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Abstract

Kinesin family member 5A (KIF5A) is an essential, neuron-specific microtubule-associated motor 

protein responsible for the anterograde axonal transport of various cellular cargos. Loss of 

function variants in the N-terminal, microtubule-binding domain are associated with hereditary 

spastic paraplegia and hereditary motor neuropathy. These variants result in a loss of the ability 

of the mutant protein to process along microtubules. Contrastingly, gain of function splice-site 

variants in the C-terminal, cargo-binding domain of KIF5A are associated with amyotrophic 

lateral sclerosis (ALS), a neurodegenerative disease involving death of upper and lower motor 

neurons, ultimately leading to degradation of the motor unit (MU; an alpha motor neuron 

and all the myofibers it innervates) and death. These ALS-associated variants result in loss of 

autoinhibition, increased procession of the mutant protein along microtubules, and altered cargo 

binding. To study the molecular and cellular consequences of ALS-associated variants in vivo, we 

introduced the murine homolog of an ALS-associated KIF5A variant into C57BL/6 mice using 

CRISPR-Cas9 gene editing which produced mutant Kif5a mRNA and protein in neuronal tissues 

of heterozygous (Kif5a+/c.3005+1G>A; HET) and homozygous (Kif5a c.3005+1G>A/c.3005+1G>A; 

HOM) mice. HET and HOM mice appeared normal in behavioral and electrophysiological 

(compound muscle action potential [CMAP] and MU number estimation [MUNE]) outcome 

measures at one year of age. When subjected to sciatic nerve injury, HET and HOM mice have 

delayed and incomplete recovery of the MUNE compared to wildtype (WT) mice suggesting 

an impairment in MU repair. Moreover, aged mutant Kif5a mice (aged two years) had reduced 

MUNE independent of injury, and exacerbation of the delayed and incomplete recovery after 

injury compared to aged WT mice. These data suggest that ALS-associated variants may result 

in an impairment of the MU to respond to biological challenges such as injury and aging, 

leading to a failure of MU repair and maintenance. In this report, we present the behavioral, 
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electrophysiological and pathological characterization of mice harboring an ALS-associated Kif5a 
variant to understand the functional consequences of KIF5A C-terminal variants in vivo.
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INTRODUCTION:

Axonal transport is a highly organized and precise process vital for neuronal function and, 

by extension, maintenance of the motor unit (MU; an alpha motor neuron and all myofibers 

it innervates). Kinesin family member 5A (KIF5A) is a neuron-specific cytoskeletal motor 

protein responsible for anterograde axonal transport of multiple cellular cargos, including 

neurofilaments, mitochondria, and ribonucleoproteins (Castellanos-Montiel et al., 2020; 

Hirokawa et al., 2009; Kanai et al., 2004, 2000; Wang and Brown, 2010). In mammals, three 

heavy-chain isoforms of KIF5 exist: KIF5A, KIF5B and KIF5C (Kanai et al., 2000; Miki et 

al., 2001). The three proteins can dimerize and, together with two kinesin light chains bound 

to the tail domain, form the kinesin-1 complex (Crimella et al., 2012). KIF5A has three 

functional domains: 1) an N-terminal motor domain responsible for microtubule binding 

and movement, 2) a central “stalk” domain for dimerization and interaction with other 

subunits, and 3) a C-terminal, cargo binding domain (Hirokawa and Noda, 2008). KIF5A 

has multiple cellular cargos, including neurofilaments, mitochondria and ribonucleoproteins 

(Castellanos-Montiel et al., 2020; Kanai et al., 2004, 2000; Wang and Brown, 2010).

Missense variants encoding the N-terminal region of KIF5A are associated with hereditary 

spastic paraplegia and Charcot-Marie-Tooth disease type 2, conditions typically involving 

slowly progressive motor and sensory loss and spasticity (Ebbing et al., 2008). N-terminal 

variants appear to result in a loss of function via a dominant negative action of mutant 

KIF5A on the kinesin-1 complex (Füger et al., 2012). Multiple reports suggest variants 

located in the C-terminal region of KIF5A are associated with amyotrophic lateral sclerosis 

(ALS) (Brenner et al., 2018; Nicolas et al., 2018). ALS-associated KIF5A variants are 

generally enriched in splice junction regions of exon 27 and result in loss of exon 27 

after pre-mRNA splicing, a frameshift in exon 28, and ultimately production of an altered 

C-terminal cargo-binding domain (Nicolas et al., 2018). This has been shown to produce 

a toxic gain of function that leads to loss of autoregulation, increased propensity to form 

aggregates, alterations in intracellular cargo distribution, and decreased neuronal survival 

(Baron et al., 2022; Nakano et al., 2022; Pant et al., 2022).

KIF5A is an essential protein. Kif5a knockout (Kif5a−/−) mice develop normally in utero 
and are alive at embryonic day 18.5, however they die shortly after birth with evidence 

of unexpanded lungs and failure to develop a normal breathing pattern (Karle et al., 

2012; Xia et al., 2003). Conditional neuronal knockout of Kif5a using synapsin-promoted 

Cre-recombinase results in progressive hindlimb paralysis, reduced lifespan, neurofilament 

accumulation in neuronal soma, and loss of large caliber axons; brain levels of KIF5A in 

these animals were 6-to-56% of wildtype (WT) (Xia et al., 2003). In a second conditional 
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neuronal knockout of Kif5a, brain levels were 14-to-47% of WT, and no mice survived 

beyond four weeks (Nakajima et al., 2012).

To understand the molecular consequences of ALS-associated KIF5A variants in vivo, we 

created a CRISPR-Cas9 engineered mouse model carrying a C-terminal variant at the 5’ 

splice junction of Kif5a exon 27 (c.3005+1G>A), homologous to an ALS-associated variant 

in humans (c.3020+1G>A).

MATERIALS AND METHODS

Generation of Mutant Kif5a Mice

Mutant Kif5a mice carrying an exon 27 splice junction variant (c.3005+1G>A) were created 

at The Ohio State University Genetically Engineered Mouse Modeling Core. All procedures 

were performed in accordance with NIH Guidelines and approved by the Institutional 

Animal Care and Use Committee (IACUC) of the Ohio State University (#2019A00000029). 

Kif5a mutant mice were created with CRISPR-Cas9 knock-in of an exon 27 splice junction 

variant (c.3005+1G>A) which is homologous to the ALS-associated c.3020+1 G>A variant 

in humans shown to result in exclusion in exon 27 (Nicolas et al., 2018). Highly-specific 

guide RNA (gRNA) targeting Kif5a exon 27, single strand donor DNA, and recombinant 

Hi-Fi Cas9 protein (IDT, USA) were injected into multiple WT C57BL/6 zygotes to produce 

the F0 founder heterozygous (Kif5a+/c.3005+1G>A; HET) mice. The gRNA sequence used 

in this study was followed by a protospacer adjacent motif (PAM) sequence, which is a 

conserved part of the splice site sequence in human and mouse Kif5a. The introduction 

of the c.3005+1G>A variant destroyed the PAM sequences, thereby eliminating further 

cleavage of the mutated site by the Cas9 enzyme and avoided introduction of a PAM-

targeting point variant in the mouse Kif5a, which could potentially alter mRNA splicing. 

