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Abstract

Hereditary spastic paraplegia (HSP) is a disease in which dieback degeneration of corticospinal tracts, accompanied by axonal
swellings, leads to gait deficiencies. SPG4-HSP, the most common form of the disease, results from mutations of human spastin gene
(SPAST), which is the gene that encodes spastin, a microtubule-severing protein. The lack of a vertebrate model that recapitulates
both the etiology and symptoms of SPG4-HSP has stymied the development of effective therapies for the disease. hSPAST-C448Y
mice, which express human mutant spastin at the ROSA26 locus, display corticospinal dieback and gait deficiencies but not axonal
swellings. On the other hand, mouse spastin gene (Spast)-knockout (KO) mice display axonal swellings but not corticospinal dieback
or gait deficiencies. One possibility is that reduced spastin function, resulting in axonal swellings, is not the cause of the disease but
exacerbates the toxic effects of the mutant protein. To explore this idea, Spast-KO and hSPAST-C448Y mice were crossbred, and the
offspring were compared with the parental lines via histological and behavioral analyses. The crossbred animals displayed axonal
swellings as well as earlier onset, worsened gait deficiencies and corticospinal dieback compared with the hSPAST-C448Y mouse.
These results, together with observations on changes in histone deacetylases 6 and tubulin modifications in the axon, indicate that
each of these three transgenic mouse lines is valuable for investigating a different component of the disease pathology. Moreover, the
crossbred mice are the best vertebrate model to date for testing potential therapies for SPG4-HSP.

Introduction
Hereditary spastic paraplegia (HSP) is a heritable neu-
rodegenerative disorder, usually adult onset, in which
spasticity with progressive muscle weakness of the lower
limbs leads to gait deficiencies (1). These gait deficiencies
result from dieback degeneration of the corticospinal
tracts (CSTs) during which the relevant axons display
pathological swellings along their length (2). Human
spastin gene (SPAST), the most commonly mutated gene
in HSP, encodes spastin, a microtubule (MT)-severing
protein with membrane-related properties. Mutations
in SPAST result in an autosomal dominant form of
the disease called SPG4-HSP. Progress has been slow
in developing therapies for patients with SPG4-HSP, in
part because of the lack of a vertebrate model that
recapitulates both the etiology and symptoms of the
disease.

On the presumption of haploinsufficiency as the eti-
ology of the disease, cellular and animal models for
SPG4-HSP for many years revolved around the partial or

complete knockdown of expression of the endogenous
spastin genes (3–6). This presumption was based on the
lack of detection of mutant spastin proteins in non-
neuronal cells and tissues from human patients (7,8)
and the fact that the same disease is produced by dif-
ferent pathogenic mutations of SPAST that vary in type,
including missense, nonsense, frameshift and truncating
(9). To this day, most experimental data in the field are
still interpreted within the framework of haploinsuffi-
ciency, as are most clinical studies on patients. Curiously,
however, the corticospinal axons in mouse spastin gene
(Spast)-knockout (KO) mice display swellings, but they
neither display dieback degeneration nor gait deficien-
cies (10–12).

Challenging the presumption of haploinsufficiency,
studies from our laboratories have provided evidence for
a gain-of-function etiology for SPG4-HSP. These studies,
conducted on various cellular and invertebrate model
systems, have shown that when spastin is mutated,
one of its two isoforms, termed M1, acquires cytotoxic
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properties not shared by the other isoform, termed
M87 (M85 in rodents) (9,13–15). M1 accumulates in the
spinal cord but not in non-neuronal cells or tissues,
potentially explaining the lack of detection of mutant
spastin proteins in those earlier studies. Building on this
work, we recently generated a new mouse model, termed
hSPAST-C448Y, in which full-length human spastin with
the missense C448Y mutation was inserted into the
ROSA26 locus (16). This mouse, which also expresses
the normal complement of functional mouse spastin,
displays adult-onset gait deficiencies and corticospinal
dieback degeneration but no axonal swellings (16).

Taking these various observations into account, we
have proposed that cytotoxicity of mutant spastin
proteins is necessary and sufficient for corticospinal
dieback degeneration and gait deficiencies but that
reduced spastin function renders the axons more
vulnerable to the toxic effects of the mutant proteins (17).
In this scenario, the axonal swellings are a morphological
indicator of this vulnerability. If this scenario is correct,
both the hSPAST-C448Y and the Spast-KO mouse are
useful in that they isolate for study one of the two
key components of the disease, namely gain-of-function
of the mutant spastin or loss-of-function of wild-type
spastin. However, crossbreeding the two mouse lines
should theoretically produce offspring that recapitulate
both components of the disease, with axonal swellings
as well as dieback degeneration and gait defects that
are exacerbated compared with the hSPAST-C448Y. If
this is the case, the crossbred animals would be to date
the most accurate vertebrate model for testing potential
therapies for the disease. Here, we explore this scenario
and also expand our studies on the mechanistic basis
of the disease by exploring potential changes in post-
translational tubulin acetylation resulting from each
component of the disease.

Results
Generation of hSPAST-C448Y+/−;Spast+/− (dHet)
mouse model
A transgenic mouse model with a full-length human
spastin carrying the missense mutation C448Y was
crossed with a Spast-KO mouse (Fig. 1A). Briefly, a
floxed (loxP-flanked) transcriptional STOP cassette was
incorporated between the transgene and the promoter to
allow expression to be dependent upon Cre recombinase.
Ubiquitous Cre mice obtained from GenOway were used
to unlock the expression of the mutant spastin (16).
The Spast-KO mouse (named Spast−) (18) was generated
via the KO-first approach. As a result, deletion of Spast
expression was achieved, and mice were genotyped by
polymerase chain reaction (PCR). Genomic DNA (gDNA)
obtained from ear punches of the offspring were used to
identify genotypes (Fig. 1B). Semi-quantitative PCR was
performed to identify Spast+/− heterozygotes (see primer
pairs for distinguishing either the wild-type allele or the
KO allele, Fig. 1C and D), while quantitative real-time PCR

(qRT-PCR) was applied to verify the expression of C448Y-
mutated human spastin (see primer pair for identifying
the hSPAST insert at the ROSA 26 locus, Fig. 1E and F).
Heterozygous mice from both lines were crossbred, and
typical PCR genotyping results are shown in Figure 1C–F.

