
UMass Chan Medical School UMass Chan Medical School 

eScholarship@UMassChan eScholarship@UMassChan 

Radiology Publications Radiology 

2022-02-17 

Imaging Net Retrograde Axonal Transport In Vivo: A Physiological Imaging Net Retrograde Axonal Transport In Vivo: A Physiological 

Biomarker Biomarker 

Pin-Tsun Justin Lee 
UMass Chan Medical School 

Et al. 

Let us know how access to this document benefits you. 
Follow this and additional works at: https://escholarship.umassmed.edu/radiology_pubs 

 Part of the Biological Factors Commons, Nervous System Diseases Commons, Neurology Commons, 

Neuroscience and Neurobiology Commons, and the Radiology Commons 

Repository Citation Repository Citation 
Lee P, Kennedy ZC, Wang Y, Lu Y, Cefaliello C, Uyan O, Song C, Godinho B, Xu Z, Rusckowski M, Xue W, 
Brown RH. (2022). Imaging Net Retrograde Axonal Transport In Vivo: A Physiological Biomarker. 
Radiology Publications. https://doi.org/10.1002/ana.26329. Retrieved from 
https://escholarship.umassmed.edu/radiology_pubs/677 

Creative Commons License 

This work is licensed under a Creative Commons Attribution-Noncommercial-No Derivative Works 4.0 License. 
This material is brought to you by eScholarship@UMassChan. It has been accepted for inclusion in Radiology 
Publications by an authorized administrator of eScholarship@UMassChan. For more information, please contact 
Lisa.Palmer@umassmed.edu. 

https://escholarship.umassmed.edu/
https://escholarship.umassmed.edu/radiology_pubs
https://escholarship.umassmed.edu/radiology
https://arcsapps.umassmed.edu/redcap/surveys/?s=XWRHNF9EJE
https://escholarship.umassmed.edu/radiology_pubs?utm_source=escholarship.umassmed.edu%2Fradiology_pubs%2F677&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/930?utm_source=escholarship.umassmed.edu%2Fradiology_pubs%2F677&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/928?utm_source=escholarship.umassmed.edu%2Fradiology_pubs%2F677&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/692?utm_source=escholarship.umassmed.edu%2Fradiology_pubs%2F677&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/55?utm_source=escholarship.umassmed.edu%2Fradiology_pubs%2F677&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/705?utm_source=escholarship.umassmed.edu%2Fradiology_pubs%2F677&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.1002/ana.26329
https://escholarship.umassmed.edu/radiology_pubs/677?utm_source=escholarship.umassmed.edu%2Fradiology_pubs%2F677&utm_medium=PDF&utm_campaign=PDFCoverPages
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:Lisa.Palmer@umassmed.edu


RESEARCH ARTICLE

Imaging Net Retrograde Axonal Transport
In Vivo: A Physiological Biomarker

Pin-Tsun Justin Lee, BS ,1† Zachary Kennedy, PhD,1,2† Yuzhen Wang, PhD,3

Yimeng Lu, PhD,4 Carolina Cefaliello, PhD ,1 Özgün Uyan, MS,1 Chun-Qing Song, PhD,2,5

Bruno Miguel da Cruz Godinho, PhD,2,5 Zuoshang Xu, PhD,6 Mary Rusckowski, PhD,3

Wen Xue, PhD,2,5 and Robert H. Brown Jr MD, DPhil 1

Objective: The objective of this study is to develop a novel method for monitoring the integrity of motor neurons
in vivo by quantifying net retrograde axonal transport.
Methods: The method uses single photon emission computed tomography to quantify retrograde transport to spinal
cord of tetanus toxin fragment C (125I-TTC) following intramuscular injection. We characterized the transport profiles in
3 transgenic mouse models carrying amyotrophic lateral sclerosis (ALS)-associated genes, aging mice, and SOD1G93A

transgenic mice following CRISPR/Cas9 gene editing. Lastly, we studied the effect of prior immunization of tetanus tox-
oid on the transport profile of TTC.
Results: This technique defines a quantitative profile of net retrograde axonal transport of TTC in living mice. The pro-
file is distinctly abnormal in transgenic SOD1G93A mice as young as 65 days (presymptomatic) and worsens with disease
progression. Moreover, this method detects a distinct therapeutic benefit of gene editing in transgenic SOD1G93A mice
well before other clinical parameters (eg, grip strength) show improvement. Symptomatic transgenic PFN1C71G/C71G

ALS mice display gross reductions in net retrograde axonal transport, which is also disturbed in asymptomatic mice har-
boring a human C9ORF72 transgene with an expanded GGGGCC repeat motif. In wild-type mice, net retrograde axo-
nal transport declines with aging. Lastly, prior immunization with tetanus toxoid does not preclude use of this assay.
Interpretation: This assay of net retrograde axonal transport has broad potential clinical applications and should be
particularly valuable as a physiological biomarker that permits early detection of benefit from potential therapies for
motor neuron diseases.

ANN NEUROL 2022;91:716–729

Axonal transport is an essential cellular process
required for proper maintenance of health and func-

tion in neurons. The bidirectional communication
between cell body and its distal axon terminals, which in
human spinal motor neurons can extend to a meter in
length, depends on functional axonal transport. This

continuous transport includes anterograde movement of
cytoskeletal elements, mitochondria, newly synthesized
proteins, RNAs, and lipids for maintenance of neuronal
morphology and function, and retrograde movement of
damaged, aged organelles and proteins for degradation and
growth or injury signals from the environment.
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Alterations in axonal transport have emerged as a
common theme in a variety of neurodegenerative disor-
ders, such as Alzheimer disease, Parkinson disease, and
amyotrophic lateral sclerosis (ALS), and in normal
aging.1 Several lines of investigation incriminate deficits
in anterograde and retrograde axonal transport in ALS.
Cargo protein aggregation and changes in transport
speed and frequency of various cargoes transported in
both directions are well documented in ALS patients
and transgenic animal models, occurring months before
other signs of neurodegeneration.2-15 Genetic studies
have identified associations between multiple genes
involved in axonal transport and ALS, including
KIFAP3, PFN1, TUBA4A, NEK1, and dynactin.16-19 By
activating p38 mitogen and inhibiting kinesin 1, muta-
tions in the ALS gene SOD1 perturb the dynactin–
dynein complex ratio and inhibit retrograde trans-
port.7,20,21 Multiple pathophysiological features likely
contribute to the deficiencies of axonal transport in
ALS, potentially including mitochondrial dysfunction,
disturbances in RNA metabolism, protein
instability,22and the accumulation of aggregated proteins
such as TDP43 in the axon.23 It is also possible that
noncell autonomous factors disturb axonal function,
involving microglia, astrocytes, or interneurons. Given
the diversity of ALS pathologies, the pathophysiology of
axonal transport may well differ in sporadic versus famil-
ial ALS, or even within different genetic forms of
familial ALS.

