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 １．研究目的 

 ニューロフィラメントは軸索突起の骨組みを支える主要なフィラメント上の蛋白質であり、その量の
増加に伴い軸索直径が増大することが示唆されている。また筋萎縮性側索硬化症（ALS）に代表される
軸索変性疾患では軸索近位部と遠位部での存在量が著しく異なっているが、観察される蛋白質の分布異
常と病態との関連性、並びにその相関性を生み出す原因について言及した報告はみとめられないなど、
分布異常がもたらす現象については、不明な点が多い。そこで本研究では、ニューロフィラメント量の
分布の変化が軸索、並びに神経組織に与える影響を明らかにし、その生理学的意味を明らかにすること
を目的とする。この意義が明らかになれば、軸索変性疾患の病態解明の糸口が得られるのではないかと
考えている。 
 
 ２．研究方法  

 本研究では、①ニューロフィラメントの量的変化が、細胞レベルで
の軸索形態に及ぼす影響を明らかにし、②ニューロフィラメント(NF)
の有無が神経組織の強度に与える影響を測定するために、ニューロフ
ィラメントを欠損したモデル動物を確立し、そのモデル動物とニュー
ロフィラメントをもつコントロール動物から、取り出した神経組織、
並びに神経細胞用いて、それぞれの強度、並びに形態学的差、分子レ
ベルでの違いを比較した。さらに固定保存してあったモデルマウスか
ら取り出した神経組織を用いて、形態学的違いを明らかにした。 

 また、すでに作成済みのニューロフィラメント欠損マウスの凍結精
子から、人工授精により動物復活に取り組み、それと並行して、動作解析などの観察に優れた、モデル
ラット作成の準備を進めている。 

 

３．研究結果 

 固定し保存してあったニューロフィラメント欠損
マウスと、コントロール群から取り出した坐骨神経
の直径を比較したところ、ニューロフィラメント欠
損マウスでは、軸索直径が明らかに小さいことが示
された。また以前測定したモデル動物の尾で測定し
神経伝導速度も、軸索直径の大きなコントロール動
物の方が大きかった。 

これらの結果をもとに、より行動実験を行いやすい、
モデルラット作成のための準備（動物作成に必要な
ベクター調整など）を開始し、さらなる解析を検討
しているところである。 
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maintaining the axonal morphology. Many neurodegenerative diseases such as Amyotrophic Lateral Sclerosis 
(ALS) and Charcot-Marie-Tooth (CMT) disease causes the axonal degeneration preceded by neuropathy. We 
believe the basic theory to cause the neuropathy of the  neuronal degenerative diseases and compressional 
peripheral neuropathy are the same pathogenesis related NFs. Our future new findings will also have broader 
implications for the mechanics of neuronal disorder related NFs functions.  
 
3. PRELIMINARY STUDIES AND EXPERIMENTAL APPROACH 
 
Aim 1: Determine the contribution of NFs to the overall mechanical strength of neuron 
 
Preliminary Studies  
1. Morphological differences including ultrastructural studies on NF-L(-/-)       
     
   We hypothesized that NFs 
produce the resistance to the 
mechanical force, and the disruption 
of NFs due to the deficient of NF-L 
will cause the fragility of axon 
against the physical stress. To 
confirm the effect of the loss of NF-L 
on the neuronal tissues, whole mice 
was fixed by cardiac perfusion with a 
mixture of glutaraldehyde and 
formaldehyde. The nerves were 
excised, processed for electron 
microscopy and embedded in epoxy 
resin. For histological measurements 
of axonal number and the size 
distribution in peripheral nerves, 1 
µm cross sections were mounted on 
glass slides, counterstained with 
toluidine blue, and imaged with 
light microscopy under bright-
field transmitted light 
illumination.  
   First, the ventral and dorsal 
root image among wild type NF-
L (+/+), hetero NF-L (+/-) and 
NF-L (-/-) mice were compared 
using the semi-thin section 
staining (Fig.5). Although there 
was no significant differences of the 
axonal calibers between NF-L (+/+) and NF-L (+/-) (Fig5 A,D and B,E), however, the axonal caliber in NF-L (-/-) 
decreased dramatically in both ventral and dorsal root (Fig5 C,F).  
   The axonal diameter in the NF-L (-/-) mice were smaller than that of wild type NF-L (+/+) mice. To confirm 
whether it was related to the loss of NFs actually, we took higher magnification electron microscopic images of 
tibia nerve. For transmission electron microscopy, silver/gold sections were collected on copper grids and 
stained with lead citrate and uranyl acetate in Fig 6. We focused on myelinated axons here, because 
unmyelinated axons appeared normally in NF-L (-/-) mice previous study (21). This is presumably because 
these axons are known to express peripherin in place of NF-L (21-22) and thus are unaffected by the loss of 
NF-L. NFs were absent from axon in NF-L (-/-) mice and enlarged axons were not encountered in these mice. 