The double heterozygous (hSPAST-C448Y+/−;Spast+/−)
mouse was confirmed by qPCR to contain one allele of
human SPAST-C448Y (at ROSA26 locus) and one null
allele of mouse spastin. Moreover, western blot analysis
on spinal cord tissues from hemi-/heterozygous adult
mice confirmed the expected reductions in spastin levels
in Spast+/− and in both hSPAST-C448Y+/− and hSPAST-
C448Y+/−;Spast+/−. Of note, the latter two both displayed
accumulated levels of M1 (Fig. 1G and H). Heterozygous
mice were used for these analyses since SPG4-HSP is an
autosomal dominant disease. Therefore, the following
genotypes were applied to this study: wild-type, Spast+/−,
hSPAST-C448Y+/− and hSPAST-C448Y+/−; Spast+/−. The
four genotypes are referred to as wild-type, m-KO-Het,
h-KI-Het and dHet, respectively. Thus, for the first time,
a mouse model in which functional spastin is reduced
together with the expression of human mutated spastin
was created.

Gait impairments relevant to human HSP
symptoms identified in dHet mice and h-KI-Het
mice, but not in m-KO-Het mice, also
exacerbated in dHet mice
One of the most objective and sensitive assays for gait
deficiencies and locomotor malfunctions in rodent mod-
els is the Catwalk automated quantitative gait analysis,
a computer-assisted assay capable of detecting even very
subtle motor abnormalities (Fig. 2A and B) (19–22). Lon-
gitudinal analyses were performed on a cohort of four
different genotypes: wild-type, m-KO-Het, h-KI-Het and
dHet, all of which were tested at different ages as 2, 3, 6,
9, 12 and 15 months of age. To assess potential behavior
deficits, 8–12 animals were used for each genotype at dif-
ferent ages of life. Animals underwent a week of training
to learn the task before recording (Fig. 2C).

All of our behavioral studies were carried out on males
because our previous studies indicated that males main-
tain a more consistent and severe phenotype compared
with their female counterparts (16). Among all of the
parameters that can be extracted from the recorded
movies, a subset of parameters was selected based on
their close relevance to the gait defects observed in HSP
patients (23). No obvious defects during development
were observed in any of the four groups. All of the mice
were retired from further testing at 15 months of age. The
parameters included in the study are (i) stand duration,
(ii) swing duration, (iii) step width, (iv) base of support
and (v) paw prints position (Figs 2 and 3). Paw prints are
obviously not included in human studies (23) but are
important for evaluating gait impairment in rodents.

No significant differences were identified in animals
younger than 3 months of age regarding any of the
parameters examined (>25 out of 100), including
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Figure 1. Generation of the mouse models of four genotypes for the study of SPG4-HSP etiology. (A) The strategy used to generate mouse models of the
four genotypes. Spast+/− and hSPAST-C448Y+/− mice were crossbred to obtain the four genotypes of interest: the hSPAST-C448Y−/−;Spast+/+ mice (aka
wild-type) have normal functions and two endogenous mouse spastin alleles; the Spast+/− mice (aka m-KO-Het) have a loss-of-function phenotype and
one endogenous mouse spastin allele; the hSPAST-C448Y+/− mice (aka h-KI-Het) have a gain-of-function toxicity phenotype with one human mutated
spastin allele with the two endogenous mouse spastin alleles. The hSPAST-C448Y+/−;Spast+/− mice (aka dHet) have both loss-of-function and gain-
of-function phenotypes and they possess one human-mutated C448Y allele and one mouse endogenous spastin allele. (B) Mice were ear punched at
21–28 days of age and gDNA was extracted to perform qRT-PCRs and qualitative PCRs to validate their genotypes. (C) Schematic representation of
the primers annealing on the mouse Spast sequence. (D) gDNA was subjected to a touchdown PCR protocol to discriminate wild-type and Spast-KO
mice, both heterozygous (m-KO-Het) and homozygous (m-KO-Hom), among the littermates. (E) Schematic representation of the primers annealing on
the human SPAST sequence. (F) gDNA products from qRT-PCR were electrophoresed on 1% agarose gel to visualize the hSPAST band among the three
genotypes in the transgenic hSPAST-C448Y mouse model: wild-type, heterozygous (h-KI-Het) and homozygous (h-KI-Hom). (G) Schematic illustration
of spastin protein domains. M1 and M85/M87 start codons are highlighted. N-Term, N-terminal; MIT, microtubules interacting and trafficking domain;
MTBD, microtubule binding domain; AAA, ATPase associated with various cellular activities. The localization of the C448Y mutation is also shown at
the AAA domain. (H) A representative western blotting image of distinct spastin expression patterns in the spinal cord tissues in all four genotypes of
interest.
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Figure 2. Timeline and parameters of Catwalk analyses applied to identify the gait impairments related to SPG4-HSP. (A) The Catwalk apparatus is
shown. (B) Each movie required a post-processing step to obtain all of the parameters for the subsequent analysis. (C) The timeline shows the age points
taken for analysis of each of the four groups. One week prior the actual recording, mice were trained for the task. (D) Representative timing view of
wild-type and dHet paws during recording. (E and F) Stand duration of the hind paws shows significant increase in h-KI-Het mice during adulthood. The
phenotype is worsened in dHet mouse model. (G) The print position measures the distance between the position of the hind paw and the previously
placed front paw on the same side of the body and in the same step cycle. (H and I) Print position parameter shows a significant increase in h-KI-Het,
which is more prominent in dHet mice. Between 8 and 12 animals were used for the behavioral testing, and data are represented as mean ± S.D. For
statistical tests, one-way ANOVA with Tukey post hoc analysis was conducted. ∗P < 0.05, ∗∗P < 0.002, ∗∗∗P < 0.001. For additional information related to
this figure, see Tables 1 and 2.

the most relevant 5 listed before among all of the 4 mouse
groups (Figs 2 and 3). Gait impairment started to appear
in certain mouse groups when they reached 3 months
of age. Both h-KI-Het and dHet mice showed prolonged

stand durations that affected mainly the hind paws
(Fig. 2D–F, Table 1), while no significant differences were
detected for the front paws (Supplementary Material,
Fig. S1A and B, Supplementary Material, Table S1).

