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Abstract
Background: The GGGGCC (G4C2) repeat expansion in the human open reading 
frame 72 on chromosome 9, C9orf72, is the most common cause of amyotrophic lat-
eral sclerosis (ALS). Studies in transgenic mouse models have linked the pathogenic 
mechanism of G4C2 repeat expansion to RNA foci or the accumulation of unnatural 
dipeptide repeats in neurons. However, only one of the existing transgenic mouse 
lines developed typical ALS.
Methods: C9orf72 knockin rats were generated by knockin of 80 G4C2 repeats with 
human flanking fragments within exon1a and exon1b at the rat C9orf72 locus. Protein 
expression was detected by western blot. Motor coordination and grip force were 
measured using a Rotarod test and a grip strength test. Neurodegeneration was as-
sessed by Nissl staining with cresyl violet.
Results: C9orf72 haploinsufficiency reduced C9orf72 protein expression 40% in the 
cerebrum, cerebellum and spinal cords from knockin rats (P < .05). The knockin (KI) 
rats developed motor deficits from 4 months of age. Their falling latencies and grip 
force were decreased by 67% (P < .01) and 44% (P < .01), respectively, at 12 months 
of age compared to wild-type (WT) mice. The knockin of the hexanucleotide repeat 
expansion (HRE) caused a 47% loss of motor neurons in the spinal cord (P < .001) and 
25% (5/20) of female KI rats developed hind limb paralysis at 13 to 24 months.
Conclusion: Motor defects in KI rats may result from neurotoxicity caused by HRE 
and the resulting reduction in C9orf72 protein due to haploinsufficiency. These KI 
rats could be a useful model for investigating the contributions of loss-of-function to 
neurotoxicity in C9orf72-related ALS.
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1  | INTRODUC TION

The GGGGCC (G4C2) repeat expansion within the first intron of the 
human C9orf72 gene is the most common cause of amyotrophic lat-
eral sclerosis (ALS), accounting for more than 30% of familial ALS and 
5% of sporadic ALS cases.1-4 The C9orf72 hexanucleotide expansion 
may lead to pathogenesis through sense and antisense RNA transcripts 
from the C9orf72 repeat expansion. It is thought that these RNAs may 
sequester RNA-binding proteins in RNA foci, which, when translated, 
result in accumulation of unnatural dipeptide repeat (DPR) proteins 
in the brain.5-9 A number of transgenic animal models have been em-
ployed in studies, including drosophila,10 zebra fish11-13 and mice.14-17 In 
the transgenic drosophila and zebra fish models, a gain-of-function of 
C9orf72 repeat expansion caused an accumulation of DPR proteins, or 
a combination of RNA foci and DPR proteins that was sufficient to pro-
mote neurodegeneration, motor neuron loss and muscle atrophy.10-12 
However, the data from four reports on BAC transgenic mouse mod-
els were equivocal. RNA foci and repeat-associated non-ATG (RAN) 
proteins were found in all of them, but in two of the studies the mice 
did not develop the neurodegenerative or behavioral features of ALS/
FTD.14,15 One of them showed the neurodegenerative and behavioral 
features of FTD, but no motor neuron damage or behavioral features 
of ALS.16 Only one study showed both motor deficits and neurode-
generative features of ALS/FTD.17 In ALS patients, the hexanucleotide 
expansion was found to alter the expression ratio of C9ORF72 protein 
isoforms.18-21 C9orf72 is a multifunctional protein that regulates auto-
phagy, cell membrane and vesicular trafficking, and lysosomal biogene-
sis through interaction with small Rab GTPases, cofilin and the guanine 
nucleotide exchange protein SMCR8.22-27 The data suggest that loss of 
C9ORF72 function might sensitize neurons to the formation of RNA 
foci or expression of DPR proteins and that the combination of loss- 
and gain-of-function is an essential factor in the pathogenesis of ALS/
FTD caused by the C9orf72 hexanucleotide expansion.

Here, we generated a rat model by knockin of the hexanucle-
otide repeat expansion (HRE) at the C9orf72 locus. The HRE in-
hibited expression of C9ORF72 protein and the rats showed the 
progressive motor deficits and neurodegenerative characteristics 
of ALS.