This predicted novel C-terminal peptide and its human homolog caused by the c.3020+1 

G>A variant are identical except for the final 13 amino acids (Figure 1A).

Sanger sequencing of the PCR product confirmed the genotype of F0 HET mice (Figure 

1B). RT-PCR and Rsa1 restriction confirmed the loss of exon 27 in mRNAs from HET and 

HOM mice (Figure 1C). Lines were propagated by back-crossing with WT C57BL/6 mice to 

generate F1, F2 and F3 offspring. Homozygous (Kif5a c.3005+1G>A/ c.3005+1G>A; HOM) mice 

were obtained by crossing HET mice.

Mice were genotyped from tail clips using Thermo Fire isolation and PCR kits with specific 

primers (F:ACGATTCATGTGGACCAGCT; R:TACCCATGGGAGTGCCTGGAT). Briefly, 

regions ~150-basepairs (bp) upstream and downstream of Kif5a exon 27 were amplified 

and the presence of the mutant variant was confirmed by a restriction analysis using the 

enzyme Rsa1 to identify HET and HOM mice. Rsa1 was used because the mutation disrupts 

the Rsa1’s cut site. After obtaining RNAs from neuronal tissues, reverse transcription PCR 

was performed followed by a restriction analysis using the enzyme EcoRV, which has 

its restriction site on exon 27. Exon 27 exclusion in HET mice was identified following 

restriction by the presence of three bands (one uncut and two cut bands), compared with 

only two cut bands found in WT mice. Sanger sequencing of the PCR products confirmed 

the loss of exon 27 in HET and HOM mice.
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Kif5a mRNA Analysis

Euthanasia was performed by carbon dioxide inhalation followed by decapitation. Spinal 

cord samples (cervical/thoracic) and forebrain samples (single hemisphere, cerebellum 

removed) were collected in sterile 2 ml microcentrifuge tubes, flash frozen in liquid nitrogen 

and kept at −80°C until use. Frozen tissues were transferred to sterile 2 ml screw-cap tubes 

(Thermo Fisher Scientific, 15-340-162), and 600 μl of TRIzol (Invitrogen) and two 2.4 mm 

sterile metal beads (Thermo Fisher Scientific, 15-340-158) were added to each tube. After 

5 minutes (min) at room temperature, tissues were mechanically homogenized at 6 m/s for 

30 seconds (s) intervals, two times, with a 10 s pause in between (Thermo Fisher Scientific, 

Bead Mill-24). The resulting solutions were carefully transferred to new sterile 2 ml tubes 

and a standard phenol-chloroform RNA extraction was performed. Next, a DNase digest was 

performed (Invitrogen, AM2238). The samples were incubated on a thermocycler for 30 min 

at 37°C followed by a 20 min deactivation step at 80°C. The concentrations and 260/280 nm 

absorbance ratios were quantified using a nucleic acid spectrophotometer (Thermo Fisher 

Scientific, NanoDrop). RNA samples were stored at −80°C until use. First strand cDNAs 

were synthesized using 1 μg of template RNA, RevertAid reverse transcriptase, and random 

hexamer primers according to the manufacturer’s instructions (RevertAid First Strand cDNA 

Synthesis Kit, Thermo Scientific, #K1622). Samples were diluted with 60 μl nuclease-free 

water and stored at −20°C until use.

mRNA expression was measured in a multiplex digital droplet PCR (ddPCR) reaction using 

the BioRad QX200 system. ddPCR assays were designed to specifically target exons of 

mouse mRNA (Supplementary Table 1). Kif5a expression was normalized to the constitutive 

Ywhaz tyrosine 3-monooxygenase gene. Kif5a exon 27 inclusion was calculated as WT 

Kif5a expression divided by total Kif5a expression (WT+MUT), expressed as a percent.

KIF5A Protein Analysis

Brain and spinal cord tissues were flash frozen in liquid nitrogen and kept at −80°C 

until use. Frozen tissues were homogenized in RIPA lysis buffer (Thermo Fisher, #89900) 

containing cOmplete™ protease inhibitor cocktail (Roche #04693159001) and phosphatase 

inhibitor cocktail (Sigma-Aldrich #P0044) and then sonicated at 2 s intervals, three times. 

Lysates were centrifuged at 17,000 rpm for 20 min at 4 °C and supernatants were 

carefully collected. Protein concentration was measured using a BCA Protein Assay Kit 

(Thermo Fisher, #23252, USA). Protein samples (50 μg) were run in 4–12% Bolt® Bis-Tris 

Plus precast 10- or 12-well polyacrylamide gels (Thermo Fisher, #NW04120BOX) and 

transferred to PDVF membranes (GE Healthcare, #10600021, Pittsburgh, USA). Membranes 

were blocked for 2 hours (h) at room temperature with 5% bovine serum albumin (BSA, 

Bedford, MA, USA) in Tris-Buffered Saline with 0.05% Tween-20 (TBS-T, Amresco, 

OH, USA) and incubated with the appropriate primary antibodies (anti-KIF5A stalk 

domain (rabbit α-KIF5A [1:500], Thermo Fisher PA5–29820) and anti-α tubulin (rabbit 

α-tubulin [1:15,000], Abcam ab7291)) in TBS-T with 5% BSA overnight at 4 °C. After 

washing with TBS-T for 10 min (five times) on the shaker, membranes were incubated 

with secondary antibody (horseradish peroxidase (HRP)-conjugated goat anti-rabbit (goat 

α-rabbit [1:15,000], Thermo Fisher HAF008)) in 5% dry milk in TBS-T for 1 h. Membranes 

were washed with TBS-T and incubated with ECL Prime western detection reagent 
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(Amersham, #RPN2232 NJ, USA) for 1–3 min. Chemiluminescence imaging was performed 

using the Azure Biosciences 600 imaging system, and band intensities were quantified using 

ImageJ (v. 1.51 h, NIH, Bethesda, MD, USA). The relative content of analyzed proteins in 

each sample was determined by normalizing band intensities to the content of α-tubulin in 

the same sample.

Behavioral Assessments

Grip strength, rotarod, and wire hang testing—All behavioral assessments were 

performed by a blinded investigator. For uninjured mice, bilateral forelimb and bilateral 

hindlimb grip strength (DEFII-002, Chatillon, Largo, FL, USA), rotarod (LE8205; Panlab 

Harvard Apparatus), and wire hang tests were performed weekly from 7 weeks (w) to 6 

months of age and monthly thereafter. Body weight was recorded at all time points. To 

evaluate grip strength, mice were positioned parallel to the bench so that both paws (hind 

paws or forepaws) were allowed to grasp the bar at a time and were pulled towards the 

evaluator. The averages of five trials for bilateral forelimb grip strength, five trials for 

bilateral hindlimb grip strength, and three trials for rotarod were analyzed at each time point 

(maximum time of 2 min was recorded for rotarod). For longitudinal evaluations (Figure 

2A), grip is presented as gram-force (gF) to accommodate both forelimb and hindlimb grip 

evaluations onto the same graph. Wire hang performance was reported as the longest latency 

to fall time out of three individual trials (maximum time of 2 min).