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab367#supplementary-data
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Figure 3. Step width and base of support in the Catwalk analyses among the mice with all four genotypes. (A) Representative step width paws of wild-
type and dHet. (B and C) Hind paws step width significantly increase in h-KI-Het at 9 months of age. Symptoms for this parameter appeared earlier in
dHet at 6 months of age, highlighting a stronger phenotype compared with h-KI-Het. (D) The base of support represents the average width in cm between
either the front paws or the hind paws. (E and F) The hind paw base of support highlights a significant change in h-KI-Het, which is more prominent
in the dHet mice starting at 3 months of age. Between 8 and 12 animals were used for the behavioral testing, and data are represented as mean ± S.D.
For statistical tests, one-way ANOVA with Tukey post hoc analysis was conducted. ∗P < 0.05, ∗∗P < 0.002, ∗∗∗P < 0.001. For additional information related
to this figure, see Tables 3 and 4.

Significant differences were also observed for the print
position parameter (Fig. 2G) in the case of the h-KI-
Het and the dHet, compared with the control mice,
whereas no such differences were identified in m-KO-
Het (Fig. 2H and I, Table 2). Increased step width (Fig. 3A)
was also detected in both h-KI-Het and dHet in the hind
paws, with a significant increase around 6 months of age
(Fig. 3B and C, Table 3) that became worse in dHet com-
pared with h-KI-Het at 15 months of age; while no signifi-
cant differences were found in the front paws among the
four genotypes (Supplementary Material, Fig. S1C and D,
Supplementary Material, Table S2). Moreover, an increased
base of support (Fig. 3D) in the hind paws was found
in h-KI-Het and dHet mice (Fig. 3E and F, Table 4).
No significant differences for this parameter were
detected in the front paws (Supplementary Fig. 1E and F,
Supplementary Material, Table S3).

Consistent with our hypothesis, compared with h-KI-
Het, the double transgenic dHet mice manifested sig-
nificantly deteriorated phenotypes in those parameters.
To ascertain whether m-KO-Het mice display any gait
deficiencies at ≥3 months of age, we exhausted the
measurements on 20 more different parameters that can

be extracted from the database of our Catwalk analyses.
No significant differences were detected in any of the
parameters between m-KO-Het and wild-type control
(data not shown). Evidence from our longitudinal Cat-
walk analyses showed that dHet mice displayed worse
gait deficiencies than the h-KI-Het mouse, which were
manifested in stand duration, step width, base of support
and print position, although both mice showed patho-
logical differences compared with the wild-type control
(Figs 2 and 3). No significant differences were detected
among any of the four mouse groups for the swing
duration parameter (Supplementary Material, Fig. S2,
Supplementary Material, Tables S4 and S5).

Distinct axonal defects identified in h-KI-Het,
m-KO-Het and dHet mice
SGP4-HSP is thought to be primarily caused by the degen-
eration of the upper motor neurons whose cell bodies
reside in the motor cerebral cortex, with their long axons
projecting into the spinal cord to form the CSTs (24,25).
Previously, we applied different experimental strategies
that showed consistent anatomical evidence of dieback
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Table 1. Stand duration of the hind paws

Hind paws stand duration Wild-type (s) m-KO-Het (s) h-KI-Het (s) dHet (s)

2 months 0.110 ± 0.005 0.117 ± 0.005 0.111 ± 0.004 0.134 ± 0.015
3 months 0.105 ± 0.004 0.101 ± 0.003 0.129 ± 0.005 0.163 ± 0.008
6 months 0.118 ± 0.003 0.116 ± 0.004 0.162 ± 0.008 0.213 ± 0.007
9 months 0.114 ± 0.005 0.127 ± 0.005 0.166 ± 0.009 0.213 ± 0.019
12 months 0.118 ± 0.005 0.154 ± 0.006 0.217 ± 0.006 0.256 ± 0.015
15 months 0.128 ± 0.005 0.153 ± 0.002 0.257 ± 0.007 0.306 ± 0.025

Table 2. Print position

Print position Wild-type (cm) m-KO-Het (cm) h-KI-Het (cm) dHet (cm)

2 months 0.891 ± 0.250 0.882 ± 0.295 0.879 ± 0.350 0.981 ± 0.339
3 months 1.087 ± 0.233 0.926 ± 0.226 1.131 ± 0.304 1.159 ± 0.490
6 months 1.040 ± 0.158 1.140 ± 0.252 1.156 ± 0.207 1.264 ± 0.328
9 months 1.155 ± 0.142 1.189 ± 0.212 1.383 ± 0.425 1.753 ± 0.476
12 months 1.012 ± 0.220 1.194 ± 0.249 1.454 ± 0.381 1.836 ± 0.475
15 months 1.215 ± 0.284 1.653 ± 0.244 1.849 ± 0.402 1.996 ± 0.254

Table 3. Step width of the hind paws

Hind paws step width Wild-type (cm) m-KO-Het (cm) h-KI-Het (cm) dHet (cm)

2 months 1.108 ± 0.110 1.041 ± 0.111 1.101 ± 0.113 1.027 ± 0.108
3 months 1.094 ± 0.111 1.097 ± 0.096 1.050 ± 0.118 1.123 ± 0.077
6 months 1.095 ± 0.081 1.085 ± 0.104 1.209 ± 0.072 1.275 ± 0.167
9 months 1.106 ± 0.090 1.055 ± 0.116 1.310 ± 0.305 1.352 ± 0.352
12 months 1.071 ± 0.095 1.119 ± 0.128 1.309 ± 0.256 1.352 ± 0.261
15 months 1.136 ± 0.094 1.159 ± 0.033 1.313 ± 0.158 1.407 ± 0.146

Table 4. Base of Support of the hind paws

Hind paws base of support Wild-type (cm) m-KO-Het (cm) h-KI-Het (cm) dHet (cm)

2 months 1.851 ± 0.143 1.986 ± 0.141 2.043 ± 0.163 2.005 ± 0.143
3 months 1.872 ± 0.131 2.025 ± 0.258 2.021 ± 0.203 2.150 ± 0.194
6 months 1.868 ± 0.169 2.060 ± 0.172 2.169 ± 0.178 2.189 ± 0.175
9 months 1.911 ± 0.140 2.069 ± 0.148 2.217 ± 0.101 2.272 ± 0.104
12 months 1.961 ± 0.096 2.077 ± 0.074 2.215 ± 0.121 2.311 ± 0.108
15 months 2.017 ± 0.188 2.112 ± 0.119 2.318 ± 0.185 2.391 ± 0.129

axonal degeneration in the CSTs of the h-KI-Het mouse
(16). Based on the results obtained from the previous
Catwalk analyses, we sought to examine whether phe-
notypical dieback degeneration of CSTs is worse in the
dHet mouse than that in the h-KI-Het mouse. We also
inquired as to whether any anatomical changes could
be identified in the m-KO-Het mouse, although no overt
gait impairment was detected in the Catwalk analyses.
Because our previous data using multiple experimental
methods for anatomical examination all led to a similar
conclusion, we decided to select one of them to proceed,
which was to compare the axon morphologies and num-
bers between the cervical and lumbar level in the spinal
cord via toluidine blue staining (16). The majority of the
CSTs locates in the ventral portion of the dorsal column
in the spinal cord (>95%) (26), which was the region of
interest in our studies.