SOD1G85R, NF-L !!! mice; Table 1] than did neurofilament-
free animals [416 " 12 days (n # 14)]. This difference was highly
statistically significant (P $ 0.007, t # 2.9; Student’s t test).
SOD1G85R mice heterozygous for the NF-L gene showed an
apparent intermediate age of onset [mean onset 382 " 8 days
(n # 28)], although this did not reach statistical significance from
SOD1G85R mice with normal neurofilament content (P % 0.25,
t # 0.17).

The absence of neurofilaments also produced a significantly
increased lifespan (Fig. 2B; Table 1), with the average survival of
388 " 11 (n # 24) days for SOD1G85R mice with a normal level
of neurofilaments compared with 433 " 14 (n # 14; P $ 0.013,
t # 2.6) days for SOD1G85R mice lacking neurofilaments. Accel-
eration of SOD1-mediated disease by neurofilaments is not due
to any changes in SOD1 protein levels, since immunoblotting also
revealed that the levels of wild-type and SOD1G85R (which
migrates more slowly than the endogenous mouse SOD1; Fig. 1B)
were unaffected by neurofilament content.

Neurofilaments Are Important for Efficient Survival of Motor
Neurons During Development but Increase the Vulnerability of
Motor Neurons to SOD1G85R Toxicity. Because neurofilaments
are normally an abundant structural feature of axons, a key
question is whether the mechanism and the extent of degenera-
tion are the same in SOD1G85R mice with or without neurofila-
ments. Examination of L5 ventral roots from mice with (Fig. 3A)
and without (Fig. 3C) neurofilaments revealed the anticipated
neurofilament-dependent growth in axonal caliber. Beyond this
result, end-stage SOD1G85R mice displayed swollen axons, Wal-
lerian degeneration, and loss of large motor axons in mice with
normal levels (Fig. 3D), half the normal levels (Fig. 3E), or
completely lacking neurofilaments (Fig. 3F). At 12 months of age
(the mean age of onset for NF-L !!!, SOD1G85R mice), the
NF-L &!&, SOD1G85R mice showed no axon loss or axonal

degeneration (Fig. 4 A and B), indicating that the delay in onset
of disease is really a delay in onset of degeneration rather than a
slowing of disease progression.

Counting of axons from mice as young as 3 months revealed
that independent of the SOD1G85R transgene, the NF-L &!&
mice lose 13% of their lower motor neurons early in life [as
initially reported (30)]. The delay in disease onset and extension
of lifespan arises in NF-L &!&, SOD1G85R mice despite this
significant initial disadvantage in motor neuron number. Conse-
quently, the NF-L !!!, SOD1G85R mice lose 42% of their initial
motor axons from disease onset to end stage, whereas the NF-L
&!&, SOD1G85R mice lose only 28% of their axons to reach the
same end stage number of axons (mean axon loss of 416 and 243
axons respectively; Fig. 4A; Table 2). Comparison of the number
of axons lost to the length of disease progression indicates a 35%
increase in the rate of axon loss in the mice with neurofilaments
compared with those without [19 axons per day (n # 23) versus
14 (n # 14), respectively]. The acceleration of degeneration in the
presence of neurofilaments is further supported by the fact that

FIG. 2. Delayed disease onset and increased survival in SOD1G85R

mice lacking neurofilaments. Kaplan–Meier curves showing age of
onset (A) and survival (B) of SOD1G85R mice in the presence or
absence of neurofilaments.

FIG. 3. Reduced motor axon loss, but increased sensory loss, in
SOD1G85R mice lacking neurofilaments. Ventral (A–C) and dorsal
(G–I) L5 roots from wild-type, NF-L !!&, and NF-L &!& mice,
respectively. Ventral (D–F) and dorsal (J–L) L5 roots from end-stage
NF-L !!!, NF-L !!&, or NF-L &!& mice expressing the SOD1G85R

transgene. (Scale bar, 20 !m.)

Table 1. Absence of neurofilaments slows onset of SOD1-mediated ALS in mice

Age, days

NF-L !!!, SOD1G85R NF-L !!&, SOD1G85R NF-L &!&, SOD1G85R

Onset 372 " 10 (n # 22) 382 " 9 (n # 28) 416 " 12 (n # 14)
Survival 388 " 11 (n # 24) 397 " 11 (n # 33) 433 " 14 (n # 14)
Duration 21 " 2 (n # 23) 22 " 2 (n # 30) 17 " 3 (n # 14)

Results are mean " SEM.