2  | MATERIAL S AND METHODS

2.1 | Generation of HRE knockin rats at C9orf72 loci

An 80-copy C9orf72 HRE was kindly provided by Dr Charlet-
Berguerand N from the Department of Neurobiology and Genetics, 
University of Strasbourg, Illkirch, France. Exon1a and exon1b and 
the flanking sequences of the human C9orf72 HRE were ligated with 
the HRE according to the human DNA sequence of the locus. The 80 
repeats of the C9orf72 HRE, exon1a and exon1b, and the flanking 
human sequences were confirmed by DNA sequencing. The knockin 
rats were generated by using CRISPR/cas9 following the procedure 

described previously.28 Briefly, we designed two pairs of syn-
thetic oligonucleotides for gRNA targeting to exon1 of the C9orf72 
locus: sgRNA 1 (agtcccacgaggaaacagcgg) and sgRNA 2 (aggcaacca-
gagcgctggcgg). The microinjection mixture containing Cas9 protein 
(30 ng/μL), sgRNAs (10 ng/μL of each) and the donor DNA with the 
HRE and flanking sequences (10 ng/μL) was microinjected into the 
male pronucleiin fertilized eggs and transferred to pseudopregnant 
SD rats. The knockin pups were genotyped by PCR to verify the 
presence of the (GC)80 repeats. The wild-type (WT) genotype prim-
ers were 5′TGTAGTGTCAGCCATCCCAATTG and 5′GGAACAGTGT 
GACTAGAAATTTATCCACC, which resulted in a 1084 bp DNA 
fragment. The right arm region primers were 5′TAAGAACTTAAC 
AGATGACAGTTGCTGG and 5′TTCTTGTTCACCCTCAGCGAG, 
which yielded a 965 bp DNA fragment. The left arm region primers  
were 5′TTTACTTTCCCTCTCATTTCTCTGACC 5′GGAACAGTGTGA 
CTAGAAATTTATCCACC, which produced an 809  bp DNA frag-
ment. Only the pups carrying the (GC)80 repeats and complete right 
and left arm sequences were selected to breed as (GC)80 repeat 
knockin rats (KI). All rats used in this study were maintained on a 
Sprague-Dawley background and bred at an AAALAC-accredited 
facility. The procedures were approved by the Animal Care and Use 
Committee of the Institute of Laboratory Animal Science of the 
Peking Union Medical College (ZLF18003). The C9orf72 protein in 
WT and KI rats was detected by western blot using mouse mono-
clonal anti-C9orf72 antibody (1:1000, Proteintech), visualized using 
anti-mouse HRP-conjugated secondary antibodies (1:10 000, Santa 
Cruz Biotechnology) and quantitated by densitometry using Image 
J software.

2.2 | Motor coordination and gripping force testing

The Rotarod device (DXP-3, Institute of Materia Medica, Beijing) 
was used to test impaired muscle and motor coordination and grip-
ping force of the limbs. The test was performed using the rod ac-
cording to published procedures.29 Each rat was placed on the rod, 
which was rotating at a constant speed of 30 rpm, and the latency 
of falling was recorded. Seven trials were performed with a 5-min-
ute interval between trials. The first four trails were considered as 
adaptive training. The latency of falling from the final three trials was 
averaged and used as the measure for impaired muscle and motor 
coordination. The grip test was performed using a procedure modi-
fied from a reported method.30 The rat was placed on a plate so that 
it gripped the metal grid of the Bioseb Grip Test device (bio-gs3) with 
its forepaws (or with all four paws) in a comfortable way. The rat was 
pulled horizontally and the peak force was recorded before the rat 
released its grip. Three measurements were averaged and used as 
the measure of grip force for forepaws or all four paws. The gripping 
force of the hind limbs was calculated by subtracting the forepaw 
force from the force of the four paws. Finally, the grip strength of 
WT and KI rats at 4, 8 and 12 months of age was normalized to their 
corresponding average body weights at the given time point.
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2.3 | Tissue collection and histology for motor 
neuron counting

Thirteen-month-old rats were anaesthetized with pentobarbital 
and perfused transcardially with 4% paraformaldehyde. Three rats 
were used from each group. The lumbar spinal cords were dissected 
out, post-fixed overnight in 4% paraformaldehyde and embedded in 
gelatin blocks. Sections of 40 μm thickness (ten from each rat) were 
prepared using a cryotome (CM3050S, Leica). The sections were re-
hydrated at room temperature for 5 minutes, stained for 2 hours in 
a solution of 1% cresyl violet and then washed in distilled water until 
the color faded to lavender. The stained sections were dehydrated 
and mounted with DPX. The motor neurons (MNs) were observed 
under microscope (MZ16F, Leica) and photographed. Only the MNs 
with diameters larger than 20 μm and with a polygonal shape and 
prominent nucleoli were counted to assess the MN loss in KI rats.