Unilateral hindlimb grip strength assessments were used for mice who were subject to nerve 

injury. Mice were positioned parallel to the bench so only the right hind paw was allowed to 

grasp the bar at a time and were pulled towards the evaluator. For injury and aging cohorts, 

grip strength was normalized to mouse weight at the time of the evaluation.

Open field testing—Mice were subjected to open field testing at 12, 18, and 24 months 

of age as previously described (Rice et al., 2019). Mice were kept on a 12 h light/dark 

cycle from 6am-6pm, and all testing occurred during the light phase. Prior to testing, mice 

were acclimated to the procedure room for at least 1 h. Mice were placed in the center 

of a square arena (40 cm ×40 cm) and locomotor activity was recorded for 10 min using 

a ceiling-mounted video camera (Sony Corporation, Tokyo, Japan). The apparatus was 

cleaned between trials using 70% ethanol. Analysis was performed using Ethovision XT 12 

software (Noldus Information Technology, Wageningen, Netherlands). Assessed measures 

included average velocity, total distance traveled, frequency of movement, and duration of 

movement.

Electrophysiological Measurements

Compound muscle action potential (CMAP) of the right gastrocnemius muscle was 

measured following stimulation of the sciatic nerve of WT, HET and HOM mice as 

previously described (Arnold et al., 2015; Wier et al., 2019). Briefly, mice were anesthetized 

with isoflurane (3–5% for induction, 2–3% for maintenance) and the right hindlimb was 

shaved to allow appropriate electrode contact. An active ring electrode was placed over 

the gastrocnemius muscle and a reference ring electrode was placed over the metatarsals 

of the right hindpaw (Alpine Biomed, Skovlunde, Denmark). The skin underlying the 
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ring electrodes was shaved to increase contact with skin and electrode gel was used to 

decrease impedance (Spectra 360; Parker Laboratories, Fairfield, NJ). A common reference 

electrode was placed on the tail (Carefusion, Middleton, WI). Two 28-gauge monopolar 

needle electrodes (Teca, Oxford Instruments Medical, New York, NY) were placed on each 

side of the sciatic nerve in the region of the proximal thigh. A portable electrodiagnostic 

system (Cadwell Sierra Summit, Kennewick, WA) was used to stimulate the sciatic nerve 

(0.1 ms pulse, 1–10 mA intensity). CMAP baseline-to-peak amplitudes were recorded 

following supramaximal stimulation. Average single MU potential (SMUP) amplitude 

was determined by averaging the peak-to-peak amplitude differences of 10 incremental 

submaximal responses. MUNE was then calculated by dividing the maximum CMAP (peak-

to-peak) response by the average SMUP.

Peripheral Nerve Injury

Mice were subjected to peripheral nerve injury (PNI) via sciatic nerve crush at age 14 w 

or 35 w. On day of surgery, mice were pre-treated with sustained-release buprenorphine 

(1mg/kg) and motrin (40mg/kg) and anesthetized with isoflurane (3–5% for induction, 2–3% 

for maintenance). Adequate depth of anesthesia was confirmed via toe pinch. The skin at 

the surgical site was cleaned three times with chlorhexidine and 70% ethanol. A skin and 

muscle incision of approximately 1 cm was then made in the posterolateral aspect of the 

right hindlimb to expose the sciatic nerve (Figure 4B). Prior to PNI, hemostatic forceps were 

dipped in carbon powder so the wound can be easily visualized during necropsy. The sciatic 

nerve was gently separated from the surrounding tissue and fascia and then crushed above 

the level of the knee using 1 mm wide hemostatic forceps to crush the nerve, with three 

clicks compression, two times each for 15 s, with a 15 s pause between compressions. All 

crush injuries were performed by a single investigator (HH). The incision was closed using 7 

mm reflex wound clips (CellPoint Scientific). Animals were monitored throughout recovery 

and for 72 h following surgery. Reflex wound clips were removed at 10 days post-PNI.

Histopathology

Immediately following euthanasia, the sciatic nerve, gastrocnemius muscle and spinal cord 

were removed. Histology was performed on WT, HET, and HOM mice from young (PNI at 

14 w, euthanized at 30 w) and aged (PNI at 35 w, euthanized at 100 w) cohorts to assess 

multiple components of the MU: motor neuron soma, axons and neuromuscular junctions 

(NMJs).

For spinal cord and muscle histopathology, whole tissue was immersion fixed in 4% 

paraformaldehyde (24 h), embedded in OCT (Tissue-Tek® O.C.T. Compound, Sakura) and 

stored at −80°C. 30 μm sections were cut (in 300 μm intervals) from the L3–L4 level, 

corresponding to the sciatic nerve motor pool (Rigaud et al., 2008), and mounted onto glass 

slides (Superfrost™ Plus Microscope Slides, Fisher Scientific). Sections were re-hydrated 

in xylene, followed by 70%, 95%, and 100% ethanol at room temperature. Slides were 

incubated in cresyl violet acetate buffer for 10 min at 60°C. Sections were then incubated 

in deionized water, 70%, 95%, and 100% ethanol, followed by xylene for 25 min. Sections 

were dried overnight, coverslipped (Fluoromount-G, Thermo Fisher) and imaged with light 

microscopy (Nikon Ti2). Neurons were identified by their location in the spinal cord (ventral 
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horn), size (area ≥ 200 μm2 [Ciavarro et al., 2003]), visibly larger than interneurons and 

glia), clear nucleus and presence of Nissl substance arranged in polygonal clumps. ImageJ 

was used for motor neuron processing by a blinded evaluator (KAR) to calculate number 

and cross-sectional area of all motor neurons in the ventral horn (3 sections per mouse, 3 

mice per genotype).

Gastrocnemius muscles were sectioned longitudinally at 50 μm, mounted onto glass slides 

and outlined with a hydrophobic barrier pen (Vector Laboratories). At room temperature, 

sections were blocked with 1% Triton-X100 and 4% goat serum in sterile PBS and washed 

with 1% Triton-X100 and 0.4% goat serum in sterile PBS. Sections were incubated in 

primary antibody for 2 h to label axons (chicken α-NF-200 [1:5000], Abcam, Ab72996) 

and presynaptic terminals (rabbit α-synapsin-1 [1:200], Cell Signaling, 5297S). After 

washing in PBS, tissues were incubated in secondary antibody (Alexa-594 goat anti-chicken 

[1:1000], Life Technologies, A11042; Alexa-594 goat anti-rabbit [1:1000], Invitrogen 

A-11012) and conjugated bungarotoxin (BTX) (α-BTX-488 [1:1000], Life Technologies, 

B13422) to visualize the presynaptic (axon, terminals) and postsynaptic (motor endplates 

of myofibers) respectively. Coverslips were sealed with Fluoromount-G. For analysis, 

fluorescence microscopy (Nikon Ti2) was used to image >50 en face NMJs per animal. 

Red and green channel images (individually and merged) were processed in ImageJ (v. 

