












Figure 3 Draggen mice have muscle weakness. In vivo physiological assessment of hind-limb muscles of 60-week-old male mice.

Scn4a + / + (n = 12); Scn4aDgn/ + (n = 14). (A) Tibialis anterior (TA) muscle force showed that the time to peak force (Tmax) and half-time

relaxation time (T1/2R) were significantly longer in draggen mice than wild-type controls. For Tmax (Scn4a + / + = 17.5 ms; Scn4a + / + ;

Scn4aDgn/ + = 21.9 ms; P5 0.001). For T1/2R (Scn4a + / + = 13.3 ms; Scn4aDgn/ + = 20.6 ms; P50.001). Single twitch force for tibialis

anterior muscles was not significantly different between wild-type and draggen muscles (Scn4a + / + = 54.1 g; Scn4aDgn/ + = 45.7 g;

P = 0.19). The two traces shown per image represent the right and left hind-limb from the same animal. (B) Extensor digitorum longus

(EDL) muscles in draggen mice also took longer to reach both Tmax and T1/2R than wild-type (Tmax: Scn4a + / + = 15.9 ms;

Scn4aDgn/ + = 20.0 ms; P50.001. T1/2R: Scn4a + / + = 10.7 ms; Scn4aDgn/ + = 17.3 ms; P50.001). Single twitch force was also determined

for extensor digitorum longus muscles, with wild-type muscles exerting more force than draggen muscles (Scn4a + / + = 16.7 g;

Scn4aDgn/ + = 9.8 g; P5 0.001). (C) Extensor digitorum longus tetanic force generated by draggen mice (45.8) is reduced compared to

wild-type littermates (60.5) (P = 0.003). (D) Representative traces of tetanic tension from wild-type and draggen extensor digitorum

longus muscles. The fatigue index (FI) is increased for draggen muscle (0.48) when compared to wild-type (0.25) (P50.001). (E) High

potassium levels diminish force generated by extensor digitorum longus muscles of draggen mice ex vivo. Scn4a + / + (n = 7); Scn4aDgn/ +

(n = 9) (P-values: 14 min: P = 0.017; 16–20 min: P50.003). The force generated by extensor digitorum longus was measured every 2 min

with muscles submerged in a bath with normal (4.75 mM) and high (12 mM) potassium concentrations for 10 min in each condition. Data

are expressed as mean � SEM. *P50.05; **P5 0.01; ***P5 0.001.
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in draggen muscle. Motor units were also estimated in the exten-

sor digitorum longus muscles of wild-type and draggen mice and

no significant differences were observed (P = 0.6, data not

shown), suggesting that the muscle weakness and fatigue charac-

teristics in draggen mice are not caused by denervation or axon/

motor unit dysfunction.

High extracellular potassium levels can
elicit muscle weakness in draggen
muscle
Periodic paralysis is characterized by attacks of muscle weakness,

which can be elicited in some patients by changes in extracellular

potassium levels (Moxley et al., 1989; Vicart et al., 2004;

Hayward et al., 2008). The effect of different potassium levels

in muscle force was therefore measured ex vivo in the extensor

digitorum longus from 60-week-old wild-type and draggen male

mice in the presence of low (2 mM), normal (4.75 mM) and high

(12 mM) potassium levels. Wild-type extensor digitorum longus

muscles exerted similar maximal force in all conditions. In contrast,

in draggen extensor digitorum longus muscles high, but not low

(data not shown), potassium levels resulted in a significant force

reduction (Fig. 3E). Hence, a degree of muscle weakness can be

elicited ex vivo by high potassium in draggen muscle.

Progressive myopathy in draggen mice
Some forms of periodic paralysis and myotonia have been asso-

ciated with muscle histopathological alterations as patients age

(Bradley et al., 1990; Plassart et al., 1994; Nagamitsu et al.,

2000; Schoser et al., 2007). Tibialis anterior, extensor digitorum

longus and soleus hind-limb muscles were therefore examined in

male mice at two stages: young (12 weeks of age) and aged (60

weeks of age). At 60 weeks of age, haematoxylin and eosin stain-

ing revealed an increased number of central nuclei and the pres-

ence of larger muscle fibres in aged draggen tibialis anterior

muscles compared to wild-type (Fig. 4A and B), providing

evidence of a progressive damage/regeneration process.