We measured and compared axonal numbers and
perimeter from the spinal cord at both cervical and
lumbar levels by carrying out toluidine blue staining
on semi-thin plastic embedded cross-sections of all
the four mouse groups, as illustrated in Figure 4A.
Our initial set of analyses was made on the tissues of
mice that were 2 months of age (Fig. 4B); no significant
differences were found in axonal numbers among the
four groups (Fig. 4C and D, Table 5). We then examined
these parameters in the mice at 6 months of age,
when significant gait impairments were detected in
the h-KI-Het and dHet mice. Axonal counts at cervical
and lumbar levels (Fig. 4E and F) revealed a significant
reduction in both h-KI-Het and dHet mice compared
with their wild-type counterparts at the lumbar level,
whereas no such reduction was detected in m-KO-
Het mice (Fig. 4G and H, Table 6). Both h-KO-Het and
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Table 5. Total axon count on 2-month-old mice

Axon count per μm2 Cervical level Lumbar level

Wild-type 1.479 ± 0.454 1.271 ± 0.138
m-KO-Het 1.216 ± 0.200 1.291 ± 0.183
h-KI-Het 1.310 ± 0.144 1.122 ± 0.307
dHet 1.376 ± 0.194 1.253 ± 0.207

Table 6. Total axon count on 6-month-old mice

Axon count per μm2 Cervical level Lumbar level

Wild-type 1.130 ± 0.114 1.679 ± 0.454
m-KO-Het 1.217 ± 0.298 1.216 ± 0.200
h-KI-Het 1.270 ± 0.232 0.610 ± 0.144
dHet 1.036 ± 0.126 0.759 ± 0.194

Table 7. Number of axons in mice at 6 months of age

Axon count per μm2 Normal axons Swollen axons

Wild-type 1.410 ± 0.153 0.270 ± 0.119
m-KO-Het 0.290 ± 0.183 0.920 ± 0.221
h-KI-Het 0.420 ± 0.126 0.200 ± 0.105
dHet 0.540 ± 0.149 0.480 ± 0.115

Table 8. Axon perimeter in a cross-section (μm) in mice at
6 months of age

Axon perimeter in a
cross-section (μm)

Wild-type 1.233 ± 0.773
m-KO-Het 3.975 ± 1.238
h-KI-Het 1.022 ± 0.348
dHet 3.518 ± 0.638

Table 9. Total axon count in mice at 15 months of age

Axon count per μm2 Cervical level Lumbar level

Wild-type 1.879 ± 0.454 2.194 ± 0.475
m-KO-Het 1.616 ± 0.300 1.857 ± 0.370
h-KI-Het 1.710 ± 0.144 1.153 ± 0.249
dHet 1.676 ± 0.395 0.687 ± 0.202

dHet mice showed a significant increase in axonal
perimeter, suggesting axonal swellings occur in those
mice in adulthood, whereas no such differences were
detected in h-KI-Het mice, which express the mutant
human spastins with the normal functional spastin level
(Fig. 4I and J, Tables 7 and 8). At 15 months of age, tissues
from wild-type, m-KO-Het, h-KI-Het and dHet revealed a
more drastic phenotype; the h-KI-Het and dHet showed
a severely reduced number of axons occurred at this
old stage of their life, as shown in Figure 4K and L and
Table 9.

Reduced MT acetylation and increased histone
deacetylases 6 activity in spinal cords of dHet
and h-KI-Het mice but not m-KO-Het mice
Previously, decreased MT acetylation was documented
in the spinal cord of the h-KI-Het mouse (16), and
other findings consistent with reduced MT stability
were reported in various experimental models involving
mutant spastins (13,27). This is especially interesting
because the inverse is expected when spastin levels or
activity are reduced, given that spastin preferentially
severs MTs in their more stable regions, and this is
what has been observed in cultured rodent neurons
with experimentally reduced spastin (28). In mice with
both haploinsufficiency and gain-of-function toxicity, the
question arises as to which of these effects predominates.
In pursuing MT acetylation, we also explored MT
detyrosination, which is a separate modification of
tubulin that occurs on the stable regions of MTs. For
reasons that are unknown, changes in MT acetylation or
detyrosination often result in corresponding changes in
the other (29,30). We assessed MT acetylation as a ratio of
acetylated to total tubulin, and we indirectly assessed MT
detyrosination as a ratio of tyrosinated to total tubulin.

Spinal cord tissues from the wild-type, m-KO-Het,
h-KI-Het and dHet mice were collected for western
blotting analyses using antibodies against acetylated
or tyrosinated tubulin. No differences in the amount
of βIII-tubulin were observed across the four genotypes
(Fig. 5A and B). Strikingly, compared with wild-type, the
levels of tyrosinated tubulin were significantly increased
in both h-KI-Het and dHet mice, whereas a decrease was
observed in m-KO-Het mice (Fig. 5A and C). As shown
previously (16), significantly reduced levels of acetylated
tubulin were found in h-KI-Het mice (Fig. 5A and D),
while no change in acetylated tubulin was observed in
m-KO-Het mice (Fig. 5A and D). More interestingly, the
levels of acetylated MTs in dHet mice were as reduced
as they were in h-KI-Het (Fig. 5A and D), which negates
the possibility that the two effects offset one another.
Rather, it appears that the tubulin modification response
to the gain-of-function toxic mechanisms overrides
the opposite effect of the haploinsufficiency. In fact,
the data trend toward the deacetylation and tyrosi-
nation in the crossbred mouse being potentially even
worsened.

