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X-linked Charcot-Marie-Tooth disease type 1 (CMT1X) is a
demyelinating neuropathy resulting from loss-of-function mu-
tations affecting the GJB1/connexin 32 (Cx32) gene. We previ-
ously showed functional and morphological improvement in
Gjb1-null mice following AAV9-mediated delivery of human
Cx32 driven by the myelin protein zero (Mpz) promoter in
Schwann cells. However, CMT1X mutants may interfere with
virally delivered wild-type (WT) Cx32. To confirm the efficacy
of this vector also in the presence of CMT1Xmutants, we deliv-
ered AAV9-Mpz-GJB1 by lumbar intrathecal injection in
R75W/Gjb1-null and N175D/Gjb1-null transgenic lines ex-
pressing Golgi-retained mutations, before and after the onset
of the neuropathy. Widespread expression of virally delivered
Cx32 was demonstrated in both genotypes. Re-establishment
of WT Cx32 function resulted in improved muscle strength
and increased sciatic nerve motor conduction velocities in all
treated groups from both mutant lines when treated before as
well as after the onset of the neuropathy. Furthermore,
morphological analysis showed improvement of myelination
and reduction of inflammation in lumbar motor roots and pe-
ripheral nerves. In conclusion, this study provides proof of
principle for a clinically translatable gene therapy approach
to treat CMT1X before and after the onset of the neuropathy,
even in the presence of endogenously expressed Golgi-retained
Cx32 mutants.
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INTRODUCTION
X-linked Charcot-Marie-Tooth (CMT1X) is the second most com-
mon form of Charcot-Marie-Tooth (CMT) inherited neuropathy,
affecting 7%–15% of all CMT patients. CMT1X affects mainly men
with onset at the age of 5–20 years, while women usually present
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milder symptoms at a later stage.1–6 The disease is characterized by
slowly progressive weakness and atrophy of distal limb muscles,
loss of reflexes, and sensory loss.7–9 Nerve conduction velocities are
typically reduced in affected men but may be normal in heterozygous
women, while reduction in compound muscle action potential
(CMAP) amplitude resulting from axonal degeneration and fiber
loss is seen in both genders.10,11 Mutations in the GJB1 gene, which
encodes the gap junction (GJ) protein connexin 32 (Cx32), are the
cause of CMT1X neuropathy.12–14 Cx32 is located at the non-
compact myelin at paranodal loops and Schmidt-Lanterman inci-
sures of myelinating Schwann cells. Here, it forms GJ channels that
traverse the myelin sheath and are responsible for the homeostasis
and axon-glial signaling.15–17

There are over 400 mutations reported so far in CMT1X patients
(https://neuropathybrowser.zuchnerlab.net/#/) affecting all domains
of Cx32, even the non-coding regions.18,19 Many CMT1X mutations
expressed in HeLa cells, including missense and in-frame mutations
such as the R75W, N175D, and T55I, cause intracellular retention
in the Golgi or the endoplasmic reticulum (ER), failure to form GJ
channels, and finally degradation of the mutant Cx32 by the protea-
somes or the lysosomes.20–26 However, several of them can still form
GJ-like plaques and in certain cases even retain their ability to form
functional GJ-plaques.27,28 In vivo data of the expression of Cx32
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mutations show similarities to the data obtained in HeLa cells with no
signs of toxic effects but rather loss-of-function mechanisms.25,29

These experimental data replicate the results of clinical studies
showing that, despite the fact CMT1X patients express different
types of mutations, they present a similar phenotype and disease
progression.30

Despite the lack of gain-of-function effects on CMT1X mutations
derived from hemizygous state, in vitro studies showed that some
CMT1X mutants can have dominant-negative effects when co-ex-
pressed with wild-type (WT) Cx32. Co-expression mostly of
Golgi-retained mutants such as R75W and N175D, but not of ER-re-
tained mutants such as T55I, with WT Cx32 resulted in impaired
function of WT Cx3216,22,23 and even caused intracellular retention
of WT Cx32.22 In vivo data further demonstrated that ER-retained
mutants do not cause any nerve pathology when expressed on a
WT background, while expression of Golgi-retained mutants resulted
in a mild nerve pathology on a WT background, indicating that
they have dominant-negative effects on co-expressed WT Cx32
protein.29,31

In our previous studies we demonstrated therapeutic benefit in dif-
ferent CMT1X mouse models by single lumbar intrathecal or intra-
sciatic injection of viral vectors expressing the human Cx32 32-36.
Delivery of a lentiviral or adeno-associated viral (AAV) vector car-
rying humanWT Cx32 resulted in the partial rescue of demyelinating
neuropathy in Gjb1-null mice before and after the onset of the neu-
ropathy.32,35 Although the results of these studies were encouraging,
the use of the Gjb1-null mouse model does not fully replicate the clin-
ical circumstances sincemost CMT1X patients express mutated forms
of Cx32 rather than not expressing the protein. In order to proceed
with a more translatable approach, we used mouse models expressing
ER-retained (T55I) or Golgi-retained (R75W and N175D) mutants in
a Gjb1-null background and delivered the WT Cx32 using a lentiviral
vector. Our data showed that expression of Cx32 rescued the demye-
linating neuropathy only in the model expressing the ER-retained but
not in models expressing the Golgi-retained mutants.33 The limited
ability of lentiviral vector to rescue the demyelinating neuropathy in
Golgi-retained mutants indicated that higher expression levels of
WT Cx32 might be needed in order to overcome the dominant-nega-
tive effects of mutant Cx32. The use of AAV vectors that remain
episomal and are not under the control of the host genome transcrip-
tion regulation in general provides higher expression levels and can
effectively cross the blood-brain barrier (BBB).37–42 We previously
showed that the AAV9 serotype, which is already used for the treat-
ment of other neurological disorders such as spinal muscular atrophy
(SMA), can provide strong expression of WT Cx32, resulting in the
partial rescue of demyelinating neuropathy in the Gjb1-null model
before and after the onset of the neuropathy.32 Thus, it may offer
an alternative to treat all CMT1X mutations, including the Golgi-re-
tained ones.

Based on these results, we used AAV9 to deliver the humanWTCx32
for the treatment of the demyelinating neuropathy in two CMT1X
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mouse models expressing Golgi-retained mutants, the R75W and
the N175D on a Gjb1-null background. The vector was delivered by
lumbar intrathecal injection before and after the onset of the neurop-
athy in order also to test the efficacy when nerve pathology is already
established. Our results show that the use of AAV9 provides wide-
spread expression of Cx32, which can rescue the demyelinating
neuropathy in both Golgi-retained mouse models as indicated by
functional and morphological assessments. Furthermore, our
approach was effective at both early and late time points, although
early intervention was more effective.

RESULTS
Cx32 expression following intrathecal AAV9-Mpz.GJB1 injection

in CMT1X mutant mice

In order to confirm the baseline transgene expression in the CMT1X
mutant lines, we first used immunoblot analysis to detect EGFP and
Cx32 levels in lumbar roots and sciatic nerve lysates from untreated
R75W/Gjb1-null and N175D/Gjb1-null mice. These experiments
confirmed the presence of both proteins in the peripheral nervous
system (PNS) tissue lysates from mutant lines showing that
expression levels of both proteins appeared higher in the N175D/
Gjb1-null line, although not significantly compared to the R75W/
Gjb1-null line (Figure S1).