1.51 h, NIH, Bethesda, MD, USA). Maximum intensity projections were quantified using 

a custom-designed workflow (MHHB) adapted from NMJ-morph (Jones et al., 2016). NMJ 

innervation was graded based on colocalization of axons and motor endplates and defined 

by a blinded evaluator (KAR) as denervated, partially innervated or fully innervated based 

on existing criteria (Jones et al., 2016; Vannucci et al., 2019). Quantification of pre- and 

postsynaptic features of the NMJ was completed as previously described (Balch et al., 

2021). Area of the nerve terminal (distal branchpoint of innervating axon and associated 

axon terminal branches) and acetylcholine receptor (AChR) clusters (α-bungarotoxin+) were 

quantified.

Sciatic nerves were fixed in 8% glutaraldehyde in phosphate buffer and processed for 

resin embedding as previously described (Lancaster et al., 2018). Injured sciatic nerves 

were dissected from the mouse, injury site was identified via visualization of the carbon 

powder, and a segment 5mm distal to the injury site was collected. Following glutaraldehyde 

fixation, nerves were incubated in 2% osmium tetroxide in phosphate buffer followed by 

rinses in ascending ethanol concentrations (50%, 70%, 80%, 95%, 100%) and propylene 

oxide. Samples were then incubated in a 1:1 propylene oxide:resin mixture and placed in 

resin molds, cured at 60°C for >8 h. Semi-thin sections (1 μm) were stained with alkaline 

toluidine blue, coverslipped using Fluoromount G (Thermo Fisher) and visualized by light 

microscopy (Nikon Ti2). Image quantification was performed using an automated analysis 

process developed in NIS-Elements AR software (v5.30) with the General Analysis 3 

module (Nikon), as previously described (Simmons et al., 2021; Vetter et al., 2021). Briefly, 

toluidine blue-stained axons were manually identified in a training set of images covering 

a range of genotypes and morphology. Using the NIS-Elements module Segment.ai, a 

convolutional neural network was trained on these images for 1000 iterations and this 

network was applied to the larger cohort. Fiber number, fiber diameter (longest cross-

sectional diameter measured to the outside edges of the myelin sheath), and axon diameter 
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(longest cross-sectional diameter measured to the inside edges of the myelin sheath) were 

recorded and used for statistical comparison.

For aggregation analysis, spinal cords were fixed in paraffin and a 5 μm-thick section 

was collected on glass slides (Superfrost™ Plus Microscope Slides, Fisher Scientific). 

Tissues were then deparaffinized via a stepwise incubation with the following reagents 

(5 min each); xylene (x3), 100% ethanol (x2), 95% ethanol (x2), 70% ethanol (x2). 

Slides were then transferred to a staining dish containing tris-buffered saline (TBS) and 

submerged in pre-heated (95°C) antigen-retrieval solution (Dako S1699) for 20 min. Slides 

were cooled in room-temperature dH2O for 15 min, then washed briefly with TBS and 

finally PBS containing 3% H2O2 to block endogenous peroxidase activity (Fisher H325–

500) for 15 min. A hydrophobic barrier was added and slides were incubated in TBS 

containing 0.1% Tween-20 (TBST). intelliPATH FLX automated slide staining system was 

then used to perform the following incubations; TBST (rinse), 2.5% normal horse serum 

(20 min), primary antibody (either rabbit anti-KIF5A [ab154414] at 5μg/mL or rabbit 

anti-ubiquitin [ab134953] at 0.25μg/mL, 30 min), TBST (x3, wash), immPRESS horse anti-

rabbit horseradish peroxidase (Vector Laboratories (MP-7401, 30 min), TBST (x3, wash), 

diaminobenzidine substrate (DAB, K3468, 2.5 min), and TBST (rinse). Post-autostainer 

incubations included the following; dH2O (rinse), Harris Hematoxylin (Leica 3801562, 30s), 

dH2O (5x), dH2O containing 0.1% NH4OH (30s), dH2O (3x), 70% ethanol (~20 dips, 1x), 

95% ethanol (~20 dips, 2x), 100% ethanol (~20 dips, 3x), xylene (~20 dips, 2x). Slides were 

then coverslipped as described previously.

Statistical Analysis

GraphPad Prism 9 software (v9.4.1, La Jolla, CA) was used for all statistical analyses, 

and data were expressed as means with standard deviation (SD) for cross-sectional data or 

standard error of the mean (SEM) for longitudinal data. Unpaired t-test was used to compare 

Kif5a mRNA between genotypes. For open field analysis, unpaired t-tests were performed 

between different genotype and sex groups at single time points and paired t-tests were 

performed between the same group at different time points. Kaplan-Meier comparisons were 

used for survival analysis. One-Way ANOVA with Kruskall-Wallis test was used to compare 

cross-sectional behavior, electrophysiology, protein level and pathology. For all experiments, 

p<0.05 was considered significant.

RESULTS

Kif5a mutant mice exhibit normal survival and motor function

As of September 2022, >400 viable offspring have been obtained in our colony. We 

observed approximately Mendelian distribution between genotypes (only HET × HET 

crosses quantified; 22.0% WT [55.6% male and 44.4% female], 58.3% HET [47.9% male 

and 52.1% female] and 19.7% HOM [37.0% male, 63.0% female]). No differences in 

survival or weight were observed between genotypes (Figure 1D–E), nor were persistent 

differences observed between genotypes in our behavioral evaluations (Figure 2A–F). Of 

note, male mice (WT and HET) performed more poorly than female mice on rotarod 

(Figure 2B) and wire hang (Figure 2C). No significant differences in distance travelled 
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were observed between sexes or between genotypes during open field testing (Figure 2D–F; 

Supplementary Figure 1A–G). Taken together, these data suggest that without injury, the 

selected Kif5a variant does not decrease survival, nor does it induce an observable motor or 

physiological phenotype.

Kif5a WT and Δexon27 mRNA is expressed normally in spinal cord of mutant Kif5a mice

We quantified expression of WT and Δexon27 Kif5a mRNA transcripts in spinal cord tissue 

(Figure 3A–F) using ddPCR. Compared to WT mice, we observed a 52% reduction in WT 

Kif5a mRNA in HET mice and a 99% reduction in WT Kif5a mRNA in HOM mice (Figure 

3B–C), confirming the expected proportional distribution of WT and Δexon27 Kif5a mRNA. 

Conversely, compared to WT mice, we observed a 36% increase in Δexon27 Kif5a mRNA 

in HET mice and a 75% increase in Δexon27 Kif5a mRNA in HOM mice (Figure 3D). 

The total amount of Kif5a mRNA (WT+Δexon27) did not differ between genotypes (Figure 

3E–F).

Total KIF5A protein levels are reduced in neuronal tissues of HET and HOM mice

To quantify total KIF5A protein, we utilized an antibody specific for an epitope on the 

KIF5A stalk domain that detects both WT and Δexon27 KIF5A protein. In spinal cord, we 

observed a significant reduction in total KIF5A protein level in HET (55% reduction vs. 