Neurobiology: Williamson et al. Proc. Natl. Acad. Sci. USA 95 (1998) 9633
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Fig.5. The axonal caliber of NF-L (-/-) mice decreased comparing with wild NF-L 
(+/+) mice  
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306 ZHU, COUILLARD-DESPRÉS, AND JULIEN
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Fig.5. The axonal caliber of NF-L (-/-) mice decreased comparing with wild NF-L 
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using the semi-thin section 
staining (Fig.5). Although there 
was no significant differences of the 
axonal calibers between NF-L (+/+) and NF-L (+/-) (Fig5 A,D and B,E), however, the axonal caliber in NF-L (-/-) 
decreased dramatically in both ventral and dorsal root (Fig5 C,F).  
   The axonal diameter in the NF-L (-/-) mice were smaller than that of wild type NF-L (+/+) mice. To confirm 
whether it was related to the loss of NFs actually, we took higher magnification electron microscopic images of 
tibia nerve. For transmission electron microscopy, silver/gold sections were collected on copper grids and 
stained with lead citrate and uranyl acetate in Fig 6. We focused on myelinated axons here, because 
unmyelinated axons appeared normally in NF-L (-/-) mice previous study (21). This is presumably because 
these axons are known to express peripherin in place of NF-L (21-22) and thus are unaffected by the loss of 
NF-L. NFs were absent from axon in NF-L (-/-) mice and enlarged axons were not encountered in these mice. 

SOD1G85R, NF-L !!! mice; Table 1] than did neurofilament-
free animals [416 " 12 days (n # 14)]. This difference was highly
statistically significant (P $ 0.007, t # 2.9; Student’s t test).
SOD1G85R mice heterozygous for the NF-L gene showed an
apparent intermediate age of onset [mean onset 382 " 8 days
(n # 28)], although this did not reach statistical significance from
SOD1G85R mice with normal neurofilament content (P % 0.25,
t # 0.17).

The absence of neurofilaments also produced a significantly
increased lifespan (Fig. 2B; Table 1), with the average survival of
388 " 11 (n # 24) days for SOD1G85R mice with a normal level
of neurofilaments compared with 433 " 14 (n # 14; P $ 0.013,
t # 2.6) days for SOD1G85R mice lacking neurofilaments. Accel-
eration of SOD1-mediated disease by neurofilaments is not due
to any changes in SOD1 protein levels, since immunoblotting also
revealed that the levels of wild-type and SOD1G85R (which
migrates more slowly than the endogenous mouse SOD1; Fig. 1B)
were unaffected by neurofilament content.

Neurofilaments Are Important for Efficient Survival of Motor
Neurons During Development but Increase the Vulnerability of
Motor Neurons to SOD1G85R Toxicity. Because neurofilaments
are normally an abundant structural feature of axons, a key
question is whether the mechanism and the extent of degenera-
tion are the same in SOD1G85R mice with or without neurofila-
ments. Examination of L5 ventral roots from mice with (Fig. 3A)
and without (Fig. 3C) neurofilaments revealed the anticipated
neurofilament-dependent growth in axonal caliber. Beyond this
result, end-stage SOD1G85R mice displayed swollen axons, Wal-
lerian degeneration, and loss of large motor axons in mice with
normal levels (Fig. 3D), half the normal levels (Fig. 3E), or
completely lacking neurofilaments (Fig. 3F). At 12 months of age
(the mean age of onset for NF-L !!!, SOD1G85R mice), the
NF-L &!&, SOD1G85R mice showed no axon loss or axonal

degeneration (Fig. 4 A and B), indicating that the delay in onset
of disease is really a delay in onset of degeneration rather than a
slowing of disease progression.

Counting of axons from mice as young as 3 months revealed
that independent of the SOD1G85R transgene, the NF-L &!&
mice lose 13% of their lower motor neurons early in life [as
initially reported (30)]. The delay in disease onset and extension
of lifespan arises in NF-L &!&, SOD1G85R mice despite this
significant initial disadvantage in motor neuron number. Conse-
quently, the NF-L !!!, SOD1G85R mice lose 42% of their initial
motor axons from disease onset to end stage, whereas the NF-L
&!&, SOD1G85R mice lose only 28% of their axons to reach the
same end stage number of axons (mean axon loss of 416 and 243
axons respectively; Fig. 4A; Table 2). Comparison of the number
of axons lost to the length of disease progression indicates a 35%
increase in the rate of axon loss in the mice with neurofilaments
compared with those without [19 axons per day (n # 23) versus
14 (n # 14), respectively]. The acceleration of degeneration in the
presence of neurofilaments is further supported by the fact that

FIG. 2. Delayed disease onset and increased survival in SOD1G85R

mice lacking neurofilaments. Kaplan–Meier curves showing age of
onset (A) and survival (B) of SOD1G85R mice in the presence or
absence of neurofilaments.