In order to access expression of the virally delivered Cx32 in the two
CMT1X transgenic lines, we immunostained for Cx32 and Caspr, a
paranodal marker, in lumbar roots and sciatic nerves 6 weeks
following intrathecal injection of the AAV9 vector carrying the
GJB1 gene. These experiments confirmed the expression of Cx32 in
both lumbar roots (Figures 1C and 1D) and sciatic nerves (Figures
1E and 1F) of injected mice at paranodal non-compact myelin areas
where Cx32 GJ channels are normally formed, despite the presence of
the mutant protein in the perinuclear cytoplasm of Schwann cells
(Figures 1A–1F). Cx32 was also detected in the perinuclear cytoplasm
of Schwann cells of non-injectedmice, but we did not detect any at the
paranodal areas of these mice (Figures 1A and 1B). Quantification of
Cx32-immunoreactive paranodal areas among all paranodal areas
visualized in each tissue based on Caspr paranodal labeling showed
that expression rates (percentage of paranodal myelin areas that
were immunoreactive for Cx32) were similar between the two mu-
tants in both lumbar roots and sciatic nerves (Figures 1G and 1H).
Expression rates of Cx32 in lumbar roots of R75W/Gjb1-null mice
reached 50.3% ± 4.66% (n = 6 mice) and in N175D/Gjb1 null
58.1% ± 4.69% (n = 6 mice; p > 0.05). Expression rates in sciatic
nerves reached 53.6% ± 3.23% in R75W/Gjb1 null mice (n = 10
nerves; n = 5 mice) and 55.1% ± 5.19% in N175D/Gjb1 null (n =
10 nerves; n = 5 mice; p > 0.05).

Improvement of motor performance in pre-onset-treated R75W/

Gjb1-null and N175D/Gjb1-null mice

Grip strength analysis was performed at baseline before the initiation
of the experiment at 2 months of age and then at 4, 6, and 8 months of
age at 2, 4, and 6 months post injection, respectively (Figure 2A). At
baseline, at the age of 2 months, both groups in both genotypes did
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Figure 1. Cx32 expression in Schwann cells of PNS tissues following intrathecal delivery of AAV9-Mpz.GJB1 in R75W/Gjb1-null and N175D/Gjb1-null mice

In paranodal myelin areas labeled with Caspr (green) (white arrows in A–F), in contrast to non-injected mice with absence of Cx32 expression (A and B), the virally delivered

human WT Cx32 (red) is detected in lumbar roots (C and D) and sciatic nerves (E and F) of AAV9-Mpz.GJB1 injected mice (red arrows; C–F) 6 weeks post injection. Mutant

Cx32 (red; asterisks; A–F) was detected in the perinuclear cytoplasm area of myelinating Schwann cells both in the tissues from non-injected (A and B) as well as in the tissues

of AAV9-Mpz.GJB1-injected mice (C–F). Paranodal areas are shown in separate and merged channels under the overview images. Quantification of Cx32 immunoreactive

paranodal areas showed similar expression rates of the virally delivered WT Cx32 in lumbar roots (G) and sciatic nerve teased fibers (H) of AAV9-Mpz.GJB1 R75W/Gjb1 null

and N175D/Gjb1 null mice. Values represent mean±SEM. Scale bar, 50 mm.
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not differ (Figures 2B and 2G). The force generated by the hindlimbs
of the mock group of the R75W/Gjb1-null mice reached 70.25 ±

3.19 g (n = 26), while the full group reached 76.86 ± 4.19 g (n = 26;
p > 0.05). For the N175D/Gjb1-null, the mock group reached
72.55 ± 3.55 g (n = 24) and the full reached 69.61 ± 3.87 g (n = 24;
p > 0.05). At 4 months of age, 2 months post treatment, we observed
an improvement in the R75W/Gjb1-null-treated compared to the
mock group (Figure 2C). The force reached 69.30 ± 3.37g (n = 25)
in the mock group compared to 93.02 ± 3.09 g in the treated group
(n = 26; p < 0.0001; Figure 2C). For the N175D/Gjb1-null groups,
force reached 67.47 ± 4.15 g in the mock group (n = 24) compared
to 90.22 ± 3.69 g in the treated group (n = 24; p = 0.002; Figure 2H).
At 6 months of age, 4 months post treatment, we observed an
improvement in both R75W/Gjb1-null and N175D/Gjb1-null fully
Molecular The
treated mice compared to the respective mock groups (Figures 2D
and 2I). R75W/Gjb1-null mock-treated mice reached 69.33 ± 2.52 g
(n = 25), while treated mice reached 102.75 ± 4.29 g (n = 26;
p < 0.0001; Figure 2D). Likewise, N175/Gjb1-null mock-treated
mice reached 56.76 ± 2.98 g (n = 24) compared to 85.44 ± 3.66 g in
treated mice (n = 23; p < 0.0001; Figure 2I). Finally, at 8 months of
age, 6 months post treatment, fully treated mice of both lines showed
improvement in the force generated by the hindlimbs. The R75W/
Gjb1-null mock-treated group reached 69.36 ± 3.49 g (n = 25)
compared to 105.98 ± 5.30 g in treated animals (n = 26; p < 0.0001;
Figure 2E). N175D/Gjb1-null mock-treated groups reached 65.15 ±

3.27 g (n = 24) compared to 100.95 ± 4.18 g in treated mice (n =
23; p < 0.0001; Figure 2J). Over time, improvement was evident in
treated mice of both lines examined, as indicated in Figures 2F and
rapy: Methods & Clinical Development Vol. 30 September 2023 379
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Figure 2. Analysis of functional outcomes in R75W/Gjb1-null and N175D/Gjb1-null mice injected pre-onset with AAV9-Mpz.GJB1 compared to AAV9-

Mpz.Egfp (mock)

Diagram showing the pre-onset treatment trial design with timing of functional and morphological analysis (A). Results of foot grip analysis of R75W/Gjb1-null (B–F) and

N175D/Gjb1-null mice (G–K) comparing AAV9-Mpz.GJB1-treated (GJB1) and mock-treated mice, as indicated. While there were no differences between the treatment

groups before the injection (B and G), 2 months post-injection grip strength improved in treated mice of both genotypes compared to the mock groups (C and H). Improved

performance continued at 4 months post injection (6 months old) (D and I) as well as at 6 months post injection (8 months of age) in treated mice of both mutant lines

compared to mock groups (E and J). Longitudinal analysis within each group showed improved motor performance over time in treated R75W/Gjb1-null and N175D/Gjb1-

null mutants while mock groups either remained stable or decreased (F and K). Sciatic nerve motor conduction velocity (MNCV) also showed significant improvement

6 months after treatment compared to the mock groups in both R75W/Gjb1-null-treated (L) and N175D/Gjb1-null-treated (N) mice. The amplitude of the compound muscle

action potential (CMAP) was also evaluated in both genotypes with no differences observed between treated and mock groups (M and O). Values represent mean±SEM.

Statistical analysis was performed using Mann-Whitney test (B–E, G–J, and L–O) or one-way ANOVA (F and K).
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2K, whereas mock-treated mice either remained stable (Figure 2F), as
in the case of R75W/Gjb1-null, or showed decreasing strength, as in
the case of the N175D/Gjb1-null line (Figure 2K).

Although foot grip analysis proved to be the most sensitive test for the
CMT1X mouse models, we also performed rotarod analysis. Motor
balance and coordination were determined according to our previous
studies using an accelerating rotarod apparatus.32 As with the foot
grip analysis, mice were tested before the initiation of the experiment
at 2 months of age and at 4, 6, and 8 months of age. Training of an-
imals consisted of three trials per day with 15-min intervals for resting
between trials for three consecutive days. Mice were placed on the rod
380 Molecular Therapy: Methods & Clinical Development Vol. 30 Septe
with the speed gradually increasing from 4 to 40 rotations per minute
(rpm). Testing was performed on the fourth day using two different
speeds, 20 and 32 rpm. Latency (seconds) to fall was calculated for
each speed.

At baseline, at the age of 2 months, both groups in both genotypes did
not differ, as indicated in Figures S2A and S2I. At 4 months of age,
2 months post treatment, we observed an improvement in the
R75W/Gjb1-null fully treated mice in both speeds examined (Figures
S2B and S2F). In contrast, the N175D/Gjb1-null groups did not show
any differences in both speeds examined at the same time point
(Figures S2J and S2N). At 4 months post injection, similar results
mber 2023
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were obtained in both speeds examined. Fully treated R75W/Gjb1-
null mice remained on the rotarod for a longer time compared to
the mock-treated mice (Figures S2C and S2G), while N175D/Gjb1-
null showed an improvement only at low speed (Figures S2K and
S2O). Finally, 6 months post treatment we observed improved perfor-
mance in R75W/Gjb1-null at both speeds (Figures S2D and S2H),
while in the N175D/Gjb1-null we observed improved performance
only at the low speed (Figures S2L and S2P).