Interestingly, the soleus muscle was unaffected (data not

shown). NADH-tetrazolium reductase (NADH-TR) staining of the

tibialis anterior muscle at 60 weeks of age showed a fibre switch

towards a more oxidative type together with fibre grouping, par-

ticularly in the more oxidative tibialis anterior core (Fig. 4C and D).

Both the low oxidative fibres in the cortex and the highly oxidative

fibres in the tibialis anterior core were significantly enlarged in

aged draggen mice (Fig. 4E). Young (12 weeks of age) draggen

tibialis anterior muscles did not have central nuclei (data not

shown). Muscle myosin heavy chain (MHC) immunostaining was

performed on young tibialis anterior muscle to quantify fibre

types. Interestingly, at this stage there is already a significant

degree of fibre switching towards a more oxidative type in drag-

gen tibialis anterior muscle, in both males and females, regardless

of whether they have presented with dragging attacks (Fig. 4F

and G).

Transmission electron microscopy analysis of the tibialis anterior

muscle of two aged draggen and control male mice at �1.5 years

of age was carried out. Representative observations from two

draggen mice are shown in Fig. 5. The presence of tubular aggre-

gates (Fig. 5A) as well as irregular triads (Fig. 5B and C) was

revealed in ultrathin longitudinal sections (70 nm). Triads of irregu-

lar size and orientation were widespread in many fibres that did

not show tubular aggregates. There is some evidence of continuity

of the terminal cisternae of the triads with the large vesicles found

in the proximity of tubular aggregates (Fig. 5D), in agreement

with previous observations showing that tubular aggregates may

originate from the sarcoplasmic reticulum (Engel et al., 1970;

Schiaffino, 2012). None of these hallmarks were detected in the

age and sex-matched control sample (Fig. 5E and F). Thus, drag-

gen mice show progressive muscle pathology, mimicking the

muscle pathology seen in some myotonia and patients with peri-

odic paralysis (Bradley et al., 1990; Tengan et al., 1994; Feng

et al., 2009, 2011; Luan et al., 2009; Trip et al., 2009).

Metabolic abnormalities in draggen
mice
Male draggen mice, but not females, showed significantly reduced

weight gain from 12 weeks of age compared to wild-type litter-

mates (Fig. 6A and Supplementary Fig. 5A). The weight differ-

ences in males were not due to differences in body size,

measured via femoral bone X-ray, or in food consumption, mea-

sured on a 24-h cycle (data not shown). Importantly, similar re-

sults were obtained when comparing the weights of wild-type and

Scn4aM1592V/ + male mice (Supplementary Fig. 5B). To further dis-

sect differences in body composition, the amount of fat and lean

mass was measured using Echo-MRI at 18 weeks of age. Draggen

male mice displayed less total fat mass than their wild-type litter-

mates (Fig. 6B; P = 0.015). As draggen male mice have less fat

mass yet consume similar amounts of food as wild-type litter-

mates, their whole body energy expenditure was measured.

Draggen mice had significantly higher whole body energy expend-

iture than wild-type littermates when we controlled for total body

weight in the dark period of a 24 h cycle (Fig. 6C, P = 0.01).

Weight differences might also be explained by differences in cir-

culating leptin levels (Oswal and Yeo, 2010). We found a trend

towards a reduction in serum leptin levels in draggen mice com-

pared to wild-type at 40 weeks of age (Supplementary Fig. 5C,

P = 0.07). We also tested glucose metabolism and found that

draggen mice re-established plasma glucose levels more efficiently

than wild-type littermates following a glucose tolerance test

(Fig. 6D), despite similar baseline insulin levels (Supplementary

Fig. 5D). In summary, mutations in the muscle specific Scn4a

gene have profound effects on the general metabolic status of

the whole animal.