We report here an in vivo method to image quanti-
tatively and repeatedly retrograde transport from muscle
to motor neurons of a nontoxic tetanus toxin designated
TTC. This uptake reflects the activity of the retrograde
axonal transport machinery and the integrity of the neuro-
muscular junctions (NMJs), as well as the total number of
viable motor neurons. We therefore define this as “net ret-
rograde axonal transport.” This technique will be useful
not only in studying axonal transport dynamics but also as
an imaging biomarker to detect early benefit from effective
therapies and to measure overall motor neuron health in
disease and aging processes.

Materials and Methods
Recombinant Expression, Purification, and
Radiolabeling of TTC
Recombinant TTC (residues 865–1,315 of TTC) was purified
as described.24 Radiolabeled TTC was prepared by incubating
30μg of TTC per mCi of 125I-radionuclide (PerkinElmer, Wal-
tham, MA) using the Iodogen reaction. After 10 minutes of
incubation, tyrosine was added to quench the reaction, and the
sample was then purified by P-6 spin column (Bio-Rad Labora-
tories, Hercules, CA) into phosphate-buffered saline (PBS).

Evaluation of 125I-TTC Affinity to Its Binding
Sites on Mammalian Membrane
To determine binding affinity of radiolabeled TTC to its recep-
tors in synaptosomes, we used a TTC displacement assay.25

Animals
Animal studies were approved by the institutional animal care
and use committee at the University of Massachusetts Chan
Medical School. Transgenic mice carrying a human SOD1
mutant gene (B6SJL-Tg[SOD1-G93A]1Gur/J), and wild-type
C57BL6 and FVB/NJ mice were from Jackson Laboratory (Bar
Harbor, ME). Thy1.2-PFN1C71G/C71G transgenic mice were pre-
pared by Dr Zuoshang Xu26; the C9ORF72 transgenic (C9BAC)
mice were produced in our laboratory.27

Single Photon Emission Computed
Tomographic/Computed Tomographic Imaging
One week prior to imaging, animals were pretreated with potas-
sium iodide to block thyroid uptake of free 125I. Approximately
10μg of radiolabeled TTC was injected into the lateral gastrocne-
mius muscle in the anesthetized animals. All animals were
imaged at multiple time points over 2 weeks to monitor trans-
port of TTC using a NanoSPECT/CT camera (BioScan,
Geneva, Switzerland). Standard resolution with 45kVp voltage
and 500-millisecond exposure time was used to perform com-
puted tomographic (CT) scanning; the parameters of the single
photon emission CT (SPECT) imaging were 1.0mm/pixel,
256 � 256 frame size, and 60 seconds per projection for a total
of 24 projections. Animals were imaged under anesthesia. The
completed CT and SPECT images were reconstructed, and the
volume-of-interest (VOI) analysis of the SPECT acquisitions was
carried out by VivoQuant 1.23 software (InviCRO, Boston,
MA). At each time point, we subtracted from uptake in the des-
ignated VOI the background uptake of 125I-TTC in an equiva-
lent but remote VOI; this yielded the uptake specific to the
region of interest in the anterior gray matter of the spinal cord.
The radioactivity of VOI in each animal was normalized to that
of its wild-type and age-matched controls; in the aging study,
VOI radioactivity was normalized to that of young (50-day-old)
mice. For the sciatic nerve-dependent study, 85-day-old male
C57BL6 mice without (n = 4) or with (n = 6) transection of
the sciatic nerve were used. For the SOD1G93A ALS study, 45-
(n = 5), 65- (n = 5), 85- (n = 6), 110- (n = 9), and 125-day-
old (n = 5) male B6SJL-Tg[SOD1-G93A]1Gur/J mice were
used, along with their age-matched littermates (n = 30). For the
CRISPR-Cas9 treatment study, 85-day-old female SOD1G93A

mice with sgSOD1 treatment (n = 7), SOD1G93A mice with
sgControl treatment (n = 8), and age-matched nontransgenic
control (nTg; n = 6) were used. For the C9BAC study,
700-day-old female C9BAC (n = 10) and age-matched nTg
(n = 6) were used. For the aging study, 50- (n = 9), 100-
(n = 11), 300- (n = 13), 500- (n = 14), 700- (n = 12), and
900-day-old (n = 5) C57BL6 male mice were used. For the
immunization study, nonimmunized (n = 13), immunized plus
1 booster (n = 10), and immunized plus 2 boosters (n = 8)
C57BL6 mice were used.
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CRISPR-Cas9-Mediated Knockdown of SOD1
We designed single-guide RNAs (sgRNAs) targeting human
SOD1 using the CRISPR design tool (crispr.mit.edu; Table).
Oligonucleotides encoding the sgRNA sequences were synthe-
sized (Genewiz, South Plainfield, NJ). For in vitro screening, we
used lentiCRISPRv2 Cas9-FLAG-2A-Puro (Addgene, Cam-
bridge, MA) to generate stable HCT116 cell lines (human dip-
loid colorectal cells) expressing Cas9 and our sgRNA. For
delivery of sgRNA to mice, plasmid pAAV-U6-sgRNA
(Addgene) and plasmid hSyn-GFP-KASH-bGH (a kind gift of
Dr Feng Zhang, Massachusetts Institute of Technology), were
packaged into AAV9 vectors using the UMass Vector Core.

AAV9.Cas9 and AAV9.guide vectors were coinjected into
the lateral cerebral ventricles of postnatal day 1 B6SJL-Tg
(SOD1-G93A)1Gur/J29 (8E9 genome copies/μl for the AAV9.
cas9 vector; 9E9 genome copies/μl for the AAV9.guide vector)
mice (n = 39). Control groups included untreated SOD1G93A

mice (n = 13), SOD1G93A mice treated only with AAV9.Cas9
(n = 4), and SOD1G93A mice treated with AAV9.Cas9 and an
AVV9 expressing a nontargeting guide RNA (sgControl;
n = 13). Mice were observed weekly for signs of paresis/paralysis
and sacrificed at disease endpoint, defined by the inability of a
mouse to right itself within 10 seconds after being placed on its
back. To measure human SOD1 protein, tissues were homoge-
nized in radioimmunoprecipitation assay buffer with a protein
inhibitor cocktail (Roche, Basel, Switzerland) and assayed via
enzyme-linked immunosorbent assays (ELISAs; Invitrogen,
Carlsbad, CA).