Improved nerve conduction velocities in pre-onset-treated

R75W/Gjb1-null and N175D/Gjb1-null mice

Motor nerve conduction velocity (MNCV) was measured in both
mutant lines 6 months after pre-onset treatment in vivo from bilateral
sciatic nerves following stimulation in anesthetized animals at the
sciatic notch and distally at the knee. MNCV was improved in both
R75W/Gjb1-null- and N175D/Gjb1-null-treated mice compared to
their mock littermates. R75W/Gjb1-null mock-treated mice reached
27.52 ± 0.72 m/s (n = 11), while fully treated mice reached 38.39 ±

0.89 m/s (n = 11; p < 0.0001; Figure 2L). Likewise, N175D/Gjb1-
null mock-treated mice reached 29.62 ± 0.50 m/s (n = 11), while
treated mice reached 39.10 ± 0.98 m/s (n = 12; p < 0.0001; Figure 2N).
We further measured the CMAP amplitude in both mutants exam-
ined. We did not observe any differences in the CMAP amplitude
in either the R75W/Gjb1-null or N175D/Gjb1-null mice, as indicated
in Figures 2M and 2O, respectively.

Neurofilament light concentrations in pre-onset-treated R75W/

Gjb1-null and N175D/Gjb1-null mice

Further to behavioral and electrophysiological analysis, we
measured the concentration of neurofilament light (NF-L) in plasma
samples of untreated mice to determine the concentration of NF-L
at different time points and then to examine whether NF-L could be
a treatment-responsive biomarker in the CMT1X mouse models
used in this study. For this, we used plasma samples from mock
and fully treated R75W and N175D/Gjb1-null mice. In the
R75W/Gjb1-null group, we observed an increase in the concentra-
tion of NF-L from 2 to 4 months of age, followed by a decrease
at 6 and 8 months (p < 0.05; Figure S4A). In contrast, N175D/
Gjb1-null mice showed a constant increase of NF-L concentration
over time and up to 10 months of age (Figure S4B). However,
when we compared the mock to the fully treated groups in the treat-
ment trials, we did not observe any significant differences between
the two groups in either of the two genotypes examined after pre-
Figure 3. Morphological analysis of anterior lumbar roots and femoral motor n

8 months of age (6 months after treatment)

Representative images of semithin sections of R75W/Gjb1-null (A, B, E, and F) and N175

cord, at low and higher magnification, as indicated. AAV9-Mpz.GJB1-injected mice s

demyelinated (*) and remyelinated (r) fibers, as well as reduced numbers of foamy m

morphometric analysis results, showing decreased ratios of abnormally myelinated fiber

the macrophage reduction in N175D/Gjb1-null roots not reaching statistical significance

and N175D/Gjb1-null (O, P, S, and T) at lower and higher magnification as indicated, a

treated mice as indicated. AAV9-Mpz.GJB1-injected mice show improved myelination in

remyelinated fibers as well as reduction in the numbers of foamymacrophages, confirme

using the Mann-Whitney test.
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onset (Figures S4C and S4D) or post-onset treatment (Figures S4E
and S4F).

Improved nerve pathology in pre-onset-treated R75W/Gjb1-null

and N175D/Gjb1-null mice

We compared the pathological changes between treated and mock-
treated 8-month-old R75W/Gjb1-null and N175D/Gjb1-null mice
in lumbar ventral roots, in the femoral motor nerve, and in the
mid-sciatic nerve. Improved pathology was observed in all tissues
of R75W/Gjb1-null fully treated mice examined. Both abnormally
myelinated fibers and foamy macrophages were decreased in treated
mice compared to the mock group. In anterior lumbar roots (Figures
3A, 3B, 3E, and 3F), the ratio of abnormally myelinated fibers reached
0.21 ± 0.02 (n = 15) in mock-treated mice compared to 0.07 ± 0.01 in
treated mice (n = 16; p < 0.0001; Figure 3I). Likewise, the numbers of
foamy macrophages counted per 1,000 myelinated fibers were
decreased in fully treated mice, reaching 3.65 ± 0.62 (n = 16)
compared to 10.04 ± 0.91 in the mock group (n = 15; p < 0.0001; Fig-
ure 3J). The femoral motor nerves showed similar results (Figures 3M,
3N, 3Q, and 3R): the ratio of abnormally myelinated fibers decreased
to 0.14 ± .0.01 (n = 12) in treated compared to mock-treated mice
(0.27 ± 0.01; n = 11; p < 0.0001; Figure 3U), while foamymacrophages
were decreased in treated (4.22 ± 0.47; n = 12) compared to the mock-
treated mice (8.53 ± 0.53; n = 11; p < 0.0001; Figure 3V). Finally,
improvement was also observed in both values of abnormally myelin-
ated fibers and foamy macrophages in sciatic nerves (Figures S5A,
S5B, S5E, and S5F), where abnormally myelinated fibers reached
0.04 ± 0.01 (n = 12) in treated and 0.09 ± 0.00 (n = 11; p < 0.0001;
Figure S5I) in mock-treated mice. At the same time, the numbers
of the foamy macrophages decreased in treated mice (2.73 ± 0.29;
n = 12) compared to mock-treated mice (5.59 ± 0.42; n = 11;
p < 0.0001; Figure S5J).

The N175D/Gjb1-null early-treatment trial showed similar results to
R75W/Gjb1-null mice. In anterior lumbar roots (Figures 3C, 3D, 3G,
and 3H), the ratio of abnormally myelinated fibers reached 0.25 ±

0.01 (n = 11) in mock compared to 0.15 ± 0.02 in treated mice
(n = 11; p = 0.0002; Figure 3K), while the numbers of foamy macro-
phages showed a trend for decrease in treated (9.18 ± 1.66; n = 11)
compared to the mock-treated mice (13.35 ± 1.21; n = 11; p > 0.05;
Figure 3L). Likewise, in the femoral motor nerves (Figures 3O, 3P,
3S, and 3T), the ratio of abnormally myelinated fibers decreased to
0.16 ± .0.01 (n = 11) in the fully treated compared to mock-treated
erves of pre-onset-treated R75W/Gjb1-null and N175D/Gjb1-null mice at

D/Gjb1-null (C, D, G, and H) anterior motor lumbar spinal roots attached to the spinal

how improved root myelination compared to mock-treated littermates with fewer

acrophages (arrows in E and G). Improved root pathology is confirmed by the

s and reduced numbers of macrophages per 1,000 fibers in treated mice except for

(I–L). Semithin sections of femoral motor nerves of R75W/Gjb1-null (M, N, Q, and R)

nd corresponding morphometric analysis results (U–X) from mock- and full-vector-

femoral nerves compared to mock-treated littermates with fewer demyelinated and

d by quantification. Values represent mean±SEM. Statistical analysis was performed
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mice (0.26 ± 0.01; n = 11; p < 0.0001; Figure 3W), and foamy macro-
phages were decreased in treated (3.89 ± 0.44; n = 11) compared to
mock-treated littermates (6.85 ± 0.65; n = 11; p = 0.0052; Figure 3X).
Finally, improvement was also observed in the sciatic nerves
(Figures S5C, S5D, S5G, and S5H) where abnormally myelinated fi-
bers reached 0.04 ± 0.00 (n = 11) in treated mice and 0.10 ± 0.01
(n = 11; p < 0.0001; Figure S5K) in mock-treated mice. Furthermore,
foamy macrophages were decreased in fully treated (4.11 ± 0.25;
n = 11) compared to mock-treated littermates (6.70 ± 0.43; n = 11;
p < 0.0001; Figure S5L).