AMPK is constitutively activated in
draggen and Scn4aM1592V/ + skeletal
muscle in mice with hind-limb
immobility
As muscle is a major contributor to the whole body energy ex-

penditure and metabolic rate, we speculated that the systemic

3178 | Brain 2014: 137; 3171–3185 S. Corrochano et al.

by guest on F
ebruary 5, 2015

D
ow

nloaded from
 

http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/awu292/-/DC1
http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/awu292/-/DC1
http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/awu292/-/DC1
http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/awu292/-/DC1
http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/awu292/-/DC1


metabolic alterations in draggen mice may be a consequence of

disturbed muscle energy demand that is required to re-establish

ion balance in myotonic muscle or after intermittent immobility

attacks. Muscle contractions increase the rate of ATP hydrolysis

which, via increases in the concentrations of AMP and ADP, acti-

vates the key intracellular energy sensor AMPK (Winder and

Hardie, 1996; Friedrichsen et al., 2013), mainly via phosphoryl-

ation of Thr172 (Hawley et al., 1996; Mu et al., 2001). We there-

fore hypothesized that the metabolic alterations seen in draggen

male mice may be mediated by differential AMPK activation in

mutant muscles. To estimate AMPK activation, Thr172 phosphor-

ylation was measured from tibialis anterior muscle in wild-type and

draggen male mice at two ages: young (12 weeks) and aged (60

weeks). Total AMPK levels were similar between all genotypes at

both ages. However, when compared to wild-type littermates,

AMPK Thr172 phosphorylation was higher in both young and

aged tibialis anterior muscles of draggen mice that have shown

at least one immobility episode (Fig. 7A). Moreover, AMPK acti-

vation levels were also higher in the tibialis anterior of the

Scn4aM1592V/ + mice (Fig. 7B), which also showed intermittent

Figure 4 Progressive myopathy in draggen mice. (A) Pathological assessment of tibialis anterior (TA) muscle of 60-week-old male wild-

type and draggen littermates. Haematoxylin and eosin (H&E) of the tibialis anterior cortex shows central nuclei and hypertrophic muscle

fibres in draggen muscle (delimited in yellow area to show the size of one draggen fibre for comparison). Yellow arrows point to central

nuclei. (B) Quantification of the central nuclei in the muscle fibres of wild-type and draggen tibialis anterior muscles (n = 3 mice per group,

n = 3 fields per mouse; P = 0.05). (C) NADH-TR activity staining shows more oxidative fibre grouping in the core of the draggen tibialis

anterior muscles. (D) Higher magnification of the core of the tibialis anterior muscle stained with NADH-TH showing enlarged high

oxidative fibre grouping in the draggen mice compare to the wild-type. (E) Quantification of fibre size (CSA, cross section area) in the

tibialis anterior core and cortex showing enlarged high and low oxidative draggen fibres when compared to wild-type (n = 3 per group,

P50.001 for both comparisons). (F) Representative MHC staining showing the fibre type in the tibialis anterior muscle of 12-week-old

mice wild-type and draggen littermates (IIa fibres in green and IIb fibres in red). (G) Quantification of the total number and the percentage

of IIa and IIb fibres. (Scn4a + / + n = 8; Scn4aDgn/ + n = 6 mice, P = 0.002 for both comparisons). Data are expressed as mean � SEM.

*P5 0.05; **P50.01. Scale bars: A = 50 mm; C and F = 500mm; D = 100mm.
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Figure 5 Tubular aggregates and vacuoles in skeletal muscle of draggen mice. Transmission electron microscopy analysis of the tibialis

anterior muscle from draggen (A–D) and control mice (E and F). (A) Representative view of single-walled tubular aggregates that have

accumulated between myofibrils. (B) Longitudinal section showing triads of different morphological appearances (filled arrows). Note the

presence of densities between adjacent membranes (open arrows). (C) Detailed view of T tubules and sarcoplasmic reticulum of triads

(filled arrows) of irregular size and orientation. (D) Detailed view of a tubular aggregate region showing the continuity of the sarcoplasmic

reticulum from a presumed irregular triad (filled arrow) with a large vesicle (star). (E and F) Wide and detailed view, respectively, of triads

of normal size and orientation (arrows) from a control sample.
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immobility attacks using our scoring system. Surprisingly, this

steady-state activation of AMPK is not observed in draggen

mice that have not shown a hind-limb immobility episode using

our scoring system (Fig. 7C), despite all tested draggen mice

having underlying myotonia. Thus, higher activation levels of

AMPK may be a general feature of mouse models carrying

Scn4a mutations presenting with intermittent immobility attacks.