Immunohistochemistry
All spinal cord tissues were sectioned using a cryostat, blocked
with 0.4% Triton X-100, 4% donkey serum, and 4% bovine
serum albumin (Sigma-Aldrich, St Louis, MO) in PBS, and
incubated with polyclonal antibodies against TTC (Rockland,
Gilbertsville, PA), and IBA1 (Novus Biologicals, Littleton, CO),
or monoclonal antibodies against ALDH1L1 (Millipore, Biller-
ica, MA), and GAD67 (Abcam, Cambridge, MA). Thereafter,
sections were incubated with Alexa Fluor 488 antirabbit second-
ary antibody (Abcam) and Alexa Fluor 594 antimouse secondary
antibody (Invitrogen) and mounted in ProLong Diamond Anti-
fade Mountant with 4,6-diamidino-2-phenylindole (Life Tech-
nologies, Carlsbad, CA). Images were acquired using a
TissueFAXS iQ tissue cytometer (TissueGnostics, Studio City,
CA), captured with an Orca Fusion BT camera (Hamamatsu
Photonics, Hamamatsu, Japan), and analyzed with the
TissueFAXS Viewer software. NMJ staining was performed as
described previously27; a blinded observer scored each NMJ as
either intact, partially denervated, or fully denervated. Mice from
the following groups were compared: untreated, Cas9
+ sgSOD1, and Cas9 + sgControl (n = 3 mice for each group).

Laser Capture Microdissection and Gel Capillary
Western Blot of Motor Neurons
All laser capture microdissection was performed using the Arctu-
rus (Mountain View, CA) XT laser capture system.30 Frozen,
unfixed spinal cord tissue embedded in optimal cutting tempera-
ture medium were cut into 10μm sections using a cryostat and

TABLE. CRISPR Cas9 Oligonucleotide Sequences

Notes ID Sequence (50 to 30) or Plasmid Name

sgSOD1 sequence 1657 sghSOD1.E2c CACCGAATGGACCAGTGAA
GGTGTG

sgControl sequencea sgLacZ (Addgene 60228) TGCGAATACGCCCACGCGAT

SOD1 genotyping primer mSOD fwd GCATACCCAATCACTCCACAG

SOD1 genotyping primer mSOD rev GTCCATGAGAAACAAGATGAC

SOD1 genotyping primer hSOD fwd CATCAGCCCTAATCCATCTGA

SOD1 genotyping primer hSOD rev TCTTAGAAACCGCGACTAACAATC

Sequencing library primer 1811 SOD1exon2.F CCATCTCCCTTTTGAGGACA

Sequencing library primer 1812 SOD1exon2.R CGACAGAGCAAGACCCTTTC

Backbone AAV-sgRNA Addgene 60228 AAV:ITR-U6-sgRNA(LacZ)-pCBh-Cre-
WPRE-hGHpA-ITR

Backbone AAV-sgRNA Addgene 60958 pAAV-U6sgRNA_hSyn-GFP-KASH-
bGH

Backbone-AAV Cas9 AAV.Cas9 pAAV-pU1A-spCas9-RBGpA Cas9

Backbone-Lenti sgRNA/Cas9 Addgene 52961 lentiCRISPR v2

aInitially published in Platt et al.28
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stored at �80�C. Lysates were analyzed using the ProteinSimple
(San Jose, CA) Wes capillary Western blot machine using an
SOD1 antibody (R&D Systems, Minneapolis, MN) and normal-
ized to total protein levels using the ProteinSimple Total Protein
Labeling kit (ProteinSimple). Results were analyzed using Com-
pass SW software (v4.4.0, ProteinSimple).

Tetanus Toxoid Vaccination and Tetanus
Antibody Titer Assay
For immunization against tetanus, C57BL6 male mice received
tetanus toxoid (TT) in the gastrocnemius muscle (MassBiologics,
UMass Chan Medical School, Boston, MA; 90 flocculation
units, 10μl) at 8 weeks of age and a follow-up booster 6 weeks
later in the same muscle (n = 12). For the naïve/control animals,
PBS was administered instead of TT (n = 12). Six weeks after
the booster shot, 125I-TTC was administered intramuscularly
(10μg) into both immune and naïve mice for the net retrograde
axonal transport assay. To study the effect of immunization
against TTC on net retrograde axonal transport, a second dose
of 125I-TTC was administered 10 weeks after the initial net axo-
nal transport assay. Mouse IgG antibody against TT was mea-
sured by ELISA (XpressBio, Frederick, MD). Mouse sera were
collected prior to 4 key time points: the primary TT injection,
the TT booster, and the first and second TTC uptake assays.

Statistical Analysis
For analysis of different experimental groups of transport profiles,
comparisons were based on a mixed model for repeated mea-
sures. The model included all measurements (excluding the first
2 time points: time at 0 hours and time at 30 minutes) as the
dependent variable; experiment group, visit, and treatment-by-
visit interaction as the fixed effects; and individual mice as a ran-
dom effect. A compound symmetry covariance structure was
used to model the within-subject errors. With a mixed-effects
model based on restricted maximum likelihood estimation used
for the analysis, no imputation of missing data was performed,
assuming data were missing at random, conditional on the fixed
and random effects. The primary result obtained from the model
was the least-squares mean differences between the experimental
groups from 24-hour time points through the last time points.
The least-squares mean differences along with the corresponding
95% confidence intervals, and the 2-sided p values were pro-
vided. The least-squares means for each treatment group, as well
as the corresponding 95% confidence intervals were provided as
well (Table S1).

For survival analysis of CRISPR-Cas9-treated mice, differ-
ences in Kaplan–Meier curves were determined by log-rank test.
For ELISA, grip strength, NMJ, and ventral horn analyses, Stu-
dent t tests were used to compare sgSOD1 mice and control
cohorts. GraphPad Software (San Diego, CA) Prism 8 or Micro-
soft (Redmond, WA) Excel was used to compute statistical
analysis.

Statistically significance inferences of immunohistochemi-
cal TTC colabeling in the anterior horn of the spinal cord were
reported as fold change of pixel colocalization over time. ImageJ’s
JACoP script was used to compute Mander’s Overlap

Coefficient, which is a ratio of number of pixels containing both
TTC and cell marker signal to the total number of pixels con-
taining cell marker signal. To correct for background noise, fold
change was normalized to pixel colocalization of negative control
images, that is, images of the anterior horn that contained no
TTC signal. Statistical significance of changes in colocalization
over time was determined using a mixed effects model corrected
with Tukey multiple comparison test. GraphPad Prism 8 was
used to compute statistical analysis.

Results
125I-TTC Retains Cell Binding and Retrograde
Transport Activity In Vivo
It is well established that TTC associates with ganglioside
GT1b, a surface binding partner.31 To verify that iodin-
ation does not alter the specificity of binding of TTC to
its receptors, we compared binding of native TTC and
127I-TTC to N18-RE-105 cells, which express ganglioside
GT1b. Iodinated and native TTC showed comparable
binding (Fig 1A). Neither ligand bound to HeLa cells and
COS7 cells, which lack surface GT1b (data not shown).
We also assessed binding by TTC and radiolabeled 125I-
TTC to synaptosomes from mouse brain. The dissociation
constant of 125I-TTC (Kd approximately 100nM) was
similar to that of TTC and reported values (see Fig 1B).32

Thus, TTC and 125I-TTC bind specifically and with
equivalent affinity to cells and tissue expressing the tetanus
receptor gangliosides.