Improvement of functional performance in post-onset-treated

R75W/Gjb1-null and N175D/Gjb1-null mice

Following the overall positive response to pre-onset treatment
demonstrated in both the R75W and N175D/Gjb1-null mice
CMT1X transgenic lines, we further evaluated whether later treatment
given well after the onset of functional and pathological abnormalities
could also provide a therapeutic benefit. Behavioral analysis including
grip strength and rotarod testing was carried out as described for the
pre-onset groups at baseline at 6 months of age and every 2 months
until the end of the study at the age of 10 months. Grip strength eval-
uation showed that at baseline, at the age of 6 months, both groups of
both genotypes had similar strength (Figures 4B and 4F). The force
generated by the hindlimbs of the mock group of the R75W/Gjb1-
null mice reached 89.17 ± 4.64 g (n = 38), while the full group reached
78.88 ± 3.17 g (n = 41; p > 0.05). For the N175D/Gjb1-null, the mock
group reached 67.09 ± 2.53 g (n = 32) and the full reached 65.33 ±

2.84 g (n = 38; p > 0.05). At 8 months of age, 2 months post treatment,
we observed an improvement in both genotypes in fully treated mice
compared to the mock groups (Figures 4C and 4G). In the R75W/
Gjb1-null line, the force of the mock group reached 76.85 ± 4.26 g
(n = 38) compared to 111.34 ± 4.11 g in the treated group (n = 41;
p < 0.0001; Figure 4C). In the N175D/Gjb1-null line, the mock group
reached 77.25 ± 13.82 g (n = 32) compared to 84.71 ± 4.72 g in the
treated group (n = 38; p = 0.002; Figure 4G). Finally, at 10 months
of age, 4 months post treatment, we observed again a significant
improvement of grip strength in both R75W/Gjb1-null- and
N175D/Gjb1-null-treated mice compared to the respective mock
groups (Figures 4D and 4H). R75W/Gjb1-null mice reached a
strength of 89.23 ± 5.42 g in the mock (n = 38) compared to
125.04 ± 5.42 g in the treatment group (n = 41; p < 0.0001; Figure 4D).
Likewise, N175D/Gjb1-null mice reached a force of 63.25 ± 3.85 g in
themock (n = 32) compared to 80.01± 4.32 g in the treated group (n =
38; p = 0.0081; Figure 4H). Improved function was evident from base-
line to the end of the experiment in both lines examined, as indicated
in Figures 4E and 4I, with increased force from 6 to 10 months of age
in treated mice compared to the mock groups, which showed either
stable force (Figure 4E), as in the case of R75W/Gjb1-null, or
decreasing force, as in the case of N175D/Gjb1-null (Figure 4I).

Motor balance and coordination were further evaluated by rotarod
testing at 6, 8, and 10 months of age, as described above for the
pre-onset group. At baseline, at the age of 6 months, both groups in
both genotypes showed similar performance at both speeds examined
Molecular The
(Figures S3A, S3D, S3G, and S3J). However, late-treated animals from
both transgenic lines failed to show any improvement in rotarod per-
formance compared to the respective mock groups 2 and 4 months
post injection (Figure S3).

Improved nerve conduction velocities in post-onset-treated

R75W/Gjb1-null and N175D/Gjb1-null mice

We also conducted electrophysiological analysis of sciatic nerve func-
tion as in the early-treatment groups. Electrophysiology was conduct-
ed at 10 months of age, 4 months post injection. MNCV was
improved in 10-month-old treated mice from both the R75W/
Gjb1-null and N175D/Gjb1-null transgenic lines compared to their
mock-treated littermates. Sciatic MNCV in 10-month-old R75W/
Gjb1-null mice was on average 29.43 ± 0.75 m/s in the mock (n =
16) compared to 38.60 ± 1.39 m/s in the treated group (n = 16;
p < 0.0001; Figure 4J). Likewise, in N175D/Gjb1-null mice, MNCV
reached 29.46 ± 0.83 m/s in the mock group (n = 13) compared to
41.37 ± 0.91 m/s in the treatment group (n = 19; p < 0.0001; Fig-
ure 4L). Sciatic CMAP amplitudes were also measured but showed
no changes between the mock and fully treated mice in either of
the two genotypes (Figures 4K and 4M).

Improved nerve pathology in post-onset-treated R75W/Gjb1-

null and N175D/Gjb1-null mice

Similar to the pre-onset groups, we performed detailed morphological
analysis in anterior lumbar roots, mid-sciatic nerves, and femoral mo-
tor nerves of post-onset-treated compared tomock-treated 10-month-
old R75W/Gjb1-null andN175D/Gjb1-null mice. Improved pathology
was observed in all tissues examined in R75W/Gjb1-null mice treated
after onset at the age of 6 months compared to mock-treated litter-
mates. Both abnormally myelinated fibers and foamy macrophages
were decreased in treated mice compared to the mock-treated mice.
In anterior lumbar roots (Figures 5A, 5B, 5E, and 5F), the ratio of
abnormally myelinated fibers reached 0.26 ± 0.02 (n = 12) in mock
compared to 0.13 ± 0.03 in treated mice (n = 12; p = 0.0011; Figure 5I).
Likewise, the numbers of foamy macrophages were decreased in
treated mice (7.38 ± 0.62; n = 12) compared to the mock group
(14.56 ± 1.09; n = 12; p = 0.0003; Figure 5J). Similar results were ob-
tained in femoralmotor nerves (Figures 5M, 5N, 5Q, and 5R), in which
the ratio of abnormally myelinated fibers decreased to 0.23± .0.02 (n =
12) in treated mice compared to the mock group (0.32 ± 0.01; n = 12;
p = 0.0111; Figure 5U) and foamy macrophages were decreased in
treated (5.41 ± 0.87; n = 12) compared to the mock-treated animals
(8.76 ± 0.55; n = 12; p = 0.0073; Figure 5V). Finally, improvement
was observed also in the sciatic nerves (Figures S5M, S5N, S5Q, and
S5R), where abnormally myelinated fibers reached 0.05 ± 0.01
(n = 11) in treated and 0.10 ± 0.01 in mock-treated mice (n = 12;
p = 0.001; Figure S5U) and foamy macrophages were decreased in
treated mice (3.54 ± 0.51; n = 11) compared to the mock group
(6.79 ± 0.46; n = 12; p = 0.0013; Figure S5V).

In N175D/Gjb1-null mice the post-onset treatment trial showed
similar positive outcomes as in R75W/Gjb1-null mice. In the anterior
lumbar roots (Figures 5C, 5D, 5G, and 5H), the ratio of abnormally
rapy: Methods & Clinical Development Vol. 30 September 2023 383
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Figure 4. Analysis of functional outcomes in R75W/Gjb1-null andN175D/Gjb1-null mice treated post onsetwith AAV9-Mpz.GJB1 treated compared to AAV9-

Mpz.Egfp-treated (mock) littermates

Diagram showing the post-onset treatment trial design with timing of functional and morphological analysis (A). Results of foot-grip analysis of R75W/Gjb1-null (B–E) and