WT, p=0.0016) and HOM (64% reduction vs. wildtype, p=0.0006; Figure 3G–H). There was 

no statistical difference between HET and HOM KIF5A protein levels (p=0.617). Similarly, 

in brain, we observed decreased total KIF5A protein in HET (55% reduction, p=0.004) 

and HOM (75% reduction, p=0.0008) compared with WT (Figure 3G, I). There were no 

differences in total KIF5A protein between HET and HOM (p=0.201). These findings 

suggest a similar reduction in KIF5A protein translation or stability in HET and HOM mice.

Impaired MUNE recovery following peripheral nerve injury in Δexon27 Kif5a mice

To determine whether axonal regeneration was altered in Δexon27 Kif5a mice, we 

performed weekly longitudinal assessments for 8 w post PNI (assessments began at 14 d 

post PNI) and again at 16 w post PNI (Figure 4A). During the first 8 w, we observed delayed 

MUNE recovery in HET and HOM mice as compared to WT mice (Figure 4D). Further, 

at 16 w post PNI, MUNE recovery, normalized to pre-injury baseline, was incomplete in 

HET mice (WT=1.19 vs. HET=0.68 p=0.014) and in HOM mice (WT=1.19 vs. HOM=0.61, 

p=0.002; Figure 4D, raw values reported in Supplementary Table 2) compared to WT 

mice. HET and HOM MUNE did not differ at 16 w (p=0.86). At the same timepoint, 

CMAP normalized to pre-injury baseline did not differ between genotypes (WT=0.90 vs. 

HET=0.98, p=0.79; WT=0.90 vs. HOM=0.94, p=0.94; Figure 4C, Supplementary Table 2). 

Unilateral hindlimb grip strength contralateral (left, Figure 4E) and ipsilateral (right, Figure 

4F) to injury also did not differ between genotypes but demonstrated a slight age-related 

decline. As full recovery of CMAP and MUNE is expected in young animals following PNI 

(Giorgetti et al., 2019a), the incomplete MUNE recovery we observe in HET and HOM mice 

suggests a KIF5A-dependent process may be required for full recovery.
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Pathological correlates of the MU following recovery from PNI in Δexon27 Kif5a mice

Incomplete MUNE recovery may reflect an altered function of Δexon27 KIF5A in mediating 

timely and complete axonal regeneration. To investigate pathological changes in individual 

components of the MU, we studied the neuronal soma in spinal cord, axons in sciatic nerve, 

and NMJs in the gastrocnemius muscle. For all pathological analyses, representative images 

are shown in Figure 5A.

Decreased motor neuron area in mutant mice following PNI.—At 16 w post-PNI, 

the number of motor neurons in the lumbar spinal cord did not differ between genotypes 

or sides (ipsilateral vs. contralateral; Figure 5B). No differences in average motor neuron 

size were observed on the contralateral side of the spinal cord (average contralateral motor 

neuron area: WT=814.41 μm2, HET area=814.30 μm2, HOM=812.62 μm2; Figure 5C). 

However, ipsilateral motor neuron area was significantly decreased in HET, and further yet 

in HOM mice, compared to WT (average ipsilateral motor neuron area: WT=921.07 μm2 vs. 

HET=749.94 μm2, p=0.0016; HET vs. HOM=523.18 μm2, p<0.001; Figure 5D).

Decreased sciatic nerve fiber and axon diameter in mutant mice following 
PNI.—The number of sciatic nerve fibers distal to the injury site did not significantly 

differ between genotypes for either ipsilateral nerves (average number of fibers: WT=2947, 

HET=3679, HOM=3646) or contralateral nerves (average number of fibers: WT=3154, 

HET=2797, HOM=2705; Supplementary Figure 2A). Across all genotypes, ipsilateral 

nerves demonstrated decreased fiber diameter (Figure 5E) and axon diameter (Figure 

5F) compared to contralateral nerves. The percent difference between contralateral and 

ipsilateral axon and fiber diameter was greatest between WT and mutant mice (Figure 5G–

H). Mean fiber diameter in the ipsilateral nerve was significantly decreased in HET vs. WT 

(WT=5.43 nm, HET=4.93 nm, p<0.0001) and smaller still in HOM vs. WT (HET=4.93 

nm, HOM=4.69 nm, p<0.0001; Supplementary Figure 2B). Similarly, ipsilateral mean 

axon diameter was significantly decreased in HET vs. WT nerves (WT=3.31, HET=2.80, 

p<0.0001), though no difference in axon diameter was observed between HET and HOM 

(HET=2.80, HOM=2.83, p>0.99; Supplementary Figure 2C).

The difference between contralateral and ipsilateral mean fiber diameter was greatest in 

HOM mice (ipsilateral: 2.04 nm smaller, or 69.2% of contralateral diameter) followed by 

HET (1.39 nm, or 77.9% of contralateral) and WT (1.05 nm, or 83.7% of contralateral; 

Figure 5G). The difference between contralateral and ipsilateral mean axon diameter was 

also greatest in HOM mice (1.74 nm, or 61.2% of contralateral) followed by HET (1.45 nm, 

or 65.5% of contralateral) and WT (1.05 nm, or 75.8% of contralateral; Figure 5H).

Decreased pre- and post-synaptic NMJ recovery in mutant mice following 
PNI.—Nerve terminal area and postsynaptic (motor endplate) area did not differ across 

genotypes in uninjured adult animals (Supplementary Figure 4A–B). In injured mice, 

presynaptic nerve terminal area was significantly decreased in WT ipsilateral NMJs 

compared to WT contralateral NMJs (nerve terminal area in uninjured WT mice=291.42 

μm2 vs. PNI WT mice=252.26 μm2, p=0.0179; Figure 5I). No differences in postsynaptic 

area were observed between uninjured and injured WT animals (Supplementary Figure 4E). 
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After recovery from PNI, ipsilateral presynaptic area was significantly decreased in HET 

and HOM mice compared to WT (WT=251.26 μm2 vs. HET=129.99 μm2, p<0.0001; WT 

vs. HOM=121.16 μm2, p<0.0001; Figure 5I). HET and HOM mice also had significantly 

decreased ipsilateral postsynaptic area after recovery (WT=455.37 μm2 vs. HET=318.67 

μm2, p<0.0001; WT vs. HOM=288.91 μm2, p<0.0001; Figure 5I).

No evidence of cellular aggregation in lumbar motor neurons in WT and 
HET mice at baseline or after PNI—Recent studies have reported toxic aggregates 

in Δexon27 KIF5A models, including in vitro models (neuronal-like CAD cells, neural 

crest-derived N2A cells, and HEK293 cells) and in vivo models (drosophila and C. elegans) 

(Nakano et al., 2022; Pant et al., 2022). Ubiquitin is a common feature of cytoplasmic 

aggregations (Basisty et al., 2018). Across both the contralateral and ipsilateral side of 

post-PNI WT and HET mice, we did not observe ubiquitin-positive or KIF5A-positive 

granules (Supplementary Figure 5).