We next studied the net retrograde axonal transport
profile of 125I-TTC following injection into limb muscles.
We injected 125I-TTC into the gastrocnemius muscle of
healthy 85-day-old C57BL6 mice. Uptake into the L4–5
motor neurons ipsilateral to the injection was documented
by repeatedly imaging each animal, initially at approxi-
mately every 6 hours, then every 24 hours up to two
weeks (336 hours). For the first several hours, 125I-TTC
was detected diffusely in the chest and abdomen,
reflecting distribution of TTC via the circulation; this dif-
fuse signal cleared by 24 hours. In the ipsilateral L4–5
region (Video VIDEO S1), a distinct signal was evident at
24 hours, peaking at 48 hours postinjection and then
slowly declining (Fig 1C). At 2 weeks postinjection, the
signal was still evident, representing a decline of 70% of
the peak. To verify that this signal was dependent on the
integrity of retrograde transport of TTC within the sciatic
nerve, we repeated this study in animals in which a frag-
ment of the sciatic nerve had been resected 3 days prior to
injection. No uptake of radioactivity was detected in the
sciatic nerve resected mice (see Fig 1C, p < 0.0001,
Table S1). These data demonstrate that 125I-TTC is a reli-
able reagent for visualizing net retrograde axonal transport
in vivo.
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Immunostaining the corresponding lumbar regions
at 12, 24, and 96 hours after TTC administration con-
firmed the localization of TTC within the motor neurons
in the anterior horns. Additionally, staining of TTC

outlined the sensory neurons in the dorsal root ganglia at
the same ipsilateral level of the spinal columns (data not
shown). This reaffirms previous reports that TTC is taken
up by both motor and sensory neurons.33

FIGURE 1: Iodination of tetanus toxin fragment C (TTC) does not impair receptor binding and permits quantification of net
retrograde axonal transport. (A) Staining of TTC after incubating either native TTC or cold-iodinated TTC (127I-TTC) with HeLa or
N18-RE-105 (N18) cells documents that (1) binding of TTC is selective for cells that express the TTC-binding ganglioside GT1b
(N18-RE-105 but not HeLa), and (2) binding of TTC to the cell surface was not eliminated by iodination. (B) Radiolabeled TTC
(125I-TTC) binds with high affinity to its binding sites on mouse brain synaptosomes. The concentration of unlabeled TTC that
displaces 50% of the maximum binding of 125I-TTC is �100nM. Each incubation of unlabeled TTC, labeled TTC, and
synaptosomal preparations was done in quintuples. Error bars represent standard error of the mean. (C) The upper panel shows
sagittal single photon emission computed tomographic/computed tomographic images of the thoracolumbar region of 85-day-
old C57BL6 mice without (top row) and with (bottom row) transection of the sciatic nerve (SN). Arrowheads point to the
accumulated 125I-TTC at L4–5 lumbar segments. The graph in the bottom panel of C plots the quantitative uptake of TTC in the
L4–5 region over time. Uptake is expressed as radioactivity in μCi and represents net retrograde axonal transport (n = 4 in the
sciatic nerve-intact group, and n = 6 in the sciatic nerve-transected group). Data are presented as least-squares mean absolute
radioactivity from time points from 24 to 336 hours (14 days) based on the mixed model for repeated measures, along with
individual mouse data points. Least-squares mean differences � standard errors (95% confident interval) were 0.072 � 0.01
(0.05–0.09) with p < 0.0001 (see Table S1). (D) Immunohistochemistry shows TTC colocalization with GAD67+ γ-aminobutyric
acidergic interneurons as the former emerges from the motor neurons as early as 24 hours postinjection (indicated by
arrowheads), whereas no pronounced colocalizations of TTC and ALDH1L1-expressing astrocytes or IBA1-expressing microglia
are observed at any of the time points. Bar = 20μm. DAPI = 4,6-diamidino-2-phenylindole.
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We examined the colocalization of TTC with vari-
ous cell types in the spinal cord by double-labeling sec-
tions with TTC and either ALDH1L1 (astrocytes), IBA1
(microglia), or GAD67 (γ-aminobutyric acidergic
[GABAergic] interneurons synaptic boutons).34 We quan-
tified the fold change of the ratio of colocalized pixels to
total cell signal pixels, normalized to non-TTC-containing
tissue. At 12 hours, the staining pattern of TTC was
punctate and almost exclusively within motor neuron cell
bodies, suggesting that most TTC resided in cytoplasmic
vesicles within the motor neurons (see Fig 1D, upper
panels). At 24 hours, some colocalization events were evi-
dent between TTC and GAD67 (indicated by arrow-
heads), but colocalization with TTC and any cell marker
was not significant. At 96 hours after TTC administra-
tion, a robust and statistically significant increase in
colocalization of TTC and GAD67 was observed (com-
pared to 12 hours, p < 0.01, see Fig 1D, bottom panel).
We did not see costaining of TTC and astrocytes
(ALDH1L1-positive cells). Together, our observations are
consistent with previous findings that TTC is retrogradely
transported into spinal cord motor neurons35 and translo-
cates to motor neuron–interneuron synapses.36

Net Retrograde Axonal Transport Is Deficient in
Transgenic SOD1G93A ALS Mice
The transgenic ALS SOD1G93A mouse displays deficien-
cies in retrograde axonal transport as early as 1 month
prior to the onset of muscle denervation.9 We recorded
uptake of 125I-TTC from the gastrocnemius muscle of
SOD1G93A mice at different disease stages: pres-
ymptomatic (45 and 65 days old), minimally symptomatic
(85 days old), late symptomatic (110 days old), and termi-
nal stages (125 days or older). Following intramuscular
injection, the animals were imaged at 24- or 48-hour
intervals in a 2-week span, and the radioactivity at
corresponding L4–5 lumbar regions was quantified
(Fig 2). Age-matched nontransgenic littermates served as
controls. At 45 days, radioactivity at the L4–5 lumbar
regions of SOD1G93A and age-matched control mice was
comparable. However, at 65 days (presymptomatic stage),
the SOD1G93A mice revealed a 43% reduction in peak
radioactivity at the L4–5 regions (p < 0.0005, see
Table S1) without any change in the time to the peak
uptake. As the disease progressed with age, the abnormal-
ity of net retrograde axonal transport worsened. By
85 days (pre- or minimally symptomatic), there was a
58% reduction in amplitude of relative peak radioactivity
at the L4–5 regions, as well as a delay of approximately
20 hours in the time to the peak. Further progression was
evident at late symptomatic and end stages, at which
respectively there were reductions in peak radioactivity of

64% and 70%, associated with 48% and 76% delays in
the time to peak (see Table S1). These studies demon-
strate that in this mouse model this assay defines a quanti-
tative, progressive defect that correlates with progressive
worsening of the motor neuron disease.