In neuronal cytoplasm, histone deacetylases 6 (HDAC6),
a member of type II HDACs, is the chief deacetylase
responsible for removing the acetyl group from Lys40
of α-tubulin within MTs (31). As such, its levels/activities
are an important regulator of MT acetylation in axons.
Unlike most of the other HDACs, which are localized
within the nucleus, HDAC6 concentrates in cytoplasm
owing to the presence of a nuclear export sequence and
a serine-glutamate-containing tetrapeptide motif (SE14),
which ensures its stable cytoplasmic retention (32). To
assess HDAC6 activities in different mouse models, a
fluorometric-based measurement was used on spinal
cord tissues from wild-type, m-KO-Het, h-KI-Het and
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Figure 4. Distinct axon defects identified in the dorsal columns of the spinal cords in m-KO-Het, h-KI-Het and dHet mice. (A) The schematic illustrates
the methodology used to study axonal morphology. Spinal cords were dissected at cervical and lumbar levels, embedded in epon, and semi-thin 1 μm
sections were obtained. Images of dorsal columns were taken with phase contrast optics for subsequent analysis. (B) Zoomed toluidine blue-stained
images of the dorsal columns at the lumbar level of mice at 2 months of age were used to count the number of axons. (C) Cervical and (D) lumbar level
analyses show no significant differences among the four groups in the axonal counts at 2 months of age. Representative images of (E) cervical and (F)
lumbar level of the four groups at 6 months of age. (G) Cervical level shows no significant change in mice at 6 months of age. (H) Total axonal counts
at the lumbar level show a drastic decrease in axonal number in h-KI-Het and dHet. (I) Axons were classified according to their shape as normal or
swollen. The analysis revealed a significant increase in swollen axons in m-KO-Het and dHet. (J) The average perimeter of axons was also considered. A
significant increase in axonal perimeter was detected in both m-KO-Het and dHet. Mice at 15 months of age were also analyzed for the axonal count.
(K) At the cervical level, no significant differences were revealed. (L) Total number of axons at the lumbar level reveals a significant decrease of axons
in h-KI-Het and dHet. Data are represented as mean ± S.D. For statistical tests, one-way ANOVA with Tukey post hoc analysis was conducted. Scale bar
in (B, E and F): 10 μm. ∗P < 0.05, ∗∗P < 0.002, ∗∗∗P < 0.001. For additional information related to this figure, see Tables 5–9.

dHet mice. No significant changes were observed in
the HDAC6 activities between wild-type and m-KO-Het
mice (Fig. 5E). However, significantly enhanced HDAC6
activities were found in the spinal cords of both h-KI-Het
and dHet mice; this provides a potential explanation for
the lowered MT acetylation in the spinal cords of these
animals (Fig. 5E).

Discussion

SPG4-HSP, despite being the most common form of HSP,
is a rare disease and hence progress has been slow in
elucidating its etiology. Attention on SPG4-HSP inten-
sified when it was discovered that spastin is a MT-
severing protein (33), with the assumption in the field
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Figure 5. Altered tubulin acetylation and HDAC6 activity in h-KI-Het and dHet mice but not in m-KO-Het mice. (A) Representative western blots of
lower spinal cord immunoblotted for acetylated-, tyrosinated- and βIII-tubulin. (B) βIII-tubulin shows no significant changes across the four groups
when normalized to GAPDH. (C and D) All the western blot analyses for tyrosinated and acetylated tubulin were ratioed to βIII-tubulin. (C) Analysis
of tyrosinated tubulin revealed significant changes in the expression level at lower spinal cords for h-KI-Het and dHet mice, with expression levels at
1 ± 0.12, 0.69 ± 0.16, 1.72 ± 0.27 and 2.36 ± 0.56 for wild-type, m-KO-Het, h-KI-Het and dHet, respectively. (D) Analysis for acetylated tubulin revealed a
decrease at the lower spinal cord for h-KI-Het and dHet, with expression levels at 1 ± 0.03, 1.28 ± 0.28, 0.82 ± 0.20 and 0.61 ± 0.15 for wild-type, m-KO-Het,
h-KI-Het and dHet, respectively. (E) HDAC6 activity was measured from tissue lysates of lower spinal cords among the four groups. The assay was carried
out according to manufacturer’s instructions, the graph shows HDAC6 activity (U/mg of protein) ± S.D. Western blot and HDAC6 lysates were collected
from three mice for each genotype. For statistical tests, one-way ANOVA with Tukey post hoc analysis was conducted. ∗P < 0.05, ∗∗P < 0.002, ∗∗∗P < 0.001.

being that the corticospinal degeneration in the disease
results from insufficient spastin activity. However, the
lack of corticospinal dieback and gait deficiency in
spastin deficient mice called into question whether
haploinsufficiency is, in fact, the sole component of
the etiology. The prominent axonal swellings in the
tracts appeared to be the only feature of these animals
which recapitulated an aspect of the disease phenotype
observed in human patients. In our own studies on
cultured cells and invertebrate models, we were initially
dismissive of haploinsufficiency (27), but a growing body
of evidence has since suggested that spastin dosage is
crucial to the normal vitality of neurons (34). On this
basis, we recently posited that reduced spastin function
may serve as a vulnerability factor not capable of causing
the disease on its own but potentially able to render
the CSTs more vulnerable to the toxicity of the mutant
spastins.

Over the years, we have presented various lines of
evidence that mutant M1 spastin is cytotoxic, for exam-
ple, causing defects in axonal transport and abnormal
organelle distribution (13,35). Our best evidence came
from the hSPAST-C448Y mouse, which we designed not to
be haploinsufficient while expressing a human mutant
form of spastin (16). This animal showed adult-onset
corticospinal dieback degeneration and gait deficiencies,
remarkably similar to SPG4-HSP patients. Here, to test
our hypothesis that haploinsufficiency might be an
exacerbating factor, we crossbred the hSPAST-C448Y
mouse with a Spast-KO mouse. The latter displayed
axonal swellings, but no corticospinal degeneration and
no gait deficiencies as revealed by the Catwalk assay,
despite showing some unrelated motor and cognitive
deficiencies in a previous study (18). The crossbred
animals displayed all of the same features as the hSPAST-
C448Y mouse, but stronger and earlier onset, and with
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axonal swellings. These results lend support to the
view that the axonal swellings are a morphological
manifestation of the axon’s greater vulnerability to the
pathological mechanisms that cause the axonal dieback.