FIG. 3. Reduced motor axon loss, but increased sensory loss, in
SOD1G85R mice lacking neurofilaments. Ventral (A–C) and dorsal
(G–I) L5 roots from wild-type, NF-L !!&, and NF-L &!& mice,
respectively. Ventral (D–F) and dorsal (J–L) L5 roots from end-stage
NF-L !!!, NF-L !!&, or NF-L &!& mice expressing the SOD1G85R

transgene. (Scale bar, 20 !m.)

Table 1. Absence of neurofilaments slows onset of SOD1-mediated ALS in mice

Age, days

NF-L !!!, SOD1G85R NF-L !!&, SOD1G85R NF-L &!&, SOD1G85R

Onset 372 " 10 (n # 22) 382 " 9 (n # 28) 416 " 12 (n # 14)
Survival 388 " 11 (n # 24) 397 " 11 (n # 33) 433 " 14 (n # 14)
Duration 21 " 2 (n # 23) 22 " 2 (n # 30) 17 " 3 (n # 14)

Results are mean " SEM.
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306 ZHU, COUILLARD-DESPRÉS, AND JULIEN
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Fig.5. The axonal caliber of NF-L (-/-) mice decreased comparing with wild NF-L 
(+/+) mice  

maintaining the axonal morphology. Many neurodegenerative diseases such as Amyotrophic Lateral Sclerosis 
(ALS) and Charcot-Marie-Tooth (CMT) disease causes the axonal degeneration preceded by neuropathy. We 
believe the basic theory to cause the neuropathy of the  neuronal degenerative diseases and compressional 
peripheral neuropathy are the same pathogenesis related NFs. Our future new findings will also have broader 
implications for the mechanics of neuronal disorder related NFs functions.  
 
3. PRELIMINARY STUDIES AND EXPERIMENTAL APPROACH 
 
Aim 1: Determine the contribution of NFs to the overall mechanical strength of neuron 
 
Preliminary Studies  
1. Morphological differences including ultrastructural studies on NF-L(-/-)       
     
   We hypothesized that NFs 
produce the resistance to the 
mechanical force, and the disruption 
of NFs due to the deficient of NF-L 
will cause the fragility of axon 
against the physical stress. To 
confirm the effect of the loss of NF-L 
on the neuronal tissues, whole mice 
was fixed by cardiac perfusion with a 
mixture of glutaraldehyde and 
formaldehyde. The nerves were 
excised, processed for electron 
microscopy and embedded in epoxy 
resin. For histological measurements 
of axonal number and the size 
distribution in peripheral nerves, 1 
µm cross sections were mounted on 
glass slides, counterstained with 
toluidine blue, and imaged with 
light microscopy under bright-
field transmitted light 
illumination.  
   First, the ventral and dorsal 
root image among wild type NF-
L (+/+), hetero NF-L (+/-) and 
NF-L (-/-) mice were compared 
using the semi-thin section 
staining (Fig.5). Although there 
was no significant differences of the 
axonal calibers between NF-L (+/+) and NF-L (+/-) (Fig5 A,D and B,E), however, the axonal caliber in NF-L (-/-) 
decreased dramatically in both ventral and dorsal root (Fig5 C,F).  
   The axonal diameter in the NF-L (-/-) mice were smaller than that of wild type NF-L (+/+) mice. To confirm 
whether it was related to the loss of NFs actually, we took higher magnification electron microscopic images of 
tibia nerve. For transmission electron microscopy, silver/gold sections were collected on copper grids and 
stained with lead citrate and uranyl acetate in Fig 6. We focused on myelinated axons here, because 
unmyelinated axons appeared normally in NF-L (-/-) mice previous study (21). This is presumably because 
these axons are known to express peripherin in place of NF-L (21-22) and thus are unaffected by the loss of 
NF-L. NFs were absent from axon in NF-L (-/-) mice and enlarged axons were not encountered in these mice. 

SOD1G85R, NF-L !!! mice; Table 1] than did neurofilament-
free animals [416 " 12 days (n # 14)]. This difference was highly
statistically significant (P $ 0.007, t # 2.9; Student’s t test).
SOD1G85R mice heterozygous for the NF-L gene showed an
apparent intermediate age of onset [mean onset 382 " 8 days
(n # 28)], although this did not reach statistical significance from
SOD1G85R mice with normal neurofilament content (P % 0.25,
t # 0.17).