Recently, we generated a transgenic mouse model
expressing ALS-associated mutations in profilin-1
(PFN1).26,37 Like the SOD1 model, these mice display
age-dependent motor neuron loss, paralysis, and death. At
230 days, when motor function is noticeably abnormal,26

we observed a �73% reduction of peak net retrograde
axonal transport and subtle slowing of time to peak in the
Thy1.2-PFN1C71G/C71G mice (Fig S1). These data dem-
onstrate that this functional biomarker may be broadly
useful in diverse categories of motor neuron disorders.

CRISPR/Cas9 Gene Targeting Ameliorates Net
Retrograde Axonal Transport Deficiency in
SOD1G93A Mice
To determine whether net retrograde axonal transport
might provide a sensitive, early indication of benefit from
a therapeutic intervention in ALS, we characterized the
effect of CRISPR-Cas9-mediated gene targeting of SOD1
on the net axonal transport of the SOD1G93A mice. We
designed and validated an sgRNA targeting SOD1 in vitro
and generated adeno-associated viral vectors, one con-
taining the SOD1 sgRNA and the other containing Cas9
from Streptococcus pyogenes. We codelivered the AAVs to
the central nervous system of neonatal SOD1G93A mice
via intracerebroventricular injection (Fig 3, n = 39). We
used 3 control groups: (1) mice codelivered AAV.Cas9
with an AAV vector expressing an sgRNA targeting the
bacterial LacZ gene (hereafter called sgControl, n = 13),
(2) mice receiving only the AAV.Cas9 vector (n = 14),
and (3) an untreated group (n = 13). Delivery of AAV.
Cas9 with AAV.sgSOD1 generated insertion/deletion
mutations at the predicted SOD1 locus, the most com-
mon of which was the insertion of an adenosine 4 nucleo-
tides upstream of the Cas9’s protospacer adjacent motif
sequence. At 110 days, SOD1 expression was reduced in
microdissected lumbar spinal motor neurons (�50%
reduction detected by gel capillary Western blotting
p > 0.05). By contrast, levels of SOD1 protein in homoge-
nates of whole lumbar spinal cord were not significantly
reduced. At this time point, there was a corresponding
reduction of SOD1 protein expression in the cortex (68%
reduction in SOD1 protein as compared to sgControl
mice and detected by ELISA, p = 0.033). These findings
document that CRISPR-based editing of the SOD1 gene
attenuates expression of the SOD1 protein in the cortex
and specifically in motor neurons in the spinal cord; the
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latter findings are consistent with earlier evidence that
AAV9 vectors preferentially transfect motor neurons.38

At day 85, net retrograde axonal transport was fully
preserved in the CRISPR-treated SOD1G93A mice and

distinctly better than in untreated mice (Fig 4, Video
VIDEO S2, Table S1). At that time point, the mice were
all asymptomatic or minimally symptomatic. This TTC-
based documentation of the benefit of SOD1 gene editing

FIGURE 2: Net retrograde axonal transport is progressively impaired in mice harboring transgenes with mutant SOD1 genes.
(A) In SOD1G93A transgenic and control animals, the time course of net axonal transport was determined by quantifying 125I
signals from single photon emission computed tomographic/computed tomographic images at the L4–5 lumbar segments as
illustrated by sagittal images of mice. The top row shows an 85-day-old nontransgenic (nTg) mouse, the middle row shows a
85-day-old SOD1G93A mouse, and the bottom row shows a 110-day-old SOD1G93A mouse. Arrowheads point to the accumulated
radiolabeled tetanus toxin fragment C (TTC) at L4–5 lumbar segments. (B) The net retrograde axonal transport becomes
progressively impaired as the disease stage progresses through 4 stages: presymptomatic (45 � 1.2 days, n = 5; 65 � 1.2 days,
n = 5), presymptomatic or minimally symptomatic (85 � 1.3 days, n = 6), late symptomatic (110 � 1.1 days, n = 9), and terminal
stage (>125 days, n = 5). Data are presented as least-squares means relative to nTg group from time points from 24 to
336 hours based on the mixed model for repeated measures (MMRM). The overall least-squares means of net axonal transport
from time point from 24 to 336 hours were compared between the nTg controls and the other groups. The least-squares mean
differences (95% confidence intervals) were �0.11 � 0.09 (�0.29 to 0.07) between the 45-day-old and nTg groups, 0.34 � 0.09
(0.16–0.52) between the 65-day-old and nTg groups, 0.40 � 0.08 (0.24–0.57) between the 85-day-old and wild-type groups, and
0.59 � 0.07 (0.45–0.74) between the 110-day-old and nTg groups. Net retrograde axonal transport is significantly smaller in all
the groups except the 45-day-old group than the nTg group. See Table S1 with the full MMRM analysis for p values. (C) The time
to peak becomes prolonged with age in SOD1G93A mice (red with magenta line, R2 = 0.98) but not the nTg controls (black with
blue line, R2 = 0.432). (D) The relative amplitude of peak radioactivity declines (R2 = 0.783) as the disease progresses in
SOD1G93A mice. Error bars represent standard error.
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was evident well before standard behavioral tests distin-
guished treated from untreated mice (eg, by grip strength
at �100 days and rotarod at �120 days. Compared to
control mice that received Cas9 and a nontargeting con-
trol, sgSOD1-treated mice exhibited increased survival
(median survival = 154 vs 134 days of sgControl + Cas9,
p < 0.0001), improved ventral root counts, and preserva-
tion of neuromuscular junction integrity. These data show
that net retrograde axonal transport demonstrates early
and distinct benefit from a therapeutic intervention in
clinically normal ALS mice, well in advance of behavioral
or survival parameters.