N175D/Gjb1-null mice (F–I) comparing AAV9-Mpz.GJB1-treated (GJB1) and mock-treated mice, as indicated. There were no differences between the treatment groups

before the injection (B and F), but, 2 months post injection, grip strength improved in treated mice of both genotypes compared to the mock groups (C and G). Improved

performance continued at 4 months post injection (10 months of age) in treated mice of both CMT1X lines compared to controls (D and H). Longitudinal analysis within each

group showed improved motor performance over time in treated mice of both genotypes, while mock groups did not improve (E and I). Sciatic nerve motor conduction

velocity (MNCV) also showed significant improvement 4 months after treatment compared to the mock groups in both R75W/Gjb1-null-treated (J) and N175D/Gjb1-null-

treated (L) mice. CMAP amplitudes showed no significant differences between treated and mock groups (K and M). Values represent mean±SEM. Statistical analysis was

performed using Mann-Whitney or one-way ANOVA.
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myelinated fibers reached 0.32 ± 0.03 (n = 13) in mock compared to
0.16 ± 0.02 in treated mice (n = 12; p = 0.0012; Figure 5K), while the
numbers of foamy macrophages decreased to 8.81 ± 1.74 in treated
(n = 12) compared to 14.79 ± 1.20 in mock-treated animals (n =
13; p = 0.008; Figure 5L). Likewise, in femoral motor nerves
(Figures 5O, 5P, 5S, and 5T) of fully treated N175D/Gjb1-null mice,
the ratio of abnormally myelinated fibers decreased to 0.21 ± .0.02
384 Molecular Therapy: Methods & Clinical Development Vol. 30 Septe
(n = 12) compared to 0.31 ± 0.01 in the mock group (n = 13; p =
0.0001; Figure 5W) and foamy macrophages were decreased to
5.21 ± 0.42 in treated mice (n = 12) compared to the mock group
(9.27 ± 0.71; n = 13; p < 0.0001; Figure 5X). Finally, in the mid-sciatic
nerves (Figures S5O, S5P, S5S, and S5T), abnormally myelinated fi-
bers were decreased to 0.06 ± 0.01 (n = 10) in treated compared to
0.10 ± 0.00 in mock-treated mice (n = 10; p = 0.0003; Figure S5W)
mber 2023
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and foamy macrophages were decreased to 4.55 ± 0.53 in treated (n =
10) compared to the mock group (7.59 ± 0.48; n = 10; p = 0.0015;
Figure S5X).

We further performed axonal profiling using semithin sections of
femoral motor nerves to assess axon loss and degeneration. This anal-
ysis showed no significant differences in axon diameter distribution
between mock and fully treated mice of either mutant line (Figures
S6A and S6B). Furthermore, total axon numbers did not significantly
differ between the two groups in either mutant line: in the R75W/
Gjb1-null mice mock group, 563.3 ± 39.57 (n = 6 nerves; three
mice), and fully treated mice, 600.3 ± 9.06 (n = 6 nerves; three
mice, p > 0.05); in N175D/Gjb1-null mice mock group, 588.3 ±

13.2 (n = 6 nerves; three mice), and fully treated mice, 613.7 ±

34.28 (n = 6 nerves; three mice, p > 0.05) (Figures S6C and S6D).

DISCUSSION
Using a well-characterized AAV serotype, AAV9, we studied its effi-
cacy to treat demyelinating peripheral neuropathy in two CMT1X
transgenic mouse models expressing Golgi-retained mutant Cx32,
the R75W/Gjb1-null, and N175D/Gjb1-null. Our results show wide-
spread expression of virally delivered Cx32 in non-compact myelin
areas throughout the PNS, resulting in improved motor performance
and nerve pathology in both genotypes, following either early pre-
onset or delayed post-onset treatment. Thus, in addition to previously
demonstrated efficacy of AAV9-delivered gene replacement therapy
inGjb1-null mice,32 this study provides proof of concept for this treat-
ment approach also in two clinically relevant models of CMT1X.
Importantly, therapeutic benefit occurs despite the previously
demonstrated interfering effects of Golgi-retained mutants such as
R75W and N175D on co-expressed WT Cx32,22,29,31 supporting the
clinical relevance and translatability of this treatment for CMT1X
patients.

As in our previous studies, we delivered by lumbar intrathecal
injection an AAV9 vector carrying the GJB1 gene driven by the
Schwann cell-specific Mpz promoter in order to restrict expression
in Schwann cells, the key cell responsible for the development of
the peripheral neuropathy in CMT1X through a cell-autonomous
mechanism.33,34,43 Here, we used two Golgi-retained mutant mouse
models expressing the R75W or the N175D GJB1 mutation on a
Gjb1-null background. Although both mutant models expressed
similar levels of EGFP as expected, the N175D/Gjb1-null model
Figure 5. Morphological analysis of anterior lumbar roots and femoral motor ne

following post-onset intrathecal delivery of AAV9-Mpz.GJB1 or AAV9-Mpz.Egf

Representative images of semithin sections of R75W/Gjb1-null (A, B, E, and F) and N175

cord, at low and higher magnification, as indicated. AAV9-Mpz.GJB1 injected mice s

demyelinated (*) and remyelinated (r) fibers, as well as reduced numbers of foamy m

morphometric analysis results showing decreased ratios of abnormally myelinated fiber

femoral motor nerves of R75W/Gjb1-null (M, N, Q, and R) and N175D/Gjb1-null (O,

morphometric analysis results (U–X) from mock- and full-vector-treated mice confirm in

femoral nerves compared to mock-treated littermates with fewer demyelinated and rem

represent mean±SEM. Statistical analysis was performed using the Mann-Whitney tes
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showed a trend of higher expression levels of Cx32 levels in both roots
and nerves. Variable Cx32 protein levels in the two models may result
from different effects of random insertion into the genome during
transgenic line generation, as well as the degree of degradation that
retained Cx32 mutants undergo in proteasomes and lysosomes.21

These different baseline levels of mutant Cx32 in the two lines may
explain minor variations in therapeutic outcomes, including slightly
less significant response in function and morphology of the
N175D//Gjb1-null line. Nevertheless, the AAV9-based approach
overcomes any interfering effects, providing a clear therapeutic
benefit in both CMT1X models. It should be noted that the levels
of Cx32mutants and the possible interfering effects with co-expressed
WT Cx32 are likely overestimated in our transgenic models, because
expression is driven by the 2’,3’-cyclic nucleotide phosphodiesterase
(CNP) promoter,29 and not by the Gjb1 promoter itself. This is also
in accordance with the result of recently published R75W knockin
mouse model in which no Cx32 expression could be detected, likely
due to lower expression levels under Gjb1 promoter and rapid degra-
dation of the mutant.44

Here, we present for the first time electrophysiological data obtained
in transgenic R75W/Gjb1-null and N175D/Gjb1-null mice showing
MNCV values that are similar to those reported in Gjb1-null32,45,46

and in R75W knockin44 mouse models. This shows that either
complete deletion or the presence of a Cx32 mutant results in similar
functional abnormalities and degree of MNCV slowing. This loss-of-
function mechanism is attributed to defects in the formation or elec-
trochemical properties of GJ channels formed by the R75W, R75P, or
R75Q mutants.47 Furthermore, although mock-injected animals
received the vector carrying the Egfp gene with Schwann cell-specific
expression, we did not observe any differences in their functional out-
comes compared to untreated Gjb1-null mice, in keeping with our
previous studies.32,45,46,48 In this study, re-establishment of WT
Cx32 expression resulted in improved MNCVs in treated animals,
but the values did not reach the expected WT values, similar to
what we have already shown in Gjb1-null treated mice.32 This may
be due to the fact that the viral expression of Cx32 does not reach
WT levels but also because our gene replacement only reaches a
certain percentage of myelinating Schwann cells in PNS tissues, as
previously quantified.32

Furthermore, our data from this and previous studies show that
MNCV is a sensitive and treatment-responsive functional outcome
rves of 10-month-old R75W/Gjb1-null and N175D/Gjb1-null mice 4 months

p vectors

D/Gjb1-null (C, D, G, and H) anterior motor lumbar spinal roots attached to the spinal

how improved root myelination compared to mock-treated littermates with fewer

acrophages (arrows in E and G). Improved root pathology is confirmed by the

s and reduced numbers of macrophages per 1,000 fibers (I–L). Semithin sections of

P, S, and T) at lower and higher magnification as indicated. The corresponding

AAV9-Mpz.GJB1 injected CMT1X mice of both genotypes improved myelination in

yelinated fibers as well as reduction in the numbers of foamy macrophages. Values

t.
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measure for therapies in different models of demyelinating CMT neu-
ropathies, including Gjb1-null,32,48 Sh3tc2�/�,49 and C61-heterozy-
gous50 mice. Functional improvement after treatment was further
confirmed by the results of foot grip analysis, which has proved to
be the most reliable behavioral test for CMT1X mouse models. This
is not surprising given the predominantly motor-fiber pathology in
this model.51 Thus, the combination of electrophysiological and
behavioral analysis can provide an accurate assessment of functional
alterations in CMT models, as also demonstrated in previous studies
either at the baseline or following treatment.32,44,48,50,52