2.4 | Identification and quantitation of peripheral 
blood lymphocytes by flow cytometry

Peripheral blood from WT and KI rats was collected and red blood 
cells were lysed using a commercial lysing reagent (BD Biosciences, 
San Jose, CA, USA). Lymphocytes were isolated by filtration through 
a sterile nylon mesh (pore size 70 μm) and stained for 30 minutes at 
4°C with the following fluorophore-conjugated antibodies: PE-CD3 

(G4.18), APC-CD4 (OX35) and FITC-Granulocyte (HIS48). All anti-
bodies were obtained from eBiosciences (San Diego, CA, USA). Flow 
cytometry analysis of lymphocytes from peripheral blood was per-
formed as previously reported31 on a FACS Aria II (BD Biosciences). 
Data were analyzed by FlowJo software.

2.5 | Statistical analysis

The data for motor neuron counts, Rotarod and grip force tests 
and flow cytometry were analyzed by unpaired Student's t test for 
two groups and one-way analysis of variance (ANOVA) for multiple 
groups. The data were expressed as the means  ±  SEM from indi-
vidual experiments. A P value of <.05 was considered significant. 
Statistical analysis was performed using GraphPad Prism software.

3  | RESULTS

3.1 | Knock in of HRE inhibited C9orf72 expression

Based on the normal rat genomic sequence (pubmed.gov), the 
C9orf72 locus in rats consists of a single exon1 rather than being 
separated into exon1a and exon1b by G4C2 repeats, as in the human 
C9orf72 locus (Figure 1A). To knock the G4C2 repeats into the rat 
C9orf72 locus, the whole C9orf72 exon1 was replaced by a 1047 bp 

F I G U R E  1   Generation of C9orf72 hexanucleotide repeat expansion knockin rats. The DNA sequence of the C9orf72 exon1 region from 
human, mouse and rat were compared (A). A 1047 bp human DNA fragment containing 80 G4C2 repeats, exon1a and exon1b, and flanking 
sequences was used to replace the entire C9orf72 exon1 of the rat using CRISPR/Cas9 (B). The C9orf72 protein expression levels were 
detected by western blot and quantitated by densitometry using NIH Image J software (C and D, n = 3, 2 males and 1 female, ***P < .001 vs 
respective controls) 
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human DNA fragment containing eighty repeats of the hexanucleo-
tide sequence, GGGGCC (GGGGCC80) plus exon1a and 1b and the 
flanking sequences (Figure 1B). The homozygotes of KI rats showed 
normal body weight and reproductive capacity. Western blots indi-
cated that the inserted HRE inhibited C9orf72 protein expression 
by 40% in the central nervous system (CNS) including the cerebrum, 
cerebellum and spinal cord (Figure 1C,D; n = 3, female, P < .05). This 
HRE-related C9orf72 haploinsufficiency may be a pathogenic factor 
in ALS patients.18,19

3.2 | HRE knockin altered lymphocyte profiles

The KI rats developed visibly shrunken thymi and enlarged cervical 
lymph nodes from two months of age (Figure 2A,B; n = 8, P < .05).
The spleens of KI rats were not obviously changed compared to 
WT rats (Figure 2C). Flow cytometry analysis for lymphocytes from 
peripheral blood showed that granulocyte numbers were signifi-
cantly increased by 81% in the KI rats at 4 months of age compared 
with same-age WT rats (Figure 2D; n = 8, 4 males and 4 females, 
P < .001). The numbers of CD3+ cells were decreased by 21% in KI 

rats at 4 months of age compared to WT (Figure 2E; n = 8, 4 males 
and 4 females, P < .01). The CD4 cells were decreased by 32% in the 
KI rats at 4 months of age compared to WT rats (Figure 2E; n = 8, 4 
males and 4 females, P < .001). The B cells and CD8 cells were not 
changed in the KI rats (data not shown).