Net Retrograde Axonal Transport Is Impaired in
C9ORF72 Transgenic Mice
A useful attribute of a biomarker for the integrity of the
motor unit is the ability to detect perturbations in func-
tion that are biologically important but too subtle to be
reflected in clinical manifestations. We have therefore used
the uptake of 125I-TTC to L4–5 motor neurons to study
a line of mice that harbor a human transgene with the
ALS-associated C9ORF72 gene with �600 copies of the
GGGGCC intronic repeat.27 Although these C9BAC ani-
mals do not recapitulate the motor phenotypes of ALS,
they have disease-specific histopathological features includ-
ing intranuclear RNA foci and poly(glycine-proline)
dipeptides. We administered 125I-TTC into the gastrocne-
mius muscle of 24-month-old C9BAC transgenic mice
and age-matched nontransgenic controls and followed
uptake at L4–5 by SPECT/CT imaging at 24-hour or
48-hour intervals for 2 weeks. Whereas the time profile of
uptake, including time to peak uptake, was equivalent

FIGURE 3: CRISPR-mediated suppression of SOD1 in
SOD1G93A mice. (A) Experimental paradigm. SOD1G93A

neonate mouse pups (postnatal day 1) were injected via
intracerebroventricular injections with dual AAV9 vectors
expressing either Cas9 or sgSOD1 (n = 39). Control cohorts
include mice treated with AAV9.Cas9 only (n = 14), AAV9.
Cas9 + AAV9.sgControl mice (n = 13), and untreated mice
(n = 13). (B) In the upper panel, representative reads from
deep sequencing of the SOD1 target region show on-target
editing of SOD1 in lumbar spinal cord and cortex. The black
(Figure legend continues on next column.)

triangle shows the predicted cut site. The lower panel shows
a table quantifying percentage reads that reveal editing, as
denoted by insertion–deletions (indels) around the SOD1 cut
site. (C) SOD1 protein expression in cortex and lumbar spinal
cord (LSC) of end-stage mice treated with either Cas9
+ sgSOD1 or Cas9 + sgControl. The left side of the
histogram shows the enzyme-linked immunosorbent assay
data for homogenates of cortex (n = 5 for both sgSOD1 or
sgControl) and lumbosacral cord (sgSOD1 n = 5, sgControl
n = 3; Student t test, *p < 0.05). The right side of the
histogram illustrates the relative expression of SOD1
protein/total protein as quantified using gel capillary
Western blotting for laser-captured motor neurons (LCM-
MN) or residual dorsal horn (LCM-DH) tissue from 100-day-
old Cas9 + sgSOD1 compared to Cas9 + sgControl mice
(n = 150 neurons in each group from 3 independent
experiments, Student t test, *p < 0.05). Error bars represent
standard deviation. ANC1, SYNE homology; EGFP =
enhanced green fluorescent protein; HA = hemagglutinin;
ITR = inverted terminal repeat; KASH = Klarsicht, NLS =
nuclear localization sequence; ns = not significant; PAM =

protospacer adjacent motif; Tg = transgenic. U6 and pU1A
are the promoters for the indicated constructs.
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FIGURE 4: Net retrograde axonal transport detects early improvement after CRISPR-mediated knockdown of SOD1. (A)
Improvement in net retrograde axonal transport of 85-day-old SOD1G93A mice after gene editing. Black indicates net transport
in wild-type nontransgenic (nTg) mice (n = 6). Gray indicates untreated SOD1G93A mice (Cas9 + sgControl mice, n = 8). Blue
indicates treated SOD1G93A mice (Cas9 + sgSOD1, n = 7). Data are presented as least-squares means relative to nTg group from
time points from 24 to 336 hours based on the mixed model for repeated measures (MMRM). The overall least-squares means of
net axonal transport from time points from 24 to 336 hours were compared between the nTg group and the other group. The
least-squares mean differences (95% confidence intervals) were 0.05 � 0.09 (�0.13 to 0.24) with a p value of 0.57 between the
nTg control and the treated SOD1G93A groups, and 0.45 � 0.09 (0.27–0.63) between the nTg group and the untreated
SOD1G93A group. Net retrograde axonal transport is significantly lower in the untreated mice than the treated mice, with a
p value of <0.0001 using the MMRM (see Table S1). (B) Grip-strength recordings and (C) rotarod measurements of sgSOD1 mice
(n = 38) versus control mice treated with Cas9 only (n = 14; Student t test, *p < 0.05, **p < 0.01, ****p = 0.0001). Error bars
represent standard deviation (SD). (D) Kaplan–Meier curve representing lifespan showing significant difference in survival of
Cas9 + sgSOD1 compared to Cas9 + sgControl mice (Cas9 + sgSOD1, n = 38; Cas9 + sgControl, n = 13; Cas9 only, n = 14;
untreated, n = 13; log-rank test, ****p < 0.0001). (E) Quantitative ventral root analysis at disease midpoint (day 110) comparing
wild-type to sgSOD1 and sgControl mice (n = 3 per group). Top: Representative images of ventral roots from nTg, sgSOD1, and
sgControl mice. Scale bars = 100μm. Bottom: Ventral root counts grouped by axon diameter. The numbers of large diameter
axons (>4μm, corresponding to motor neuron axons) are decreased in SOD1G93A sgControl mice as compared to SOD1G93A

sgSOD1 and nTg mice (Student t test, *p < 0.05). This preferential loss of large alpha motor neurons with relative sparing of the
gamma motor neurons is a documented feature of the transgenic SOD1G93A amyotrophic lateral sclerosis mice.39,40 (F) Status of
the neuromuscular junctions (NMJs) at disease midpoint (day 110) in gastrocnemius muscle from nTg (n = 3), sgSOD1 (n = 3), or
sgControl mice (n = 3). Top: Representative images showing intact, partially denervated, and fully denervated neuromuscular
junctions. Bar = 50μm. Bottom: relative to nTg mice, sgSOD1 mice had 87.3% intact NMJs compared to 49.7% of sgControl.
Conversely, sgSOD1 mice had 7.3% partially denervated NMJs (compared to sgControl, 27.4%), and 5.3% fully denervated
NMJs (compared to sgControl, 29.6%; Student t test, **p < 0.01, ***p < 0.001). Error bars denote SD. AChR = acetylcholine
receptor.
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postinjection in both cohorts, the peak uptake of 125I-
TTC was significantly lower (�22% reduction) in the
C9BAC mice (Fig 5A, p < 0.007, Table S1). Additionally,

we obtained from collaborators an independent line of
younger (15-month-old) transgenic mice carrying the
same C9BAC construct. In these mice, the profile of net
125I-TTC transport was identical to that in our mice.
These data further encourage the view that net retrograde
axonal transport of TTC is promising as a biomarker for
detection of subclinical motor neuron pathology.

Net Retrograde Axonal Transport Is Mildly
Delayed in Aging Animals
Although many age-dependent physiological changes com-
promise viability of neurons, the impact of aging on axo-
nal transport has not been evaluated in detail. We
therefore sought to quantify net retrograde axonal trans-
port in cohorts of wild-type mice at different ages. Follow-
ing its injection into the gastrocnemius muscle, we
quantified 125I-TTC uptake in the L4–5 region in 50-,
100-, 300-, 500-, 700-, and 900-day-old C57BL6 mice.
Peak uptake was greatest, and the time to peak the most
rapid, in the 50- and 100-day-old animals (see Fig 5B).
By comparison, in the 300-, 500-, 700-, and 900-day-old
animals, there was a statistically significant fall-off in both
parameters over time.