Aged Kif5a mutant mice demonstrate decreased MU maintenance

Aging is associated with a plethora of biological changes in the neuromuscular system, 

including a reduction in the number of functional MUs with incomplete compensatory 

reinnervation (Hepple and Rice, 2016; R. Deschenes, 2011; Sheth et al., 2018). Age-related 

decline in MU maintenance and resilience may be exacerbated by genetic variants. Indeed, 

the KIF5A disease spectrum is made up almost entirely of adult-onset conditions (Brenner et 

al., 2018; Crimella et al., 2012; Nicolas et al., 2018). We hypothesized that Δexon27 KIF5A 

may be an age-related modifier for MU maintenance in mice.

Uninjured mice of each phenotype were studied at adult (1 y) and aged (2 y) timepoints. 

No significant differences were observed in forelimb or hindlimb grip strength between 

timepoints (Figure 6A–B). With age, HET mice demonstrated a decline in MUNE compared 

to WT (adult HET=314.5 vs. aged HET=135.17, p=0.0012; Figure 6C). This was not 

observed at the 1-year timepoint. CMAP was maintained at each timepoint (Figure 6D).

Aged Kif5a mutant mice demonstrate diminished MU repair.—To investigate the 

influence of age on MU recovery following PNI, we performed PNI on WT and HET 

animals at an older timepoint (PNI at 35w, euthanized at 2 y). Their electrophysiological 

recovery was then compared to our earlier evaluations of younger mice of each genotype 

injured at 14 w (PNI at 14 w, euthanized at 30 w; Figure 6E–F). CMAP recovery was similar 

between 14 w WT, 14 w HET and 35 w WT mice, but was delayed in 35 w HET mice 

(Figure 6E). Interestingly, in the first few weeks following PNI, MUNE recovery was similar 

between 14 w HET and 35 w WT mice, both delayed compared to 14 w WT (Figure 6F). 35 

w HET mice showed the most dramatic delay in MUNE recovery. These data suggest that 

in our model, Kif5a variants and age have a combined negative effect on the timing of MU 

recovery.

Decrease in motor neuron area exacerbated in aged mutant mice following 
PNI.—We evaluated motor neurons in the contralateral and ipsilateral lumbar spinal cord in 

adult (injured at 14 w, euthanized at 30 w) and aged animals (injured at 35 w, euthanized at 
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100 w) after PNI. Ipsilateral motor neuron area was decreased compared to the contralateral 

side only in mutant animals (Supplementary Figure 3A). The area of contralateral motor 

neurons was decreased in aged WT mice compared with adult WT mice but did not 

differ between genotypes in aged mice (Figure 6G). Ipsilateral motor neuron area in 

aged WT mice was significantly greater than that of aged HET mice (WT=608.44μm2 vs. 

HET=450.22μm2, p=0.002; Figure 6H). Our data suggest that motor neuron area decreases 

with physiological aging and this decrease is exacerbated in HET and HOM mice.

Decreased pre- and post-synaptic NMJ recovery in aged mutant mice 
following PNI.—We evaluated properties of the NMJ in adult (injured at 14 w, euthanized 

at 30 w) and aged animals (injured at 35 w, euthanized at 100 w) after PNI. Representative 

images are provided in Supplementary Figure 4C. Compared to injured young WT mice, 

nerve terminal area declined in injured aged mice, but did not differ between genotype 

(Figure 6I). Similar results were observed for postsynaptic area (Supplementary Figure 4E). 

The relative proportion of denervated NMJs increased with age, mutation status, and PNI 

(Supplementary Figure 4D). Our analysis suggests that aging leads to decreased pre- and 

postsynaptic NMJ recovery following PNI independent of genotype.

DISCUSSION

This knock-in mouse model of an ALS-associated, C-terminal variant in Kif5a does not have 

an ALS phenotype of motor neuron degeneration. This phenomenon is a perennial challenge 

in the ALS research field (Perrin, 2014; Stephenson and Amor, 2017). Our model differs 

from the most commonly used ALS models, which leverage overexpression of mutant 

gene products implicated in familial forms of ALS. While these models can be reliable 

in preclinical phenotypic progression, largely the use of overexpression models has led to 

limited translational benefit for ALS patients (Ludolph et al., 2010; Lutz, 2018; Philips and 

Rothstein, 2015). Our approach, utilizing a knock-in splice mutation, is more representative 

of ALS mutations found in clinical settings, however we still did not observe a phenotype 

independent of biological stress. Humans harboring ALS-associated KIF5A variants appear 

healthy for decades prior to onset of neurodegeneration, our model suggests that onset of 

disease in these individuals could result from accumulation of subclinical axonal stressors 

over time. The phenotype of altered MU repair after injury seen in this mouse model 

suggests individuals harboring these variants have an increased vulnerability or risk to injury 

and perhaps to the development or onset of neurodegeneration. MUs experience denervation, 

reinnervation and remodeling dynamically and must mobilize repair mechanisms repeatedly 

throughout life. It is notable that KIF5A was confirmed as an ALS-associated gene using 

a genome-wide association study (GWAS), and the relevance of disease association (i.e. 

direct causality vs. risk factor) is not always clear from this approach (Rich et al., 2021). 

Thus, a thorough understanding of the mechanism of impaired regeneration or maintenance 

in this model is still to vital to understanding the development of neurodegeneration seen in 

ALS, as well as to mechanisms of neuropathy and spastic paraparesis associated with loss of 

function KIF5A variants.

We observed a delayed and incomplete MU repair reflected through electrophysiological 

measures of MUNE and pathological correlates. Nerve regeneration is clearly impacted 
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by aberrations in kinesin and dynein proteins as well as in models of non-KIF5A CMT 

(Ducommun Priest et al., 2019; Shah et al., 2022; Villalón et al., 2015), however to our 

knowledge the work presented here represents the first evidence of MU repair deficits in 

ALS-associated KIF5A mutations. In our model, post-PNI MUs showed a holistic reduction 

in neuronal size at 16w post-PNI, as reflected in motor neuron soma, axons and NMJ 

terminals. A reduction of MUs in the setting of a CMAP recovery can be due to collateral 

sprouting of nerve terminals to re-innervate vacant NMJs (Arnold et al., 2015; Hepple and 

Rice, 2016), thereby increasing in SMUP, which is inversely proportional to MUNE (Arnold 

et al., 2015; Dengler et al., 1989). A post-PNI adaptation whereby motor neurons with Kif5a 
variants shrink may be related to decreased support requirements for distal segments. Loss 

of innervation after amputation leads to decreased motor neuron area without overt cell 

death (Wu and Kaas, 2000), and decreased fiber and axon diameter after PNI recovery is 

expected under normal conditions (Muratori et al., 2012). As such, exacerbation of these 

decreases in our injured HET and HOM mice suggests that ΔExon27 KIF5A may alter 

cellular distribution of cargos (e.g. neurofilament) necessary for full fiber and axon recovery 

(Yuan et al., 2017). In the extreme case of absence of KIF5A in conditional Kif5a−/− mice, 

there is clear neurofilament accumulation in dorsal root ganglia (Xia et al., 2003). Thus, 

it is possible that after PNI HET and HOM mice undergo relative loss of capacity for 

neurofilament transport, thus explaining the loss of neuronal volume.