Based on our previous results showing that lentiviral vector did not
express Cx32 at high enough levels to overcome the interfering effects
of Golgi-retained mutants,33 we proceeded with a use of a more
potent vector, the AAV9, which is known to provide higher expres-
sion levels compared to lentiviral vectors due to its mostly episomal
persistence escaping the host genome regulatory control that limits
expression of integrated lentiviral vectors38,39 and its capacity to
diffuse more efficiently in the tissues.40–42 The significant therapeutic
benefit shown in this study achieved by AAV9 gene replacement in
both Golgi-retained mutant models in contrast to failed efficacy of
the previously tested lentiviral approach in the same models33 con-
firms the AAV advantage. This further indicates that higher expres-
sion levels of Cx32 can overcome possible interfering effects of certain
Cx32 mutants, likely occurring during hemichannel formation in the
Golgi.53,54

The advantage of our approach is that it can be applied for all CMT1X
patients regardless of the type and cellular effects of the causative
GJB1mutations. Alternatively, more personalized therapies including
combined silencing of the mutant gene and addition of the normal
gene, or gene editing, could be proposed.55–57 However, this study
demonstrates that gene addition is efficient enough without prior
silencing of mutant Cx32 expression and can achieve an easier and
more translatable approach for the treatment of CMT1X. It can be
applied to all types of mutations, including Golgi- or ER-retained mu-
tants, the latter previously shown to be rapidly degraded and to have
no interfering effects with co-expressed WT Cx32.22

In our previous studies, we used NF-L as a biomarker for both pro-
gression and response to treatment in different demyelinating
neuropathy models and showed an amelioration with at least early
treatment.32,49,50 In particular, the Gjb1-null mouse model showed
an elevation of NF-L concentration up to 4 months of age followed
by a significant reduction until 12 months of age (our unpublished
data). Here, we obtained similar results for the longitudinal study
in the R75W/Gjb1-null mouse model with an increase at 4 months
of age followed by a significant reduction by 8 months, although re-
maining at much higher levels compared to baseline. This is in accor-
dance with what is already shown for CMT1X patients, where
elevated concentrations of NF-L are observed followed by a signifi-
cant reduction after a 6-year interval.58,59 This was not the case in
the N175D/Gjb1-null mouse model showing a continuous increase
up to 8 months of age that might be attributed to more active pathol-
Molecular The
ogy in this mouse model compared to the R75W/Gjb1-null. Interest-
ingly, N175D/Gjb1-null mice already showed significantly higher
NF-L concentration at 2 months of age (baseline) compared to the
R75W mutants (p < 0.0001), a stage prior to the development of
the neuropathy. In contrast to our previous results, where we showed
reduced NF-L concentration after treatment, this was not the case in
this study, in which no differences were observed between mock and
fully treated CMT1X mice, despite behavioral, electrophysiological,
and morphological improvements. Thus, we find in these mouse
models a lack of correlation between the severity of pathology and
NF-L plasma levels. This is in accordance with studies in patients
where no correlation was found between the weighted Charcor-
Marie-Tooth Examination Scores (CMTES) and Charcot-Marie-
Tooth Neuropathy Scores (CMTNS) and NF-L plasma concentra-
tions, suggesting that there are some limitations in the use of NF-L
as a possible biomarker for CMTs.58,59

CMT1X is a slowly progressive neuropathy with myelin pathology
already present in childhood, accompanied by progressive axonal
degeneration.60 Thus, it is essential to demonstrate that any treatment
would be beneficial also after the onset of PNS pathology. Although
we have already shown in theGjb1-null mouse model that early inter-
vention is more efficient than post-onset treatment,43 we also wanted
to evaluate this delayed treatment approach in CMT1X mutant
mouse models expressing different GJB1 mutations that more faith-
fully reproduce the molecular-genetic background of CMT1X
patients. Our results show improvement in functional and morpho-
logical outcomes in both transgenic lines, although without reaching
the WT levels, similar to the results obtained when treating Gjb1-null
mice,32 when treated not only before but also well after the onset of
the neuropathy. Although the outcomes of MNCV and foot grip
strength were similar in pre- and post-onset treatment groups
(p > 0.05), our rotarod data and morphological analysis results do
show a lower response after late compared to early intervention. In
particular, the rotarod analysis showed that there was an improve-
ment in pre-onset-treated R75W/Gjb1-null mice at both speeds
examined, while there was no improvement following post-onset
treatment. N175D/Gjb1-null mice also showed a trend for improved
motor performance at the low speed examined only after pre-onset
treatment. Although some morphological improvements were also
less pronounced in post-onset treatment groups, they remained sig-
nificant in all tissues, confirming that they are more sensitive to mea-
sure therapeutic response. Nevertheless, morphological evaluation
has not includedmore distal nerves or neuromuscular junction inner-
vation,34 which may contribute to motor function and are more
affected by progressive axonal degeneration. Overall, both our previ-
ous post-onset treatment results43 and the current results indicate
that therapeutic intervention should be initiated as early as possible
in order to achieve a higher therapeutic benefit in CMT1X.

Finally, our data show that the therapeutic effects of AAV9-mediated
gene replacement in the PNS of CMT1X mutant mice can persist for
at least up to 6 months following a single injection. This is an indica-
tion that AAV9 can be stably expressed at high levels even 6 months
rapy: Methods & Clinical Development Vol. 30 September 2023 387
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after transduction of the highly differentiated and post-mitotic mye-
linating Schwann cells, offering sufficient exogenous WT Cx32 pro-
duction to overcome the effects of the co-expressed Cx32mutant pro-
teins even in older mice up to 10 months of age. Similar long-lasting
therapeutic effect has been demonstrated when using AAV9-medi-
ated gene silencing in Schwann cells in a model of CMT1A, with sta-
ble silencing effects and therapeutic benefit on myelination for at least
8 months after a single intrathecal injection.50 Moreover, intravenous
injection of AAV9 in mice results in stable expression for up to
9 months.61

In conclusion, this study shows that GJB1 gene replacement by lum-
bar intrathecal delivery of AAV9 in two representative mouse models
of CMT1X-expressing Golgi-retained Cx32 mutant can improve
functional and morphological outcomes that are characteristic of
this demyelinating neuropathy. Furthermore, AAV-mediated exp-
ression of WT Cx32 can overcome possible interfering effects of
Golgi-retained mutants both before as well as after the onset of the
neuropathy. This study provides a proof of concept for a translatable
gene therapy approach to treat CMT1X patients irrespective of their
underlying mutations. Further evaluation of the scale-up potential
and safety of this approach in larger animals is warranted in other
to advance clinical translation.