The absence of neurofilaments also produced a significantly
increased lifespan (Fig. 2B; Table 1), with the average survival of
388 " 11 (n # 24) days for SOD1G85R mice with a normal level
of neurofilaments compared with 433 " 14 (n # 14; P $ 0.013,
t # 2.6) days for SOD1G85R mice lacking neurofilaments. Accel-
eration of SOD1-mediated disease by neurofilaments is not due
to any changes in SOD1 protein levels, since immunoblotting also
revealed that the levels of wild-type and SOD1G85R (which
migrates more slowly than the endogenous mouse SOD1; Fig. 1B)
were unaffected by neurofilament content.

Neurofilaments Are Important for Efficient Survival of Motor
Neurons During Development but Increase the Vulnerability of
Motor Neurons to SOD1G85R Toxicity. Because neurofilaments
are normally an abundant structural feature of axons, a key
question is whether the mechanism and the extent of degenera-
tion are the same in SOD1G85R mice with or without neurofila-
ments. Examination of L5 ventral roots from mice with (Fig. 3A)
and without (Fig. 3C) neurofilaments revealed the anticipated
neurofilament-dependent growth in axonal caliber. Beyond this
result, end-stage SOD1G85R mice displayed swollen axons, Wal-
lerian degeneration, and loss of large motor axons in mice with
normal levels (Fig. 3D), half the normal levels (Fig. 3E), or
completely lacking neurofilaments (Fig. 3F). At 12 months of age
(the mean age of onset for NF-L !!!, SOD1G85R mice), the
NF-L &!&, SOD1G85R mice showed no axon loss or axonal

degeneration (Fig. 4 A and B), indicating that the delay in onset
of disease is really a delay in onset of degeneration rather than a
slowing of disease progression.

Counting of axons from mice as young as 3 months revealed
that independent of the SOD1G85R transgene, the NF-L &!&
mice lose 13% of their lower motor neurons early in life [as
initially reported (30)]. The delay in disease onset and extension
of lifespan arises in NF-L &!&, SOD1G85R mice despite this
significant initial disadvantage in motor neuron number. Conse-
quently, the NF-L !!!, SOD1G85R mice lose 42% of their initial
motor axons from disease onset to end stage, whereas the NF-L
&!&, SOD1G85R mice lose only 28% of their axons to reach the
same end stage number of axons (mean axon loss of 416 and 243
axons respectively; Fig. 4A; Table 2). Comparison of the number
of axons lost to the length of disease progression indicates a 35%
increase in the rate of axon loss in the mice with neurofilaments
compared with those without [19 axons per day (n # 23) versus
14 (n # 14), respectively]. The acceleration of degeneration in the
presence of neurofilaments is further supported by the fact that

FIG. 2. Delayed disease onset and increased survival in SOD1G85R

mice lacking neurofilaments. Kaplan–Meier curves showing age of
onset (A) and survival (B) of SOD1G85R mice in the presence or
absence of neurofilaments.

FIG. 3. Reduced motor axon loss, but increased sensory loss, in
SOD1G85R mice lacking neurofilaments. Ventral (A–C) and dorsal
(G–I) L5 roots from wild-type, NF-L !!&, and NF-L &!& mice,
respectively. Ventral (D–F) and dorsal (J–L) L5 roots from end-stage
NF-L !!!, NF-L !!&, or NF-L &!& mice expressing the SOD1G85R

transgene. (Scale bar, 20 !m.)

Table 1. Absence of neurofilaments slows onset of SOD1-mediated ALS in mice

Age, days

NF-L !!!, SOD1G85R NF-L !!&, SOD1G85R NF-L &!&, SOD1G85R

Onset 372 " 10 (n # 22) 382 " 9 (n # 28) 416 " 12 (n # 14)
Survival 388 " 11 (n # 24) 397 " 11 (n # 33) 433 " 14 (n # 14)
Duration 21 " 2 (n # 23) 22 " 2 (n # 30) 17 " 3 (n # 14)

Results are mean " SEM.
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Fig.5. The axonal caliber of NF-L (-/-) mice decreased comparing with wild NF-L 
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maintaining the axonal morphology. Many neurodegenerative diseases such as Amyotrophic Lateral Sclerosis 
(ALS) and Charcot-Marie-Tooth (CMT) disease causes the axonal degeneration preceded by neuropathy. We 
believe the basic theory to cause the neuropathy of the  neuronal degenerative diseases and compressional 
peripheral neuropathy are the same pathogenesis related NFs. Our future new findings will also have broader 
implications for the mechanics of neuronal disorder related NFs functions.  
 