Collectively, these findings suggest that, depending on
where they are in the progression of the disease, patients
may benefit from therapies that address either the gain-
of-function toxicity or haploinsufficiency component of
the disease. For example, some patients do not suffer
symptoms until late in life and hence staving off the
effects of the haploinsufficiency may be sufficient to pro-
vide them quality of life, especially if the treatments that
address the toxicity have harsher side-effects. Similarly,
treatments for the toxicity, while more directly aimed
at the etiology of the disease, may require time to work
and hence the patient may benefit from pretreatment
or co-treatment with therapies targeting haploinsuffi-
ciency. Moving forward, we will be interested in learning
more about both aspects of the disease and developing
appropriate therapies for each.

We previously reported that MT deacetylation is a
consistent repercussion of the gain-of-function toxicity
of mutant M1 spastin (16). However, experimental reduc-
tion of spastin levels has been reported to have the oppo-
site effect, which is to increase MT acetylation (28). This
latter effect owes to the fact that spastin preferentially
severs MTs in their more stable/acetylated regions and
hence lowering spastin activity leads to a greater fraction
of the MTs being stable/acetylated. However, this had
never been explored in KO mice, and our present results
do not indicate a substantial reduction in MT acetyla-
tion, perhaps because of compensatory mechanisms (8).
The crossbred mice also showed no less MT acetylation
than the hSPAST-C448Y mice. This was also reflected
in changes in at least one other tubulin modification
(namely detyrosination) that, like acetylation, reflects
the stability properties of axonal MTs. Such tubulin mod-
ifications are important regulators of the MT’s interac-
tions with various proteins, such as molecular motors,
and hence may be critically important to corticospinal
degeneration (36–38). For the first time, we documented
an increase in HDAC6 activity, which is the major tubulin
deacetylase in neurons, as a result of the expression of
human mutant spastin, which provides a potential expla-
nation for the decrease in tubulin acetylation. HDAC6
has been considered as a potential therapeutic target for
other neurodegenerative disorders (39–42) and may serve
in this capacity for SPG4-HSP as well.

Gain-of-function effects of misfolded proteins may
exaggerate a normal function of the protein, for exam-
ple, by exposing and making constitutively active an
otherwise tightly regulated domain or might cause tox-
icity by a novel mechanism unrelated to the protein’s
normal function (43–45). We previously reported that
mutant M1 spastin hyperactivates casein kinase 2 (CK2)
which in turn reduces axonal transport by abnormally
phosphorylating certain molecular motor proteins (13).
The enhanced HDAC6 activity reported here may or may
not relate to CK2, and whether either one, alone or in

combination, causes corticospinal dieback is unknown.
Interestingly, both aberrantly enhanced activities of CK2
and HDAC6 can impair autophagy, which is relevant to
the accumulation of mutated/misfolded proteins (46,47)
and hence perhaps mutant M1.

As for haploinsufficiency, why would lower spastin
function cause the axon to be more vulnerable to a
second disease hit? Reduced MT severing by spastin
would result in longer MTs, fewer MTs and MTs that are
more stable (48,49). While the changes in tubulin mod-
ifications that theoretically should arise from reduced
spastin function appear to be overcome by compensatory
and/or gain-of-function mechanisms, the other effects
on MTs likely persist. Longer but fewer MTs would result
in reduced frequency of proteins that associate with
the plus and minus ends of MTs (50,51). In addition, a
reduction in MT mobility would likely result from the fact
that fewer MTs would be short enough to move within
the axon (52). Reduced MT mobility would mean a dimin-
ished capacity of the neuron to supply tubulin subunits
to the axon and also a diminished capacity to trans-
port out of the axon MTs that have abnormally flipped
their orientation. Flaws in the uniform orientation of
axonal MTs provide a likely explanation for the axonal
swellings because organelles would accumulate owing
to their movement along misoriented MTs (53). Previ-
ous studies showed that axonal swellings resulting from
spastin haploinsufficiency are comprised of cytoskeletal
elements, such as neurofilaments and intertwined MTs,
as well as accumulated intracellular organelles, such as
mitochondria (10–12,54).

Another possibility is that haploinsufficiency has
less to do with MT severing and more to do with
the interaction between M1 spastin and membranous
organelles (55–59). Thus, it may be that CSTs are
dependent upon low levels of M1 spastin and halving
these levels accounts for the axonal swellings as well as
the greater vulnerability of the axon to the toxicity of the
mutant M1. Such effects could be owing to abnormalities
in endoplasmic reticulum (ER), endosomes or other
membranous structures in the axon (55–59).

In conclusion, the present studies provide the first
direct experimental support for our hypothesis on the
distinct contributions of gain-of-function and loss-of-
function components to the etiology of SPG4-HSP (17).
Both the hSPAST-C448Y and the Spast-KO mouse are
valuable in that each of the two isolates one of these
two distinct components of the disease (Fig. 6). However,
the crossbred mice are the most valuable because they
display the interplay between the two components that
occur in human patients and hence provide the best
vertebrate model yet for testing potential therapies for
the disease.

Materials and Methods
Animals
All of the animal experiments were performed in com-
pliance with the NIH’s Guide for the Care and Use of
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Figure 6. Hypothesis for the etiology of SPG4-HSP. Lower levels of spastin protein cause reduced MT severing that leads to decreasing MT mobility, which
results in axonal swellings. Haploinsufficiency also leads to defective ER and endosomal functions, which also lead to axonal swellings either owing to
the disruption of M1 spastin coupled membrane modeling and MT severing or to a separate mechanism not involving MT severing. On the other hand,
the accumulation of mutated spastin protein manifests in increased HDAC6 activity, decreased MT acetylation and detyrosination and defective axonal
transport, as well as inhibited autophagy machinery, leading to axonal dieback degeneration. We also posit that haploinsufficiency is an exacerbating
factor that makes the corticospinal (indicated as CST in the schematic) tracts vulnerable to effects of the mutant spastin proteins, leading to more
severe corticospinal dieback degeneration. Arrows with dotted lines indicate hypothesized mechanisms.

Laboratory Animals (National Academies Press, 2011)
and were reviewed and approved by the Institutional
Animal Care and Use Committee at Drexel University.
The animal work for this study was carried out under the
project license 1045165, protocol no. 20861 (previously
20601).