In a recent study, denervation of the facial nerve via PNI was shown to lead to short-

term declines in nerve terminal area and long-term adaptive NMJ reorganization with 

recovery of synaptic function (Bermedo-García et al., 2022). The long-term defect in NMJ 

reorganization observed in our injured HET and HOM mice suggests diminished ability 

to transport neurotrophic support factors or differences in neuronal signaling, ultimately 

leading to problems with presynaptic NMJ reformation (Gordon, 2020). We suspect that 

there is loss of a transport capacity and that, at least during axonal repair, becomes 

limiting for normal recovery. Transport failure of KIF5A has been identified as a key 

cause of retinal ganglion cell neurodegeneration after optic nerve injury using an unbiased, 

quantitative analysis of the proteome after nerve crush (Shah et al., 2022). After injury, 

transportomic analysis showed reductions in KIF5A protein levels as well as proteins 

involved in cytoskeletal maintenance and protein synthesis. These findings support the 

notion that a decrease in axonal transport capacity may be occurring in our model system.

KIF5A protein expression levels were, indeed, reduced in the spinal cord and brain of 

HET and HOM mice, despite no reduction in mRNA levels across genotypes. Therefore, 

while the ALS-associated variant successfully altered splicing with loss of exon 27, we 

find no evidence of nonsense mediated decay or other RNA processing alteration in vivo. 

The reduction of total soluble KIF5A protein suggests that there is either an impairment of 

translation, increase in turnover or formation of insoluble aggregates. KIF5A does appear 

to be more aggregate-prone than other kinesin-1 isoforms (Chiba et al., 2022). While the 

protein level of WT and ΔExon27 KIF5A are equal in RIPA-soluble fraction, ΔExon27 

KIF5A is found at a much higher concentration in urea-soluble fractions toxicity (Pant et al., 

2022). Recent in vitro analysis has shown that WT KIF5A will oligomerize with ΔExon27 

KIF5A, which leads to aggregates in neurites and ultimately neural toxicity (Nakano et al., 

2022; Pant et al., 2022). Aggregates are also seen in microtubule mechanosensory neurons 
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in C. elegans models of ΔExon27 where the mutant protein is overexpressed relative to WT 

levels of KIF5A (Nakano et al., 2022). Our histological approach did not identify visible 

aggregates in contralateral or ipsilateral motor neurons of WT and HET mice following 

PNI. This finding may reflect differences between cell types studied, location of aggregates 

(cell soma vs. neurites), and/or our phenotype simply being too mild to induce aggregation. 

Regardless, these findings, in the context of the inherent differences between transgenic 

and knock-in models of ALS, raises the possibility that overexpression-specific effects may 

account for aggregation findings in previous models.

Studies of kinesin function in vitro show that Δexon27 has a toxic gain of function with 

the WT allele and alters normal autoinhibition, resulting in an increased rate of procession 

down microtubules (Baron et al., 2022; Nakano et al., 2022; Pant et al., 2022). This would 

be predicted to result in an accumulation of kinesin-1 in the presynaptic terminal of the 

NMJ. We did not observe this in our in vivo model; however, it is possible that loss of 

autoinhibition also results in aggregation and/or targeting for protein degradation.

Links between cellular changes in aging and those associated with adult-onset 

neurodegeneration are increasingly appreciated (Azam et al., 2021; Wyss-Coray, 2016). 

In laboratory models of ALS, markers of premature aging (e.g., synaptic input loss, 

signaling abnormalities, mitochondrial aberrations) have been reported (Herskovits et al., 

2018; Kreiter et al., 2018; Pandya and Patani, 2020). Moreover, hallmarks of aging such 

as reduced telomere activity and altered metabolic profiles in cells derived from patients 

with ALS suggest shared mechanisms (De Felice et al., 2014; Gerou et al., 2021). We 

observed accelerated loss of MU in aged mutant mice relative to aged WT controls and 

impaired MUNE recovery after PNI. These results suggest that ALS-associated variants 

may lead to defects in MU maintenance and repair. MUNE declines with natural aging and 

following recovery from PNI (Giorgetti et al., 2019b; Sheth et al., 2018) due to collateral 

sprouting of nerve terminals to re-innervate vacant NMJs as well as increased size of 

surviving MUs (Hepple and Rice, 2016). Loss of MU also occurs in humans during natural 

aging, accompanied by motor neuron loss (Piasecki et al., 2016). In addition, aged nerves 

regenerate at a slower pace than young nerves for a host of reasons, including delayed 

Wallerian degeneration, decreased availability of trophic factors, and decline in transport of 

cytoskeletal proteins (Kawabuchi et al., 2011). Premature aging of the MU may occur with 

Δexon27 KIF5A, ultimately placing additional biological strain on MUs in aging and, to a 

greater extent, PNI.

The molecular consequences of Δexon27 KIF5A expression that led to ALS onset is likely 

to include increased protein aggregation, reduced autoinhibition and alteration of the protein 

sequence of the cargo binding domain. In our model, mouse Δexon27 Kif5a expression leads 

to an overall decrease in soluble protein expression. A limitation of this model is that the 

resultant C-terminal peptide sequence of the mouse Δexon27 KIF5A is not identical to that 

of the human Δexon27 KIF5A. The terminal amino acids differ although the biophysical 

properties of the two sequences appear to be similar (hydrophobicity 30.17 [human] vs. 

28.88 [mouse], isoelectric point 9.0 vs 9.0; Thermo Fisher Scientific Peptide Synthesis 

and Proteotypic Peptide Analyzing Tool). Therefore, changes in axonal contents reported 

in human iPS cell-derived Δexon27 KIF5A neurons may not be reflected precisely in this 
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mouse model. Nevertheless, this model could serve as an important system to validate 

findings in human-derived cell lines.

An unexpected finding was that HOM mice are apparently normal, even though there is no 

wildtype Kif5a mRNA or protein present, unless there is an insult and need for increased 

axonal transport capacity. Thus, in mice, alterations to the cargo binding domain due to loss 

of exon27 are well tolerated, similar to observations in individuals with KIF5A-associated 

ALS until disease onset in adulthood. We interpret the phenotype of impaired MU repair in 

this model to be related more to the overall reduction in the availability of soluble KIF5A 

than to specific alterations in cargo binding. We suggest that the adult onset of ALS in 

individuals with KIF5A variants may stem from a reduction in overall KIF5A availability 

throughout life, rather than from specific changes in molecular cargos. Future work in these 

mice is warranted to test potential therapies aimed at correction of exon 27 exclusion and to 

identify alterations in axonal contents during MU repair.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Generation of Kif5ac.3005+1G>A mouse
A. Point mutation c.3005+1 G>A at the 3’ exon 27 splice junction was introduced using 

CRISPR-Cas9. The gRNA sequence followed by PAM was also part of the genetically 

edited site conserved in human and mouse. The mutation introduced is predicted to have a 

novel KIF5A C-terminal only 13 amino acids different from the human counterpart.

B. Sanger sequence chromatograms for WT, HET and HOM animals. In the HET 

chromatograph, “R” represents the base A or G.

C. RT-PCR and Rsa1 restriction confirmed the loss of exon 27 in mRNAs from HET mice. 

Sample genotyping results shown.