3. PRELIMINARY STUDIES AND EXPERIMENTAL APPROACH 
 
Aim 1: Determine the contribution of NFs to the overall mechanical strength of neuron 
 
Preliminary Studies  
1. Morphological differences including ultrastructural studies on NF-L(-/-)       
     
   We hypothesized that NFs 
produce the resistance to the 
mechanical force, and the disruption 
of NFs due to the deficient of NF-L 
will cause the fragility of axon 
against the physical stress. To 
confirm the effect of the loss of NF-L 
on the neuronal tissues, whole mice 
was fixed by cardiac perfusion with a 
mixture of glutaraldehyde and 
formaldehyde. The nerves were 
excised, processed for electron 
microscopy and embedded in epoxy 
resin. For histological measurements 
of axonal number and the size 
distribution in peripheral nerves, 1 
µm cross sections were mounted on 
glass slides, counterstained with 
toluidine blue, and imaged with 
light microscopy under bright-
field transmitted light 
illumination.  
   First, the ventral and dorsal 
root image among wild type NF-
L (+/+), hetero NF-L (+/-) and 
NF-L (-/-) mice were compared 
using the semi-thin section 
staining (Fig.5). Although there 
was no significant differences of the 
axonal calibers between NF-L (+/+) and NF-L (+/-) (Fig5 A,D and B,E), however, the axonal caliber in NF-L (-/-) 
decreased dramatically in both ventral and dorsal root (Fig5 C,F).  
   The axonal diameter in the NF-L (-/-) mice were smaller than that of wild type NF-L (+/+) mice. To confirm 
whether it was related to the loss of NFs actually, we took higher magnification electron microscopic images of 
tibia nerve. For transmission electron microscopy, silver/gold sections were collected on copper grids and 
stained with lead citrate and uranyl acetate in Fig 6. We focused on myelinated axons here, because 
unmyelinated axons appeared normally in NF-L (-/-) mice previous study (21). This is presumably because 
these axons are known to express peripherin in place of NF-L (21-22) and thus are unaffected by the loss of 
NF-L. NFs were absent from axon in NF-L (-/-) mice and enlarged axons were not encountered in these mice. 

SOD1G85R, NF-L !!! mice; Table 1] than did neurofilament-
free animals [416 " 12 days (n # 14)]. This difference was highly
statistically significant (P $ 0.007, t # 2.9; Student’s t test).
SOD1G85R mice heterozygous for the NF-L gene showed an
apparent intermediate age of onset [mean onset 382 " 8 days
(n # 28)], although this did not reach statistical significance from
SOD1G85R mice with normal neurofilament content (P % 0.25,
t # 0.17).

The absence of neurofilaments also produced a significantly
increased lifespan (Fig. 2B; Table 1), with the average survival of
388 " 11 (n # 24) days for SOD1G85R mice with a normal level
of neurofilaments compared with 433 " 14 (n # 14; P $ 0.013,
t # 2.6) days for SOD1G85R mice lacking neurofilaments. Accel-
eration of SOD1-mediated disease by neurofilaments is not due
to any changes in SOD1 protein levels, since immunoblotting also
revealed that the levels of wild-type and SOD1G85R (which
migrates more slowly than the endogenous mouse SOD1; Fig. 1B)
were unaffected by neurofilament content.

Neurofilaments Are Important for Efficient Survival of Motor
Neurons During Development but Increase the Vulnerability of
Motor Neurons to SOD1G85R Toxicity. Because neurofilaments
are normally an abundant structural feature of axons, a key
question is whether the mechanism and the extent of degenera-
tion are the same in SOD1G85R mice with or without neurofila-
ments. Examination of L5 ventral roots from mice with (Fig. 3A)
and without (Fig. 3C) neurofilaments revealed the anticipated
neurofilament-dependent growth in axonal caliber. Beyond this
result, end-stage SOD1G85R mice displayed swollen axons, Wal-
lerian degeneration, and loss of large motor axons in mice with
normal levels (Fig. 3D), half the normal levels (Fig. 3E), or
completely lacking neurofilaments (Fig. 3F). At 12 months of age
(the mean age of onset for NF-L !!!, SOD1G85R mice), the
NF-L &!&, SOD1G85R mice showed no axon loss or axonal

degeneration (Fig. 4 A and B), indicating that the delay in onset
of disease is really a delay in onset of degeneration rather than a
slowing of disease progression.