Colony generation, breeding strategy and
housing
The transgenic hSPAST-C448Y mouse carries a point
mutation in exon 11 of human full-length SPAST [SPAST
c.1343g>a (p.Cys448Tyr), NM_014946.3, CCDS_1778.1]
inserted into the Gt(ROSA)26Sor locus to allow the
expression of human SPAST to be dependent upon Cre
recombinase. We named hSPAST-C448Y+/− mice (human
SPAST-C448Y heterozygous mice) h-KI-Het mice. They
were generated by mating a ubiquitous Cre mouse strain
with the locked SPAST-C448Y mice, as described in (16).
The spastin KO mouse was generated using the ‘knockout
first allele’ method (18). Briefly, spastin KO first allele

was achieved by using the trans-NIH Knockout Project
obtained from the KOMP Repository, and constitutive
spastin KOs were generated by deleting the floxed exon
5 in the germline using CMV-Cre Deleter mice (60,61).
We named Spast+/− mice (mouse Spast heterozygous KO
mice) m-KO-Het. Double-heterozygous mice (dHet) were
initially obtained by crossbreeding m-KO-Het with h-KI-
Het mice. Next, we used multiple pairs of the dHet mice
to generate all the mice used in this study, including all
the four genotypes: wild-type, m-KO-Het, h-KI-Het and
dHet. These breeding strategies allow us to collect all of
the four genotypes from the littermate mice. Mice (males
and females) were group-housed as five per cage under
a 12-h light/dark cycle and were divided in experimental
groups: 2, 3, 6, 9, 12 and 15 months of age. Temperature
and humidity were kept constant, and mice had free
access to drinking water and food. For anatomical
analysis, mice from each group were applied. Adult
mice used for anatomical analyses were sacrificed by
intraperitoneal injection of euthasol solution (150 mg/kg;
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catalog 50989056912, VEDCO) and were dissected for
tissue collection.

Genotyping PCR
gDNA was isolated using the EZ Tissue DNA Isolation
Kit (catalog M1003, EZ Bioresearch). Around 21–28 days
of age, mice are weened, and ear tissues (no larger than
2 mm) were collected and marked for subsequent diges-
tion for genotyping analysis. The 10 ng of gDNA from
Spast (spastin KO mice) were used to run a touchdown
PCR with Taq Polymerase (Promega Go Taq Master Mix,
catalog M7123) and 10 pmol/μl of each of the following
primers: PLR41 (5′-AAGTCATGGCAGTCTTTCTGGCT-3′),
PLR169 (5′-ATTTGCAAAAACTACTTGCTATTAAATTCC-
3′), PLR89 (5′-CACATGGTGGCTCATAACCATTTA-3′). The
primer pairs confirm the deletion of exon 5 and 2%
agarose gel was used for electrophoresis at 80 V to
visualize the PCR products: 223 base-pair band indicates
the wild-type allele, while 432 base-pair band indicates
the Spast-KO allele (Fig. 1C and D).

To determine zygosity in hSPAST-C448Y mice, 7.5 ng
of gDNA was used to run qRT-PCR using iTaq Universal
SYBR Green Supermix (catalog 1725120, BioRad). qRT-PCR
was carried out with a pair of primers that are specific for
the human spastin (Fw: 5′-AGCACAACTTGCTAGAATGA
CTG-3′; Rev: 5′-AAGTTTGAGGGCTGACGCTG-3′), as
shown in Figure 1E, and IL-2 (Fw: 5′-CTAGGCCACAGAATT
GAAAGATCT-3′; Rev: 5′-GTAGGTGGAAATTCTAGCATCAT
CC-3′) was used as a control gene with two copies
to identify genotypes based on relative DNA content
(Fig. 1F). The PCR reaction was carried out using the
StepOne™ Real-Time PCR System (catalog 4376357,
Applied Biosystems). Genotypes were detected using
LinRegPCR software version 5.1.1. Only mice positive for
heterozygosity with both protocols were considered as
double heterozygote, dHet.

Behavioral assay: Catwalk analyses
The Catwalk assay was used to measure the gait abnor-
malities associated with corticospinal degeneration. The
Noldus Catwalk XT automated gait analysis system con-
sists of a glass platform above a high-resolution video
camera. A fluorescent green light is reflected through
the glass platform. Wherever the mouse makes contact
along the platform, light is scattered, and the camera
underneath acquires and transforms each scene into a
digital image. The Catwalk station is also equipped with
software which enables the analysis of the videos and
produces a large amount of data related to hundreds of
different parameters of gait, such as speed, timing and
coordination. Mice were brought to an isolated behavior
room 30 min before testing to allow them to acclimate.
Each mouse to be tested underwent a week of training to
learn the task and a week of recording for gait parameters
analysis. For consistency, the training was conducted by
the same person who performed the final experiment
and tested the animals. Before recording, animals were
allowed to habituate and crossbreed the walkway for

one to two times. Animals were individually placed on
the Catwalk and were allowed to move freely in both
directions. After 15–20 min, the mouse was removed from
the walkway and was allowed to rest in its own cage. For
detection of all parameters used in the experiments, the
camera gain was set to 20 dB and the detection thresh-
old to 0.10. All runs with a duration between 0.50 and
5.00 s to complete the walkway and a maximum speed
variation of 60% were considered as successful runs. For
each animal and each time point, three compliant runs
were used for analysis. Compliant runs were classified
for all limbs and were statistically analyzed. The software
can detect >100 different parameters, including static
and dynamic. Eight to 12 animals from wild-type, m-
KO-Het, h-KI-Het and dHet were subjected to behavioral
test at different ages: as 2, 3, 6, 9, 12 and 15 months of
age, and detailed numbers of the different parameters
for each genotype at each time point are summarized in
Tables 1–7.

In the present study, parameters that correlate with
gait deficiencies of HSP patients (23) were mainly chosen
for analysis. The status of the animals was evaluated by
the following five different parameters. The stand/swing
duration is expressed in seconds and represents the time
in which a paw is in contact (stand) or not (swing) with
the glass plate; the print position is expressed in cm and
measures the distance between the position of the hind
paw and the previously placed front paw on the same
site of the body and in the same step cycle; the step
width or print width is the width (vertical direction) of
the complete paw print; the base of support represents
the average width in cm between either the front paws
or the hind paws.