Immunization Reduces but Does Not Eliminate
Net Retrograde Axonal Transport of 125I-TTC
This technique of visualizing net retrograde axonal trans-
port has broad application in human motor neuron disor-
ders. An important consideration is that most individuals
in North America and Europe have been immunized with
TT. We therefore sought to investigate the impact of
immunization of TT on the analysis of TTC uptake. We
administered wild-type mice 2 consecutive immunizations
of TT or PBS at 8 and then 14 weeks of age. We then
assayed the net axonal transport of 125I-TTC at 20 weeks
of age (12 weeks from the initial immunization; red pro-
file in Fig 6). After immunization with TT, the mice
developed antibody titers against TT as expected. Mice
immunized with TT demonstrated 125I-TTC uptake with
a time profile identical to that of nonimmunized controls
but with a reduced total amplitude of uptake (approxi-
mately 45% reduction) as compared to nonimmunized
controls. One possible application of our transport assay is
to determine how transport is affected by a trial com-
pound, comparing net transport at baseline and after
starting a trial therapy. We therefore asked whether repeat
administrations of TTC will further attenuate the peak
amplitude of net retrograde axonal transport. To test this,
we conducted a second net axonal transport assay on these
immunized mice 10 weeks after the initial assay (22 weeks
after the initial immunization, green profile in Fig 6B,
Table S1). This second transport assay was not associated

FIGURE 5: Net retrograde axonal transport in transgenic
C9ORF72 mice and in aging mice. (A) Net retrograde axonal
transport in 24-month-old C9BAC transgenic mice (n = 10, red
lines) and the corresponding nontransgenic (nTg) littermates
(n = 10, black lines) are illustrated. Data are presented as least-
squares means relative to nTg group from time points from
24 to 336 hours based on the mixed model for repeated
measures (MMRM). The overall least-squares means of net
axonal transport from time points from 24 to 336 hours were
compared between the nTg and the C9BAC groups. The least-
squares mean differences (95% confidence intervals) were 0.21
(0.07–0.35) between the two groups. Net retrograde axonal
transport is significantly smaller in the C9BAC group than the
nTg group, with a p value of 0.0071 (see Table S1). (B) Net
retrograde axonal transport of C57BL6 mice is illustrated at
6 different ages: 50 (n = 9), 100 (n = 11), 300 (n = 13),
500 (n = 14), 700 (n = 12), and 900 days (n = 5). Data are
presented as least-squares means relative to the 50-day-old
group from time points from 24 to 336 hours based on the
MMRM. The overall least-squares means of net axonal transport
of C57BL6 mice from time points from 24 to 336 hours were
compared between the young 50-day-old (50d) group and the
other groups. The least-squares mean differences (95%
confidence intervals) were 0.03 � 0.08 (�0.13 to 0.19) between
the 50- and 100-day-old groups, 0.17 � 0.08 (0.02–0.33)
between the 50- and 300-day-old groups, 0.13 � 0.08 (0.02–
0.28) between the 50- and 500-day-old groups, 0.16 � 0.08
(0.004–0.32) between the 50- and the 700-day-old groups, and
0.41 � 0.1 (0.21–0.61) between the 50- and the 900-day-old
groups. Net retrograde axonal transport is significantly smaller
in the very old group than the young and healthy groups, with
a p value of 0.0001 (see Table S1).
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with a further reduction of the net axonal transport. This
indicates that immunization of TT partially blocks the net
retrograde axonal transport of TTC, but that it remains
feasible subsequently to use TTC transport as a biomarker
for efficacy of therapies in disorders like ALS.

Discussion
This report describes a novel method to quantify the net
retrograde axonal transport of TTC from muscle to the
spinal cord. A previous report described a fluorescence-
based, noninvasive method to detect TTC uptake into the
spinal cord in mice but, by contrast with the present
approach, did not permit quantification of uptake within
specific segments of the spinal cord, was not used repeat-
edly in the same mice, and was not tested as a disease or
therapeutic biomarker.41 Our assay exploits the binding of
TTC to ganglioside GT1b at the presynaptic terminal at
the NMJ followed by axonal transport in clathrin-
dependent endocytic pathway toward the cell body. After
transport to motor neurons, TTC is trans-synaptically
released from the motor neurons to the surrounding neu-
ropil and presynaptic structures.42 Our immunostaining
study illustrates that TTC is taken up by the GAD67+-
GABAergic interneurons (see Fig 1D). Surprisingly, as
gauged by our imaging studies, the trans-synaptically
released TTC that is subsequently taken up by interneu-
rons has a slow turnover cycle and is only minimally
cleared from the anterior horn. This property permits
serial visualization and quantification of TTC accumula-
tion in the ventral horn of the spinal cord for prolonged
periods (eg, 336 hours or two weeks in Fig 1C).

We have focused on two parameters in describing
net retrograde axonal transport: the amplitude of peak
uptake (normalized to controls) and the time to peak
uptake. These reflect several factors, primarily including
the total number of viable motor neurons, the rate of ret-
rograde axonal transport, and the integrity of NMJs. At
least in theory, transport may also be influenced non-cell
autonomously by other cells, including microglia, inter-
neurons, and astroglia. In SOD1G93A transgenic animals,
for example, we observed a substantial decrease in relative
peak amplitude values in presymptomatic animals

FIGURE 6: Immunization with tetanus toxoid (TT) and tetanus
toxin fragment C (TTC) reduces but does not eliminate net
retrograde axonal transport. (A) The titer of anti-TT
antibodies is illustrated for the key time points in the
experiment. Two cohorts of age-matched C57BL6 mice
(n = 12 for each group) received two consecutive injections
of either TT or phosphate-buffered saline (PBS), first at
8 weeks of age and subsequently at 14 weeks. Twelve weeks
after the primary vaccination (at age 20 weeks), both groups
received 125I-TTC to characterize net retrograde axonal
transport. Ten weeks later (at age 30 weeks), a repeat net
axonal transport assay was performed on the previously
immunized animals along with a new control set of naïve
nonimmunized controls (n = 4). The antibody titers against
TT in mice that received a primary and booster shots of TT
were significantly elevated (p < 0.0001; repeated measures
two-way analysis of variance after Bonferroni correction as
compared to the mice with PBS treatments). (B) The
resulting net retrograde axonal transport profile is illustrated
for mice that received two toxoid injections (red; n = 10) or
PBS (black; n = 13). Data from mice immunized twice with TT
then TTC, whose TTC transport was reassayed at age
30 weeks, are in green (n = 8). For mice receiving two TT
immunizations and either one or two TTC injections, the
reduction in transport as compared to wild-type mice is
significant (p < 0.0001, see Table S1); the overall least-
squares mean differences � standard error (95% confidence
interval) was 0.46 � 0.08 (0.28–0.63). However, those two
groups had essentially the same net retrograde axonal
transport profile as compared to the control group
(Figure legend continues on next column.)