MATERIALS AND METHODS
Cloning and production of AAV vectors

We generated constructs for AAV-vector-mediated gene delivery
designed to provide Schwann cell-specific expression of either the re-
porter gene EGFP (pAAV-Mpz.Egfp, mock vector) or Cx32 (pAAV-
Mpz.GJB1, full, therapeutic vector), both under the rat 1.2-kb Mpz
promoter shown to drive expression specifically in Schwann cells as
already described in our previous studies.35,62

The pAAV-Mpz.Egfp and pAAV-Mpz.GJB1 plasmids were cross-
packaged into AAV9 capsid. For AAV9 vector production,
HEK293T cells are grown in 10-cm tissue culture dishes in IMDM
supplemented with 10% FCS. Two hours prior to transfection, the
medium is changed. When cells have reached approximately 70%–

80% confluency, they are transfected using polyethylenimine (PEI;
branched, molecular weight 25,000; Sigma) with a three-plasmid
mix of pAAV, pRepCap, and pXX6 plasmid (provided by Dr. Jude Sa-
mulsky, University of North Carolina at Chapel Hill) at a ratio of
1:2:1, and the medium is changed 16 h after transfection. As it was
shown previously63 that the cell medium contains significant
amounts of virions, both the cells and the cell supernatant are
collected 48 h later for vector purification. Cells are pelleted by centri-
fugation at 500 � g for 10 min and are subsequently re-dissolved in
lysis buffer (0.5% sodium deoxycholate, 150 mM NaCl, 20 mM
Tris, 50 U/mL Benzonase; Sigma-Aldrich, Munich, Germany) and
incubated at 37�C for 1 h. The lysate is then clarified by centrifugation
at 3,000 � g for 10 min and filtered in parallel with the supernatant
through 0.45-mm Millipore filters (Millipore, San Salvador, El Salva-
dor). Next, RNAse A and a protease inhibitor cocktail is added to both
the lysate and the supernatant and incubated for 2 h at 37�C followed
388 Molecular Therapy: Methods & Clinical Development Vol. 30 Septe
by clarification at 3,000 � g for 15 min. The preparations are then
combined with a precipitation mix (PEG/NaCl) at a ratio of 3:1,
which is incubated at 4�C overnight. The mixture is centrifuged at
3,000 � g for 30 min and the aqueous supernatant discarded. The
virion-containing pellet is then resuspended in 3 mL of pellet suspen-
sion buffer (250 mM NaCl solution), which is clarified by centrifuga-
tion at 10,000 � g for 10 min at 4�C. The virus-containing aqueous
layer is then transferred to Beckmann UltraClear SW41 tube and is
centrifuged at 149,000 � g for 3 h. The aqueous layer is then dis-
carded, and the viral pellet resuspended in 200 mL of pellet suspension
buffer. The vector genome copy number is determined by the Pico-
green method.64

Experimental animals

In this study, we used 2- and 6-month-old mice expressing two
different CMT1X mutations on a Gjb1-null background, modeling
the genotype of male CMT1X patients expressing a single mutated
GJB1 allele. Gjb1-null mice (C57BL/6_129) were originally generated
by Prof. Klaus Willecke, University of Bonn, Germany. In these mice,
the neor gene was inserted in frame into the Exon 2 of GJB1 gene,
which contains the open reading frame (ORF).65 We used the previ-
ously described and phenotypically characterized CMT1X transgenic
models R75W/Gjb1-null29 and N175D/Gjb1-null mice,33 both gener-
ated in our transgenic mouse facility on C57BL/6 background, weigh-
ing 20–25 g. The R75W andN175Dmutants are known to be retained
in the Golgi.22,29 Mice were kept in a specific-pathogen-free animal
facility, housed in open-top system cages. Wood bedding for labora-
tory mice, dried by high-temperature treatment, sieved, de-dusted,
and of high absorbency, was used and mice were housed up to five
in each cage. Standard mouse diet, certificate, for reproduction, wean-
ing, and growth, and tap potable water, filtered and UV sterilized,
were administered to the mice. Mice were kept in 12-h dark/12-h light
cycle at a temperature of 22�C. Both male and female mice were used
in our experiments and showed no (sex-related) differences in their
behavioral performance or nerve pathology. All experimental proced-
ures in this study were conducted in accordance with animal care pro-
tocols approved by the Cyprus Government’s Chief Veterinary Offi-
cer (project license CY/EXP/PR.L3/2017) according to national law,
which is harmonized with EU guidelines (EC Directive 86/609/EEC).

Study design

For Cx32 expression analysis, we used R75W/Gjb1-null and N175D/
Gjb1-null mice injected with the pAAV-Mpz.GJB1 (full) vector. For
the treatment trial experiments, mice were treated at the age of
2 months for the early treatment and at 6 months of age for the
late treatment (Figures 2A and 4A). Littermate mice were randomized
to receive either AAV9-Mpz.GJB1 (full) treatment or AAV9-
Mpz.Egfp (mock treatment, control group) and were assigned a cod-
ing number for further identification. Two-month-old mice were
evaluated before the treatment and again at the age of 4 and 6months,
while 6-month-old mice were evaluated before the treatment and at
the age of 8 and 10 months. Mice were evaluated by behavioral testing
by an examiner blinded to the treatment condition and used at the age
of 6 months for the early treatment and 10 months for the late
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treatment for electrophysiology or for quantitative morphometric
analysis of semithin sections. Analysis of physiological and morpho-
logical results was also performed blinded to the treatment condition.
For the early-treatment study, we used 26 R75W/Gjb1-null mice in-
jected with the mock vector (15 for morphological outcomes and
11 for electrophysiological analysis) and 27 injected with the full vec-
tor (16 for morphological outcomes and 11 for electrophysiological
analysis) as well as 22 N175D/Gjb1-null mice injected with the
mock vector (11 for morphological outcomes and 11 for electrophys-
iological analysis) and 23 injected with the full vector (11 used for
morphological outcomes and 12 for electrophysiological analysis).
Finally, for the late treatment, we used 28 R75W/Gjb1-null mice in-
jected with the mock vector (12 for morphological outcomes and
16 for electrophysiological analysis) and 28 injected with the full vec-
tor (12 for morphological outcomes and 16 for electrophysiological
analysis), as well as 26 N175D/Gjb1-null mice injected with the
mock vector (13 for morphological outcomes and 13 for electrophys-
iological analysis) and 31 injected with the full vector (12 for morpho-
logical outcomes and 19 for electrophysiological analysis). For the
treatment trials, we used at least 10 mice for both electrophysiological
and morphological analysis in order to account for the expected vari-
ability between mice and obtain adequate data for statistical analysis.
All values obtained were included in the analysis without excluding
any outliers. Foot grip tests were performed three times and the
mean value was used.

Intrathecal vector delivery

We delivered the AAV vectors by a single lumbar intrathecal injec-
tion as previously described.35,66 Briefly, a small skin incision was
made along the lower lumbar spine level of anesthetized mice to
visualize the spine, and the AAV vector was delivered into the
L5-L6 intervertebral space. A 50-mL Hamilton syringe (Hamilton,
Giarmata, Romania) connected to a 26-gauge needle was used to
inject 20 mL of AAV stock containing an estimated total of
2 � 1011 vector genomes (vg), at a maximum rate of 5 mL/min. A
flick of the tail was considered indicative of successful intrathecal
administration.

Immunofluorescence staining

For immunostaining, mice were anesthetized with avertin according
to institutionally approved protocols, and then transcardially
perfused with normal saline followed by fresh 4% paraformaldehyde
in 0.1 M PBS buffer. The lumbar-sacral spinal cords with spinal roots
attached, as well as the bilateral sciatic and femoral motor nerves,
were dissected and post-fixed in 4% PFA, the spinal cord for 2 h
and sciatic and femoral nerves for 30 min. Spinal roots were frozen
for cryosections, while sciatic and femoral nerves were isolated and
teased into fibers under a stereoscope. Teased fibers or sections
were permeabilized in cold acetone and incubated at RT with a
blocking solution of 5% BSA (Sigma-Aldrich, Munich, Germany)
containing 0.5% Triton X (Sigma-Aldrich, Munich, Germany) for 1
h. Primary antibodies used were: mouse monoclonal antibody against
contactin-associated protein (Caspr, 1:50; gift of Dr Elior Peles, Weiz-
mann Institute of Science) and rabbit antisera against Cx32 (1:50; In-
Molecular The
vitrogen, Waltham, MA USA) all diluted in blocking solution and
incubated overnight at 4�C. Slides were then washed in PBS and incu-
bated with mouse cross-affinity fluorescein-conjugated (1:1,000; Invi-
trogen, Waltham, MA USA) and rabbit cross-affinity purified rhoda-
mine-conjugated (1:500; Jackson ImmunoResearch, West Grove,
USA) secondary antibodies for 1 h at RT. Cell nuclei were visualized
with DAPI (1 mg/mL; Sigma, Munich, Germany). Slides were
mounted with fluorescent mounting medium and images photo-
graphed under a fluorescence microscope with a digital camera using
a fluorescence microscope (Nikon Eclipse Ni; Tokyo, Japan) with dig-
ital camera (DS-Qi2) using NIS-Elements software.