3.3 | HRE knockin caused motor deficits and hind 
limb paralysis

To detect motor deficits, motor coordination  and hind limb grip 
strength of WT and KI rats were tested at 4, 8 and 12 months of 
age. The motor coordination of WT rats on the Rotarod decreased 
slightly from 4 to 12  months old (P  =  .675 by ANOVA), whereas 
the motor coordination of KI rats decreased significantly over time 
(P  =  .0002 by ANOVA). In contrast, the hind limb grip strength 
normalized to body weight of both WT and KI rats decreased sig-
nificantly over time (P = .0001 by ANOVA for WT rats, P < .0001 
by ANOVA for KI rats). However, the data from two tests in KI 
rats showed a significant decrease when compared with WT rats 
at 8 and 12 months of age, suggesting that the KI rats developed 

F I G U R E  2   Gross tissue examination and lymphocyte profiles from WT and KI rats. Thymi, cervical lymph nodes and spleens from WT 
and KI rats at 2 and 4 mo of age were examined and weighed to show shrinkage of the thymus and enlargement of cervical lymph nodes 
(A-C, n = 8, 4 males and 4 females). The lymphocytes from peripheral blood of WT and KI rats at 2 and 4 mo of age were analyzed by flow 
cytometry. The number of granulocytes was significantly increased in the KI rats at 4 mo of age (D, n = 8, 4 males and 4 females). The 
CD3 and CD4 cells were significantly decreased in the KI rats at 4 mo of age (E and F, n = 8, 4 males and 4 females). *P < .05, **P < .01, 
***P < .001 
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progressive motor deficits starting from the age of 4 months and 
getting worse over time. Specifically, the motor deficit increase with 
age corresponded to a significant decrease in the latency of falling 
in the Rotarod test and a decrease in hind limb gripping force. The 
latency of falling for KI rats was reduced from 25% less than WT 
latency at 4 months of age (Figure 3A; n = 19 for WT, n = 24 for KI, 
female P = .07) to 67% at 12 months of age (Figure 3A; n = 16 for 
WT, n = 22 for KI, female, P < .01). The grip strength of KI rats was 
reduced by 9.5% compared to that of WT rats at 4 months of age 
(Figure 3B; n = 19 for WT, n = 24 for KI, female, P = .2), by 33% at 
8 months of age (Figure 3B; n = 18 for WT, n = 23 for KI, female, 
P < .0001) and by 44% at 12 months of age (Figure 3B; n = 16 for 
WT, n = 22 for KI, female, P <  .0001). Finally, hind limb paralysis 
occurred in 25% of female KI rats (5/20) between the ages of 13 
and 24  months (Figure  3C). These data indicated that knockin of 

the HRE in rats caused not only motor deficits but also hind limb 
paralysis.

3.4 | HRE knockin decreased the number of motor 
neurons in the spinal cord

Sections of lumbar spinal cord tissues from WT and KI rats at 
13 months of age were stained with cresyl violet dye, which revealed 
the Nissl bodies of the motor neurons, and the number of motor neu-
rons was counted in a given area. Neurons in the lumbar spinal cord 
from WT rats showed a normal shape with the nucleus in the center 
and purple blue Nissl bodies in the soma, whereas neurons in the KI 
rats showed eccentric nuclei and lighter staining in the soma, indicat-
ing a reduction in Nissl bodies and neuronal vacuolation (Figure 4A; 

F I G U R E  3   Analysis of motor deficits. 
The impairment of muscle and motor 
coordination of KI rats was determined 
using the Rotarod test at 4, 8 and 12 mo 
of age (A, n = 16-19 for WT, n = 22-24 for 
KI, female). The grip force of the limbs was 
measured by the grip test (B, n = 16-19 for 
WT, n = 22-24 for KI, female). The female 
KI rats developed hind limb paralysis by 
13 mo of age (C, n = 25). NS, no significant 
difference; *P < .05, **P < .01, ***P < .001 

F I G U R E  4   Staining and counting of motor neurons. The lumbar spinal cord tissues of WT and KI rats (n = 3/group) were processed using 
a standard procedure and sections of lumbar segments at L2 to L4 were stained with cresyl violet. The right ventral horns are shown (A, 
scale bar = 100 μm). Cells with diameters larger than 20 μm and with a polygonal shape and prominent nucleoli in the ventral horns were 
counted as motor neurons (B, n = 3 rats/group and 10 serial sections/rat, female). ***P < .001 
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n = 3, female). The HRE knockin reduced the number of motor neu-
rons in the lumbar spinal cord from KI rats by 47% compared to that 
in WT rats (Figure 4B; n = 3, female, P < .001). These results demon-
strated that knockin of the HRE in rats induced severe motor neuron 
degeneration.