Tissue collection and preparation for anatomical
analyses
Three animals per group were considered to be sufficient
for anatomical analyses. Wild-type, m-KO-Het, h-KI-Het
and dHet were collected at 2, 6, and 15 months of age and
were sacrificed via euthanasia by intraperitoneal injec-
tion of euthasol solution at a dose of 150 mg/kg. Tran-
scardial perfusion was performed and 0.9% NaCl (cata-
log BP358-212, Fisher Bioreagent) was used to rinse out
blood, followed by 4% paraformaldehyde (4% PFA, catalog
19202, Electron Microscopy Sciences) in 0.1 M phosphate
buffer for tissue fixation. Spinal cords were dissected
out and were left in a fixative mixture of 2% PFA and
1.5% glutaraldehyde (catalog 16314, Electron Microscopy
Sciences) for 1 week before being processed for plastic
embedding. Cords were then washed in 0.1 M phosphate
buffer and post-fixed with 1% OSO4 (osmium tetraox-
ide) in phosphate buffer for 2 h, followed by sequential
washes in 70, 95 and 100% ethanol and two washes in
propylene oxide (PO). At this point, cords were incubated
for 2 h in a mixture of Epon:PO with a 1:1 dilution and
were subsequently incubated for other 2 h in Epon:PO
mixture at 2:1 dilution, followed by a final incubation of
about 1 h with 100% Epon. Cords were finally embedded
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in fresh 100% Epon and were placed in capsules and were
allowed to polymerize for 72 h in a 60◦C oven.

The 1 μm sections were cut using a glass knife
mounted on a microtome and were stained with
toluidine blue to identify the axons on the cross-sections.
Cross-sections from cervical and lumbar levels were then
subjected to further analysis, as shown schematically
in Figure 4A. Images of toluidine blue-stained spinal
cords were taken with Axio Observer 7 Zeiss microscope
with a 20×/0.8 DICII PLAN/APO objective to analyze the
dorsal column. Total numbers of axons were counted
using StereoInvestigator software version 11 at both
cervical and lumbar levels for all the three time points. At
6 months of age of the mice, further analyses were made
based on a gross histological analysis. Axonal perimeter
was evaluated using ImageJ v2.0.0. Detailed numbers for
each genotype at each time point are summarized in
Tables 5–9.

Western blot analysis of spastin isoform
expression and tubulin modifications in mouse
tissues
Animals were euthanized as described before after which
the spinal cord was dissected from wild-type, m-KO-Het,
h-KI-Het and dHet mice at 6 months of age. Dissected
tissues were homogenized in ice-cold 1× radioimmuno-
precipitation assay buffer (catalog 89901, Thermo Fisher)
in the presence of a phosphatase/protease inhibitor cock-
tail (catalogs A32953 and A32957 for protease and phos-
phatase inhibitors, respectively, Pierce). The 25 μg of tis-
sues lysates were electrophoresed on 4–12% Bis/Tris gels
(catalog 456-1084, BioRad) to perform sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. Proteins were
then transferred to a PVDF membrane (catalog 1 620177,
BioRad), blocked with Intercept TBS Blocking Buffer (cat-
alog 927-60 001, Li-Cor) for 1 h at room temperature.
Primary antibodies were diluted in 5% milk and were
incubated overnight at 4◦C. After rinsing with Tween-
Tris-buffered saline for three times, membranes were
incubated with IRDye Infrared Dye secondary antibod-
ies 1:5000 (Li-Cor) at room temperature for 2 h, pro-
tected from light, and proteins were visualized using the
Odyssey CLx Imaging system (Li-Cor). To examine the
levels M1 and M85/M87 spastin isoforms, tissue lysates
from spinal cords were homogenized and processed as
described before and were then probed with spastin anti-
body 1:200 (catalog ab77144, Abcam). GAPDH (1:10 000;
catalog ab8245, Abcam) was used as a loading control.

Spinal cord lysates were probed with antibodies
to βIII-tubulin (1:1000; catalog 801202, Biolegend),
acetylated-tubulin (1:5000; catalog T6793, Sigma Aldrich)
and tyrosinated-tubulin (1:2000, catalog T9028 Sigma
Aldrich). GAPDH (1:10 000; catalog ab8245, Abcam) was
used as a loading control. Analyses were performed
by evaluating the band intensities using Image studio
software version 5.2.5 provided by Li-Cor. The levels of
acetylated- and tyrosinated-tubulin were calculated as
ratios to the level of βIII-tubulin in the same sample.

HDAC6 assay
HDAC6 activity assay was carried out according to the
manufacturer’s instructions using a fluorometric kit pur-
chased from Biovision (catalog K466-100) on spinal cords
lysates from wild-type, m-KO-Het, h-KI-Het and dHet
mice. The assay utilizes deacetylase activity of HDAC6
toward a synthetic acetylated-peptide substrate, result-
ing in the release of an AFC fluorophore, which can be
quantified using a conventional microplate reader. In
brief, spinal cords were lysed in HDAC6 lysis buffer for
5 min on ice, centrifuged at 16 000 × g for 10 min at
4◦C, and then the supernatant was used to quantify the
protein content via the Pierce bicinchoninic acid assay
protein assay kit (Thermo Fischer, 23227). Five microliters
of each sample were mixed with 50 μl of HDAC6 substrate
mix and were incubated at 37◦C for 30 min, followed by
adding 10 μl of Developer to stop the reaction for 10 min
at 37◦C. Fluorescence was measured on a Tecan spectral
plate reader at excitation/emission 380/490 nm at the
end point mode at 37◦C. The analysis was made using a
standard curve in order to plot the fluorescence obtained
from the sample (called �RFU) against it and thus to
calculate the HDAC6 activity according to the amount of
protein loaded. The results are expressed as U per mg
of protein, where U stands for the amount of HDAC6
required to deacetylate 1 pmol of HDAC6 substrate per
min under the assay conditions. The analysis was con-
ducted according to the manufacturer’s instructions to
calculate the amount of HDAC6 activity in each sample.

Graphs and statistics
All of the statistical analyses were performed, and graphs
prepared using GraphPad Prism version 8. One-way anal-
ysis of variance (ANOVA) was used followed by Tukey’s
honest significant difference post hoc test to account
for multiple comparisons. At least three independent
repeats were conducted for each experiment. For behav-
ioral studies, 8–12 animals were used for each geno-
type tested at different ages under a strict double-blind
procedure. A P < 0.05 was considered to be statistically
significant.

Supplementary Material
Supplementary Material is available at HMG online.
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