D. Survival of HET and HOM mice was comparable to WT mice in a 36-month analysis 

(Blue: WT n=68; Red: HET n=142; Gray: HOM n=50, p=0.835).

E. Weight evaluation showed no difference between WT (blue) versus HET (red), with 

males (closed circles) of both genotypes weighing more than the females (open circles). 

n≥10 per sex per group.

Blue = WT; Red = HET; Black = HOM.
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Figure 2. Behavior assessments and electrophysiology studies do not reveal major phenotypic 
differences between WT and Kif5a mutant mice
A. Bilateral grip strength of HET mice, in both males (closed circles) and females (open 

circles), were similar to WT mice. Forty-seven WT and HET mice matched by age, sex, 

genotype, and founder line were included in the longitudinal behavioral study (WT male, 

n=14; WT female, n=12; HET male, n=11; HET female, n=10), used for grip strength 

(results reported in gram-force [gF]; A), rotarod (B) and wire hang (C).

B-C. Males performed worse in both rotarod and wire hang tests. Male HET mice had a 

mildly decreased wire hang performance at 1 year.

D-F. Open field measures (velocity, total distance traveled, and frequency of movement) 

were comparable between genotypes. N=8 per genotype per sex at all timepoints.

One-way ANOVA; * p<0.05. Blue=WT; Red=HET; Black=HOM.
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Figure 3. Kif5a mRNA and Protein Analysis across genotypes.
A. Assays were designed to detect WT and Δexon27 Kif5a mRNA expression via ddPCR. 

Results were normalized to the ubiquitously-expressed gene Ywhaz.

B. Concentration of WT Kif5a mRNA decreased from WT to HOM mice.

C. WT Kif5a mRNA levels in WT, HET and HOM mice neuronal tissue (B) and % WT 

Kif5a (C).

Percent of WT Kif5a mRNA (WT mice normalized to 100%), progressively declined in 

HET and HOM mice.

D. The concentration of ΔExon27 Kif5a mRNA level significantly increased in both HET 

and HOM mice compared to WT.

E-F. WT (blue) and Δexon27 (red) Kif5a mRNA levels are shown together, across all 

genotypes, displayed as total mRNA levels (E) and fraction of total levels as a percent (F).

G-I. Representative western blot image (G) for spinal cord and brain protein quantification. 

Total Kif5a protein levels in spinal cord (H) and brain (I) are decreased in HET and HOM 

mice as compared to WT.

Blue = WT Kif5a mRNA, red = ΔExon27 Kif5a mRNA (panels A-F); Blue = WT, Red = 

HET, Black = HOM (panels G-I); n=3 per genotype. Unpaired t-test and One-Way ANOVA 

test; ** p<0.01, *** p<0.001, **** p<0.0001.

Rich et al. Page 22

Neurobiol Dis. Author manuscript; available in PMC 2024 February 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Electrophysiological recovery after PNI showed delayed MUNE recovery.
A. Timeline for functional evaluations prior to and following PNI, including pathological 

evaluation.

B. Visual of crush procedure. A small incision is made on the medial aspect of the right leg, 

and hemostatic forceps were used to crush the sciatic nerve while maintaining the axoplasm.

C. No differences in CMAP were observed at final timepoint or during recovery.

D. Delayed and incomplete MUNE in was observed in mutant mice at 16 weeks post PNI.

E-F. No differences in grip strength were observed on the uninjured (left, contralateral) leg 

or the injured (right, ipsilateral) leg. Grip recordings were normalized to mouse weight at the 

time of the evaluation.

N=8 per genotype. One-way ANOVA with Kruskall-Wallis test. p<0.05 *, p<0.01 **. Blue = 

WT; Red = HET; Black = HOM. WPNC = weeks post nerve crush.
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Figure 5. Pathological correlates in multiple motor unit tissues of injured mutant Kif5a mice.
A. Representative images of ipsilateral WT, HET, and HOM lumbar spinal cord motor 

neurons, sciatic nerve cross-sections 5mm distal to injury site, and gastrocnemius NMJs. 

Scale bars: motor neurons=50μm; axons=10μm; NMJs=5μm.

B-D. Lumbar motor neuron analysis of the contralateral and ipsilateral sciatic motor neuron 

pool demonstrated reduced motor neuron area (C-D) without loss of motor neurons (B).

E-H. Ipsilateral fiber (E) and axon (F) diameters decreased across all genotypes compared 

to uninjured (contra) sciatic nerves. When assessing the difference (ipsilateral divided by 

contralateral expressed as a percentage), HOM mice showed the greatest reduction in fiber 

(G) and axon (H) diameter after PNI, followed by HET, followed by WT.

I. Injured Kif5a mutants exhibited smaller nerve terminal size compared to injured WT 

mice.

Blue = WT; Red = HET; Black = HOM; n=3 per genotype. One-way ANOVA with Kruskal-

Wallis test; p<0.05*, p<0.01**, p<0.0001 ****.
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Figure 6. Functional and pathological assessment of aged Kif5a mice reveals decline in motor 
unit maintenance and repair
A-D. Mice were compared at adult (1-year; solid circles) and aged (2-year; open circles) 

timepoints for each genotype. Forelimb (A) and hindlimb (B) grip strength were not affected 

by age, nor was CMAP (D), regardless of genotype. However, MUNE (C) decreased with 

age in HET mice. Grip recordings were normalized to mouse weight at the time of the 

evaluation.

E-F. Longitudinal recovery was charted across genotypes following PNI at 35w. CMAP 

recovery (E; normalized to baseline) was slightly delayed in aged HET mice. Between 2–8 

WPNC, MUNE recovery deficit (F) in adult HET mice was similar to that in aged WT 

mice, and both were delayed compared to recovery in adult WT mice. Aged HET mice 

showed the most dramatic delay in MUNE recovery after PNI. † symbols denote timepoints 

in which HET mice injured at 35w were significantly different than WT mice injured at 

14w. # symbols denote timepoints in which HET mice injured at 35w were significantly 

different than WT mice injured at 35w. Δ symbols denote timepoints in which WT mice 

injured at 14w were significantly different than HET mice injured at 35w. ❍ symbols denote 

timepoints in which WT mice injured at 14w were significantly different than HET mice 

injured at 14w.

G. Contralateral motor neuron area was decreased in injured aged PNI mice (35w at PNI, 

100w at euthanasia) compared with injured adult mice (14w at PNI, 30w at euthanasia) but 

did not differ between genotypes.

H. Ipsilateral motor neuron area in aged WT PNI mice was significantly greater than that of 

aged HET PNI mice but did not differ from adult HET PNI mice.

I. Nerve terminal area decreased in injured aged PNI mice but did not differ between 

genotypes or differ with injured adult HET and HOM mice.

N=6–8 mixed sex for all cross-sectional in vivo experiments (A-D), only male mice were 

used for aged longitudinal PNI recovery (E-F, n>8 per genotype); pathological analyses 
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were performed on n=3 mice per genotype: circles=contralateral, triangles=ipsilateral; 

closed=adult/30w, open=aged/100w (G-I). One-way ANOVA with Kruskal-Wallis test; 

p<0.05*, p<0.01**, p<0.0001****.
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