Counting of axons from mice as young as 3 months revealed
that independent of the SOD1G85R transgene, the NF-L &!&
mice lose 13% of their lower motor neurons early in life [as
initially reported (30)]. The delay in disease onset and extension
of lifespan arises in NF-L &!&, SOD1G85R mice despite this
significant initial disadvantage in motor neuron number. Conse-
quently, the NF-L !!!, SOD1G85R mice lose 42% of their initial
motor axons from disease onset to end stage, whereas the NF-L
&!&, SOD1G85R mice lose only 28% of their axons to reach the
same end stage number of axons (mean axon loss of 416 and 243
axons respectively; Fig. 4A; Table 2). Comparison of the number
of axons lost to the length of disease progression indicates a 35%
increase in the rate of axon loss in the mice with neurofilaments
compared with those without [19 axons per day (n # 23) versus
14 (n # 14), respectively]. The acceleration of degeneration in the
presence of neurofilaments is further supported by the fact that

FIG. 2. Delayed disease onset and increased survival in SOD1G85R

mice lacking neurofilaments. Kaplan–Meier curves showing age of
onset (A) and survival (B) of SOD1G85R mice in the presence or
absence of neurofilaments.

FIG. 3. Reduced motor axon loss, but increased sensory loss, in
SOD1G85R mice lacking neurofilaments. Ventral (A–C) and dorsal
(G–I) L5 roots from wild-type, NF-L !!&, and NF-L &!& mice,
respectively. Ventral (D–F) and dorsal (J–L) L5 roots from end-stage
NF-L !!!, NF-L !!&, or NF-L &!& mice expressing the SOD1G85R

transgene. (Scale bar, 20 !m.)

Table 1. Absence of neurofilaments slows onset of SOD1-mediated ALS in mice

Age, days

NF-L !!!, SOD1G85R NF-L !!&, SOD1G85R NF-L &!&, SOD1G85R

Onset 372 " 10 (n # 22) 382 " 9 (n # 28) 416 " 12 (n # 14)
Survival 388 " 11 (n # 24) 397 " 11 (n # 33) 433 " 14 (n # 14)
Duration 21 " 2 (n # 23) 22 " 2 (n # 30) 17 " 3 (n # 14)

Results are mean " SEM.
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軸索直径の比較 
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by crossing with wild type.  Both the null and missense mutations segregate with Mendelian proportions.  We 
obtain NFL-/-  and NFL+/- mice by crossing NFL+/- heterozygotes.  We will cross NFL-/- and NFLN98S/+  mice to 
obtain NFLN98S/-  mice, which express the missense mutant allele on a null background.  We will characterize the 
phenotype of the mice using nerve conduction measurements, horizontal ladder test and nerve histology. 

Nerve conduction studies are routine clinical measures used as diagnostic tests and prognostic biomarkers in 
patients with CMT (Komyathy et al., 2013).  We have previously leveraged a variety of nerve conduction 
techniques to investigate disease phenotype and mechanism as well as to objectively measure therapeutic effect 
in several preclinical and clinical studies of a variety of neuromuscular disorders including CMT (Arnold et al., 
2014; Duque et al., 2015; Li et al., 2014; Mendell et al., 2017).  Scherer and colleagues have shown that nerve 
conduction measurements are also a sensitive measure of disease in NFLN98S/+ mice (Lancaster et al., 2018). 
Nerve conduction studies have the advantage that they are objective (independent of behavior), correlate with 
disease severity in a variety of animal models and in humans, and have a direct clinical correlate with human 
patients. Thus, we will perform longitudinal comparative caudal nerve conduction studies on NFL+/+, NFL-/-, NFL+/-

, NFLN98S/+ and NFLN98S/-  mice. We will select the mice included in the study to ensure an approximate 50/50 
male/female ratio.  Gender-specific differences are not expected, but will include gender comparisons in our 
statistical analysis to confirm this.  The mice will be bred in the Brown lab and recordings will be performed by 
members of the Arnold lab, who will be blinded to the genotype of the mice they are testing.  The measurements 
will be performed under general anesthesia, induced with isoflurane. Body temperature (37°C) will be maintained 
using a thermostatically-controlled warming plate. Filters will be set at 20 Hz for the low pass and 2 kHz for the 
high pass. Stimulation and recording will be performed using two pairs of ring electrodes, with the stimulating 
electrode placed 20 mm distal from the active recording electrode, resulting in an evoked impulse that is 
orthodromic for sensory axons. Compound nerve action potentials will be obtained by applying a supramaximal 
stimulation with an intensity range of 0-10 mA and a duration of 0.05-0.1 ms. The amplitude, duration, onset 
latency, and peak latency will be compared between genotypes.  We will start at 4 weeks of age and continue at 
4 week intervals to 16 weeks of age.  A statistical power analysis based on our preliminary data on the NFL+/+, 
NFL-/- and NFLN98S/+ mice indicates that 8 mice of each gender (16 per genotype) will provide >90% power to 
detect significant differences between groups.  Our preliminary data confirm that we can perform nerve 
conduction measurements reliably on mice as young as 4 weeks of age and that our results for the NFLN98S/+ 

mice are qualitatively similar to those published by Scherer and colleagues (Lancaster et al., 2018) (Fig. 5). 