For quantification of viral Cx32 expression, we counted in lumbar
root and sciatic nerve sections double stained for Cx32 and Caspr
in n = 6 mice per genotype the number of Cx32-immunoreactive
paranodal areas, expressed as a percentage of all paranodal areas
visualized in each tissue section based on Caspr paranodal
labeling.

Immunoblot analysis

Fresh sciatic and femoral nerves and lumbar spinal roots were collected
from R75W/Gjb1-null and N175D/Gjb1-null mice and lysed in ice-
cold RIPA buffer (10 mM sodium phosphate, pH 7.0, 150 mM NaCl,
2 mM EDTA, 50 mM sodium fluoride, 1% Nonidet P-40, 1% sodium
deoxycholate, and 0.1% SDS, all from Sigma-Aldrich, Munich, Ger-
many) containing a mixture of protease inhibitors (Roche, Sigma-
Aldrich, Munich, Germany). Proteins (150 mg) from the lysates were
fractionated by 12% SDS/PAGE and then transferred to a Hybond-C
Extra membrane (GE Healthcare Life Sciences, Logan, USA) using a
semidry transfer unit. Nonspecific sites on themembranewere blocked
with 5% non-fat milk in PBS with Tween 20 (PBS-T) for 1 h at room
temperature. Immunoblots were incubatedwith rabbit antisera against
EGFP (1:1,000;Abcam,Cambridge,UK) orCx32 (clone 918, 1:3,000)67

and mouse b-tubulin (1:4,000; Developmental Studies Hybridoma
Bank, Iowa City, USA) at 4�C overnight. After washing, the immuno-
blots were incubated with an anti-mouse or anti-rabbit HRP-conju-
gated secondary antiserum (Jackson ImmunoResearch, diluted
1:3,000, West Grove, USA) in 5% milk-PBST for 1 h. The bound anti-
body was visualized by an enhanced chemiluminescence system (GE
Healthcare Life Sciences, Logan, USA).

Behavioral analysis

Mice included in the treatment trial were subjected to grip strength
and rotarod testing in order to access motor performance following
delivery of the therapeutic or the mock AAV9 vector.

Grip strength testing

To measure grip strength, mice were held by the tail and lowered to-
ward the apparatus (Ugo Basile, Varese, Italy) until they grabbed the
grid with the hind paws. Mice were gently pulled back until they
released the grid. Measurements of the force in grams were indicated
on the equipment. Each session consisted of three consecutive trials,
and measurements were averaged. Hindlimb force was compared be-
tween AAV9.Mpz-GJB1 and AAV9.Mpz-Egfp-treated mice.
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Rotarod testing

Motor balance and coordination were determined as described previ-
ously68 using an accelerating rotarod apparatus (Ugo Basile, Varese,
Italy). Training of animals consisted of three trials per day with
15-min rest period between trials, for three consecutive days. The
mice were placed on the rod and the speed was gradually increased
from 4 to 40 rpm. The trial lasted until the mouse fell from the rod
or after the mouse remained on the rod for 600 s and was then
removed. Testing was performed on the fourth day using two
different speeds, 20 and 32 rpm. Latency to fall was calculated for
each speed. Each mouse was placed on the rotarod three times at
each speed used, and three different values were obtained for each
speed. Mean values were used for each mouse at the two different
speeds.

Electrophysiological analysis

MNCV

MNCV was measured in vivo using published methods46 from bilat-
eral sciatic nerves following stimulation in anesthetized animals at the
using two stimulation sites, one near the sciatic notch and one distally
at the knee, via bipolar electrodes with supramaximal square-wave
pulses (5 V) of 0.05 ms. The latencies of the CMAPs were recorded
by a bipolar electrode inserted between digits 2 and 3 of the hind
paw and measured from the stimulus artifact to the onset of the nega-
tive M-wave deflection. MNCV was calculated by dividing the dis-
tance between the stimulating and recording electrodes by the result
of subtracting distal from proximal latency.

NF-L plasma level evaluation

To further access the potential effect of the treatment on neuroaxonal
degeneration, we measured the plasma concentration of the axonal
injury biomarker NF-L69 in untreated R75W/Gjb1-null and
N175D/Gjb1-null mice at the ages of 2, 4, 6, and 8 months, as well
as from mice carrying both mutations treated either with the thera-
peutic or with the mock vector, at the ages of 8 or 10 months for early
or late treatment, respectively. Blood was collected prior to sacrificing
the animals using standard methods.70 Blood samples were processed
within 1 h. Blood was collected into EDTA-containing tubes and
centrifuged at 20�C at 3,500 rpm for 10 min. Plasma was aliquoted
and stored at �80�C until testing. Plasma NF-L concentration was
measured at University College London (UCL) using a commercially
available NF-Light kit on a single-molecule array (Simoa) HD-X in-
strument (Quanterix, Billerica, MA).71,72 All samples were measured
in duplicate on one occasion using one batch of reagents. Intra-assay
coefficients of variation were <15.

Morphometric analysis of myelination in lumbar roots and

peripheral nerves

Mice were transcardially perfused with 2.5% glutaraldehyde in 0.1 M
PBS buffer. The lumbar spinal cord with multiple spinal roots
attached, as well as the femoral and sciatic nerves, were dissected
and fixed overnight at 4�C, then osmicated, dehydrated, and
embedded in Araldite resin (all purchased fromAgar Scientific, Essex,
UK). Transverse semithin sections (1 mm) of the lumbar spinal cord
390 Molecular Therapy: Methods & Clinical Development Vol. 30 Septe
with roots and the middle portion of the femoral motor and sciatic
nerves were obtained and stained with alkaline toluidine blue
(Sigma-Aldrich, Munich, Germany). Sections were visualized with
10�, 20�, and 40� objective lenses and captured using a Nikon
Eclipse Ni microscope (Tokyo, Japan) with digital camera (DS-Fi3)
using NIS-Elements software. Images of whole root or transverse
nerve sections were obtained at 100–200� final magnification, and
a series of partially overlapping fields covering the entire cross-
sectional area of the roots or the nerves were captured at 400� final
magnification.

These images were used to examine the degree of abnormal myelina-
tion in all treatment groups as described previously.29,36,73 In brief, all
demyelinated, remyelinated, and normally myelinated axons were
counted in the entire root or nerve cross section using the following
criteria: axons larger than 1 mmwithout a myelin sheath were consid-
ered demyelinated; axons with myelin sheaths <10% of the axonal
diameter and/or axons surrounded by “onion bulbs” (i.e., circumfer-
entially arranged Schwann cell processes and extracellular matrix)
were considered remyelinated; all other myelinated axons were
considered normally myelinated.

In addition, we counted the number of foamy macrophages present
within the entire cross section of each root or nerve, as an indication
of inflammation. Macrophages were identified in semithin sections at
400� magnification as cells laden with myelin debris, devoid of a
basement membrane, and extending small, microvilli-like processes,
as described previously.45,74 The macrophage count was calculated
as the ratio per 1,000 myelinated fibers to account for size differences
between different spinal roots and nerves. All pathological analyses
were performed blinded to the treatment condition of each mouse.
Finally, using semithin sections of femoral motor nerves from both
full and mock treatment groups, total axons and the axonal diameter
for axon profiling analysis were measured using the Image Pro Plus
software (version 6.0; Media Cybernetics) using a custom-made
macro.
Statistical analysis

Behavioral testing results, electrophysiological results, NF-L concen-
trations in the treatment trial groups, andmorphological analysis data
obtained from mock-treated and fully treated groups were compared
using the Mann-Whitney U test (significance level for all compari-
sons, p < 0.05). NF-L levels at the timeline experiments were
compared using one-way ANOVA with Tukey’s post-test. Tests
were performed using GraphPad Instat3 software or GraphPad Prism
8 (GraphPad, San Diego, USA).
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