4  | DISCUSSION

C9orf72 HRE-containing transcripts form nuclear RNA foci that may 
sequester RNA-binding proteins 5,7,32,33 or initiate a non-ATG RAN 
translation to produce C9orf72 RAN dipeptide-repeat (DPR) pro-
teins.9,34,35 The HRE-induced RNA foci and DPR proteins associated 
with the C9orf72 locus are considered to act as one of the gene func-
tion mechanisms causing the neurotoxicity seen in ALS. The HRE was 
also found to block expression of C9orf72 or alter the expression ra-
tios of the translated protein isoforms. This constitutes another pos-
sible loss-of-function mechanism of neurodegeneration.18,19,36 The 
evidence indicates that the C9orf72 proteins interact with small Rab 
GTPases, cofilin and SMCR8 and regulate autophagy, cell membrane 
and vesicle trafficking, and lysosomal biogenesis.22-27 This suggests 
that the loss of C9orf72 functionality might exacerbate pathogen-
esis in combination with the gain-of-function factor. The relative 
contributions of C9orf72 loss-of-function and gain-of-function to 
neurotoxicity in ALS is still being debated. The neurodegenerative 
disorders were not detected in mice with either a neural-specific 
knockout of C9orf72 or a systemic C9orf72 knockout.37,38 However, 
our previous results showed that C9orf72 knockout rats developed 
progressive motor deficits in the presence of excitotoxicity (unpub-
lished results), suggesting that the absence of functional C9orf72 
protein sensitized neurons to excitotoxicity.

Here, we report the generation of a rat model of ALS by knockin 
of the HRE at the C9orf72 locus. Expression of the C9orf72 protein 
was inhibited by the HRE knockin and this has also been observed 
in ALS patients with the HRE 18,19 (Figure 1). As evident from other 
published data for the systemic C9orf72 knockout mouse,14 abnor-
malities of the cellular immune system were induced by the reduc-
tion of C9orf72 protein in KI rats (Figure 2). The KI rats developed 
progressive, chronic motor deficits from 4 months of age and hind 
limb paralysis occurred in female KI rats after 13  months of age 
(Figure 3). Severe degeneration of motor neurons was also detected 
in the KI rats (Figure 4). So far, four BAC transgenic mouse models 
have been generated in different labs and the related ALS pheno-
types are summarized and compared with our KI rats (Table 1). The 
BAC (G4C2) 500 and BAC (G4C2) 100-1000 transgenic C57BL/6J 
mice expressed transcripts of the human G4C2 repeats at levels 
similar to those from endogenous C9orf72 in human brain tissues. 
Neither of the two mouse models suffered motor neuron loss or 
motor deficits.14,15 The BAC (G4C2) 450 transgenic C57BL/6J mice 
expressed the mRNA for the human (G4C2) repeats at a level that 
was eight times higher than that of endogenous C9orf72 mRNA. 
This model showed spatial learning defects but no motor deficits.16 
The BAC (G4C2) 500 transgenic FVB/NJ mice expressed the human TA
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(G4C2) repeat mRNA at levels similar to those from endogenous 
C9orf72. These mice showed progressive motor neuron loss, motor 
deficits and hind limb paralysis.17 All of the four mouse models pro-
duced RNA foci and DPR proteins, but no haploinsufficiency of the 
human HRE.

In summary, our HRE knockin rats showed haploinsufficiency of 
HRE and developed physical defects in balance and muscle func-
tion similar to those in ALS. These KI rats could be a useful tool for 
investigating the relative contributions of C9orf72 loss-of-function 
and gain-of-function to neurotoxicity and the mechanism of neuro-
degeneration in ALS.
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