Fig. 5. Pilot caudal nerve conduction study on 
wt, NFL-/-, and NFLN98S/+ mice.  A. Sample 
orthodromic nerve conduction response 
showing the measurement of peak latency 
and amplitude. B. Peak latency (inversely 
related to conduction velocity). Two-way 
ANOVA for repeated measures demonstrates 
significant differences for peak latency between genotypes and ages (p<0.0001) but no significant interaction (p=0.0593). 
On Tukey's multiple comparisons peak latencies for both NFL-/- and NFLN98S/+ mice are significantly prolonged compared 
with wild type mice at all ages (p<0.001).  Furthermore, peak latencies in NFL-/- mice are  prolonged significantly compared 
with NFLN98S/+ mice at 4 weeks and 12 weeks (p<0.001) but not 8 weeks (p=0.1950). C. Amplitude.  Two-way ANOVA for 
repeated measures demonstrates significant differences between genotypes (p<0.0001) and age (p=0.0270) with no 
significant interaction (p=0.0519).  On Tukey’s multiple comparisons tests both NFL-/-, and NFLN98S/+ mice show significantly 
reduced amplitudes compared with wild type mice (p<0.05) at all ages. Furthermore, NFL-/- shown reduced amplitudes 
compared with NFLN98S/+ mice at week 4 (p<0.01) but not at week 8 or 12. Data are shown as mean ± s.e.m.  n=7-9 mice 
per genotype, roughly 50/50 male/female.   

To establish morphological correlates of the nerve conduction data, we will perform histology on sciatic and 
caudal nerve cross-sections at the end of the nerve conduction study.  Mice will be fixed by cardiac perfusion 
with a mixture of glutaraldehyde and formaldehyde. The nerves will be excised, processed for electron 
microscopy and embedded in epoxy resin. For histological measurements of peripheral nerves, 1 µm cross-
sections will be mounted on glass slides, counterstained with toluidine blue, and imaged by light microscopy 
under bright-field transmitted light illumination.  We will measure axon number, size and G-ratio.  For 
transmission electron microscopy, silver/gold sections will be collected on copper grids and stained with lead 
citrate and uranyl acetate. 

ピーク伝導速度の比較 

NF-L+/+ 

NF-L-/- 

図2 ニューロフィラメント欠損が神経組織に与える影響 
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４．考察（結論） 

ニューロフィラメント欠損動物では、神経軸索直径が減少し、それにともない神経伝導速度も低下して
いることが明らかになった。老化や多くの軸索変性疾患では、末梢側でニューロフィラメントが減少し
ていること、またその原因はニューロフィラメント蛋白が末梢側に運ばれる時の輸送速度が低下してい
ることが、研究代表者の先行研究で明らかになっていることから、この動物の組織を用いて軸索へのメ
カニカルストレスに対する耐性強度を比較すれば、ニューロフィラメントの量的変化が、軸索の強度、
脆弱性などにも影響を与えることを示すことができるのではないかと考えている。このことが明らかに
なれば、糖尿病などで認められる末梢神経障害にも、ニューロフィラメントが関与している可能性をを
示唆することができるだろう。今後、継続してこの研究を進めていくことで、軸索変性疾患と、細胞骨
格ニューロフィラメントの因果関係を明らかにすることができるのではないかと考えている。 

 一方、臨床現場において、血漿中のニューロフィラメント蛋白量の増加が、軸索変性疾患のバイオマ
ーカーとして使用されるようになってきているが、これらの蛋白質がどのような課程を経て血漿中に流
入するかについてはわかっていない。バイオマーカーとして使用されているニューロフィラメントの神
経細胞内、軸索内での動態、血漿中に存在する意義を明らかにすることで、バイオマーカーとしての信
憑性を確立することもできるようになると考えている。 
 
５．成果の発表（学会・論文等，予定を含む）  
   
・MBoC Research Highlights from special issue on Cell Biology and Nervous System “invitation speaker”  
                                                                                (May 22, 2024) 

 ・Stone EJ, Uchida A and Brown A   (Stone EJ & Uchida A :contributed equally) 
     The Effect of Charcot-Marie-Tooth Disease Mutations in Neurofilament Light on Neurofilaments（登校準備中） 
 
・Uchida A, Peng L, Brown A 

    Regulation of neurofilament length and transport by a dynamic cycle of phosphor- 
    Dependent polymer severing and annealing 
    Molecular Biology of the cell (2023) Vol 34(7)  doi: 10.1091/mbc.E23-01-0024 
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