(p = 0.968), with the least-square mean differences �
standard error (95% confidence interval) being
0.004 � 0.096 (�0.19 to 0.2). In panel A, the group that
received two PBS treatments followed by the 125I-TTC assay
is designated as “PBS � 2 + TTC” (black). The group that
received two TT treatments followed by the 125I-TTC assay is
designated as “TT � 2 + TTC” (red). Panel B also depicts the
third group that underwent a follow-up 125I-TTC transport
assay; this group is designated as “(TT � 2 + TTC) + TTC”
(green).
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(65 days old), whereas this decrease was absent 20 days
earlier (45 days old; see Fig 2A). This corresponds well
with the documented axonopathy that entails denervation
of fast-fatigable motor neurons at 55 days.43–45 Minimally
symptomatic animals at 85 days of age demonstrated a
reduction of peak amplitude comparable to the early
symptomatic animals but additionally showed a 17%
delay of time to peak. This slight delay of time-to-peak
value may reflect the combined impacts of denervation
and subsequent reinnervation by more resistant motor
neurons; it corresponds well with the finding that rein-
nervation of fast-fatigable NMJs by fast-fatigue-resistant
motor neurons occurs at day 70.43 By the late symptom-
atic and terminal stages (110 and >125 days, respectively),
we observed a further reduction of relative peak amplitude
and a longer time-to-peak value. These findings are consis-
tent with previous reports that there is denervation of fast-
fatigue-resistant motor neurons by 50 days43,44 and frac-
tional loss of all motor neurons of 40 and 56% at 95 and
113 days, respectively.9

Numerous studies have demonstrated that repressing
expression of mutant SOD1 in SOD1G93A transgenic mice
delays onset and increases survival.29,46 Our strategy of
using CRISPR-Cas9 to suppress SOD1 using dual AAV9
viral vectors produced a robust clinical improvement of
net retrograde axonal transport as early as day 85, at which
time the mice are clinically normal, with the exception of
a few mice that had leg tremors. At this time point, the
peak transport amplitudes were normal in treated mice,
whereas untreated transgenic mice had a 60% reduction
in relative peak amplitude. Thus, at 85 days, the net retro-
grade axonal transport assay documented the efficacy of
SOD1 editing well before standard behavioral assays; the
difference between untreated and treated mice was not
evident by weight analysis and grip strength until
�100 days or by rotarod until �120 days.

Deep sequencing of the SOD1 locus revealed rela-
tively low levels of genetic editing of SOD1 (�4% in
brain and 0.4% in spinal cord), yet this sufficed to repress
SOD1 expression and improve the disease course. This
observation matches a comparable finding in an earlier
study of CRISPR-Cas9 targeting SOD147 in which editing
of SOD1 was estimated to be �0.2 to 0.4% in the spinal
cord. In our study, we demonstrate a larger reduction in
SOD1 protein levels, specifically in motor neurons after
laser capture (see Fig 3C); this may account for the signifi-
cant effect on survival compared to the small effect on
genetic editing. Furthermore, deep sequencing of the
SOD1 locus may not report large scale deletions, which
would underestimate the actual editing rate.48

Noncoding expansions of the GGGGCC
hexanucleotide repeat in the C9ORF72 gene represent the

most common mutation in familial ALS/frontotemporal
dementia. Our C9ORF72 transgenic mice exhibited histo-
pathological hallmarks of RNA foci and dipeptide protein
formation without behavioral and electrophysiological
abnormalities or denervation of NMJs.27 We characterized
the net retrograde TTC transport in 700-day-old
C9ORF72 transgenic mice and their age-matched controls.
Whereas the transport dynamics of these two groups share
comparable temporal profiles (time-to-peak values ranging
120–144 hours, see Fig 5A), the relative peak-amplitude
value in the transgenic animals revealed a significant
reduction compared to the controls. These data argue that
some component of net retrograde axonal transport in the
C9ORF72 transgenic mice is compromised. We know that
it is neither denervation nor loss of motor neurons,
suggesting instead that the amplitude loss reflects defects
in actual axonal transport, or in some other property of
the C9ORF72 transgenic motor unit. Most importantly,
this subtle yet significant disturbance of net retrograde
axonal transport demonstrates the sensitivity of our
method, which detected transport deficiencies even in the
absence of an overt clinical phenotype. It is conceivable
that this or similar assays, which detect otherwise inappar-
ent motor unit pathology, may illuminate perplexing and
sometimes disabling disorders for which conventional clin-
ical studies have been uninformative (eg, chronic fatigue
syndrome).

In wild-type C57BL6 mice, we detected subtle alter-
ations of net retrograde axonal transport deficits with age.
In the 900-day-old animals, there was a significant
decrease in the relative peak-amplitude. Additionally, there
was an age-dependent slowing in the time-to-peak values
between younger animals (50- and 100-day-old animals)
and older animals (300, 500, 700, and 900 days old).
These findings likely reflect both NMJ denervation49-51

and some impact of aging on transport itself. As in the
C9ORF72 transgenic mice above, these findings under-
score the sensitivity of this method to define alterations in
net retrograde axonal transport in the absence of overt
weakness.

Retrograde TTC transport permits repetitive quanti-
tative assessment of the status of motor units in living
mammals. However, a potential hurdle to consider in
moving this to the clinic is the presence of neutralizing
antibodies in the sera of most individuals in North Amer-
ica and Europe, a consequence of widespread tetanus vac-
cination. To ascertain whether tetanus vaccination affects
retrograde uptake of TTC, Fishman et al quantified trans-
ported rhodamine-labeled TTC in the hypoglossal with
TT.52 Despite elevated titers of antibody against TTC in
the vaccinated animals, the net uptake of TTC in the
hypoglossal nucleus was readily detected and not reduced
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by vaccination. Similarly, in our study, TTC uptake was
also readily detected after TT vaccination (with an approx-
imate 50% reduction in the TTC uptake profile, see
Fig 6B). In our mice, although the TT immunization par-
tially attenuated the net axonal uptake of TTC, we did
not see a further reduction of TTC delivery when we
repeated the net axonal transport assay 10 weeks later.
This validates the clinical potential of our technique; it is
evident that immunization generated through two TTC
administrations will not mask the net retrograde axonal
transport profile. This is important in a clinical setting,
wherein it is important to repeat the net retrograde axonal
transport assay in the same patient to monitor the impact
of a potential therapy.

The novel, noninvasive method reported here to
quantify net retrograde TTC transport in vivo has several
characteristics of a valuable biomarker. It can be used
repeatedly in the same subject over time and permits
detection of clinical and subclinical abnormalities in dis-
ease and normal aging. It is informative in diverse mouse
models and across a wide range of physiological states in
the motor unit. Perhaps most importantly, it permits early
detection of benefit from potential therapies in motor
neuron disease. Although these proof-of-concept experi-
ments were conducted in mice, we believe that this assay
will potentially have broad clinical utility for human
motor neuron diseases (presumably with a shorter half-life
isotope label such as 123I-iodine or 111indium).
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