protocols for DEXA, and different diets.

To elucidate a mechanism for altered locomotor function in C3KO mice, we assessed synaptic density in
cultures enriched for cerebellar granule cells. Primary cerebellar granule cell cultures are ideal models for
studying developmental, pharmacologic, and functional properties of cerebellar internal granule cells [47,
48]. While granule cells occasionally synapse with local granule cells and inhibitory interneurons, most
granule cell output forms parallel �bers targeted at the extensive Purkinje cell dendritic arbor. Thus, while
primary granule cell culture may not be an ideal system to examine speci�c synaptic architectures, it is an
appropriate model to examine regulation of synaptic protein production through measurement of Vglut1
or Vgat protein density.

Our data demonstrated increased excitatory and inhibitory synapse density in C3KO pCGC cultures after 6
days in vitro, but not at an earlier time point. The mechanisms underlying increased synaptic density in
these cultures remain unknown. One potential mechanism is that increased in vivo synaptic density
accompanying C3 loss resulted from reduced microglial pruning, which itself stemmed from loss of C3
tagged synapses [9]. Another potential mechanism is that astrocytic C3 release binding to neuronal
surface C3aR in neuronal primary cultures depleted for microglia negatively impacts neuronal dendritic
complexity and synaptic properties [49]. However, these mechanisms are probably not a strong drivers of
our pCGC culture phenotypes, since both WT and C3KO pCGC cultures contain mostly neurons with low
percentages of both astrocytes (< 1.0%) and microglia (< 1.0%). Finally, genotypic differences in synaptic
density may be indicative of neuronal driven processes of synaptic regulation. For example, neuronal
C3aR binding to C3 ligands mediates dendritic and synaptic changes through activation of intraneuronal
calcium signaling [49]. Similarly, treatment of cortical cultures with recombinant C3 reduced dendritic
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arborization and synapse density in vitro [49]. At this time, the processes leading to increased dendritic
growth and complexity in C3KO primary cerebellar granule cell culture remain incompletely understood.

Our data also showed that cerebellar granule cells from C3KO mice had increased responsiveness to KCl-
induced depolarization. While this increased synaptic responsiveness may simply relate to the overall
increase in dendrite number and complexity, further studies examining neuronal electrophysiologic
properties will be required to con�rm this hypothesis or alternatively identify alterations in synaptic
protein complexes.

Our in vivo analysis of C3KO mice yielded the unexpected �nding that synaptic densities in WT and C3KO
mice did not differ in either the cerebellar molecular or internal granule cell layer. Based on our in vitro
data we expected to observe increased synapse density in the molecular layer, the sole target region of
cerebellar granule cell parallel �bers. One explanation for these differences is that changes observed in
vitro are due to the reduced culture conditions where glial cells are extremely low in number, whereas
within an in vivo system compensatory mechanisms are present. Cerebellar granule cells in culture
synapse with other cerebellar granule cells and with a small population of inhibitory interneurons. A more
physiological system and potential area of future study would be to use co-cultures of cerebellar granule
cells and Purkinje cells. As C3KO granule cells showed increased calcium response to KCl-induced
depolarization, it is possible that cerebellar granule cell synapses in vivo have altered functions that
underlie our observed baseline locomotor de�cits. These increases in synaptic activity may ultimately
result in increased Purkinje cell activation. Purkinje cells are rhythmically modulated during locomotor
function with high activity during transitions between ipsilateral stance and swing phases, and low
activity at mid-stance [50, 51]. Altered Purkinje cell input may interfere with this process leading to
impaired gait dynamics and ataxia.

In summary, loss of complement 3, is accompanied by locomotor de�cits and in vitro synaptic alterations
in male C57BL/6 mice. As complement plays a role in regulating synapse density, it is possible that
complement expression is increased as a compensatory mechanism for synaptic changes in the aging
brain [52]. Our data demonstrates that C3 loss evokes slower gait speeds and ataxia, but not overt
locomotor loss, �ndings similar to an aging phenotype. Identifying mechanisms underlying gait
disturbances in older adults is critical for the development of novel therapeutic strategies, which have the
potential to markedly improve quality of life. Further analysis of cerebellar roles of C3 may thus provide
additional insights into age related locomotor de�cits and potential therapies.
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