The higher basal levels of activated AMPK in draggen muscle

suggest a possible functional link between AMPK activation levels

and Nav1.4 channel physiology. We therefore investigated if

AMPK activation could directly modify the electrophysiology of

Nav1.4 channels in vitro. HEK293 cells transfected with Nav1.4

variants were incubated with the AMPK activator AICAR or

cotransfected with a constitutively active truncated AMPK clone

AMPK�1(1–312). In these conditions, changes in AMPK activation

levels did not have any effects on voltage dependence of wild-

type or mutant Nav1.4 channel activation or fast inactivation

(Supplementary Fig. 6). Thus, at least in vitro, AMPK activation

is not sufficient to significantly alter the electrophysiology of the

Nav1.4 channel.

Blunted AMPK activation in draggen
muscles after in vivo stimulation
In patients, attacks of periodic paralysis can occur after physical

exertion, implying a potential link between energy demand and

paralysis episodes. To mimic exercise in the mice, we tetanically

stimulated the tibialis anterior and extensor digitorum longus mus-

cles of mice that have been previously used for the above in vivo

physiology recordings and measured AMPK activation levels.

Remarkably, muscles from draggen mice that had previously

shown immobility episodes were not able to activate AMPK to

the same degree as wild-type littermate controls after the tetanic

stimulation (Fig. 7D). Thus, AMPK activation is perturbed, both in

basal conditions and after stimulation in draggen muscles.

Figure 6 Draggen mutation affects body weight and metabolism. (A) Body weight (g) of male wild-type and draggen mice from 5 to 50

weeks of age. Draggen mice gain less weight than their littermate controls (P50.01 from 12 weeks; P50.001 from 18 weeks onwards).

At least 15 mice per genotype and time point were examined. (B) Body composition at 20 weeks of age in male mice. Draggen mice have

less total body weight [Scn4a + / + (n = 24); Scn4aDgn/ + (n = 17), P = 0.006] due to a reduction in total fat mass (P = 0.02), with no

changes in lean mass (P = 0.65). (C) Whole body energy expenditure (KJ/h/kg) corrected by body weight (kg) shows draggen mice

exerting higher whole body energy expenditure in the dark period (P = 0.01). Scn4a + / + (n = 14); Scn4aDgn/ + (n = 12). (D) Glucose

tolerance test curves during a 120-min intraperitoneal glucose injection (IPGTT) in 18-week-old male mice (n = 15 per group; overall

P50.001; per individual time points: P50.001 at T30 and T60, and P = 0.02 at final time point T120). Data are expressed as

mean � SEM. *P50.05; **P50.01; ***P50.001; n.s. = not significant.
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Discussion
Here we report a novel pathological mutation in the SCN4A gene

in a patient presenting with myotonia and periodic paralysis. We

have also produced its mouse model, draggen, carrying the

equivalent point mutation in the mouse Scn4a gene. All tested

draggen mice had myotonia, and all draggen males and a subset

of draggen females also developed spontaneous hind-limb immo-

bility attacks. This is underlined by a progressive myopathy and

muscle fibre switching towards a more oxidative type.

Figure 7 Changes in AMPK activation levels in mutant Scn4a hind-limb muscle. Immuno-blot analysis of mouse tibialis anterior muscle

lysates using antibodies to activated AMPK [Phospho-AMPK� (Thr172) and total AMPK levels (�1–�2)]. AMPK activation is expressed as

the coefficient between the p-AMPK/total-AMPK band intensities; graph values are relative to the average of each wild-type group.

Protein loading was controlled by GAPDH (data not shown). (A) Representative images of immunoblots from young (12-week-old) and

aged (60-week-old) wild-type or draggen mutant mice. In draggen mice the level of activated AMPK is higher than wild-type (n = 6 per

genotype; P = 0.02). (B) Representative images of immunoblots from tibialis anterior muscle of wild-type and Scn4aM1592V/ + mice,

showing higher basal AMPK activation in Scn4aM1592V/ + (n = 4) when compared to wild-type (n = 3); P = 0.04. (C) Representative images

of immunoblots from wild-type and draggen littermates that have not shown a hind-limb dragging attack (NA) and draggen mice that

have already shown at least one immobility episode (A). AMPK activation is elevated only in draggen mice that have already shown

immobility attacks (n = 4 per group; wild-type versus NA, P = 0.4; wild-type versus A, P = 0.03; A versus NA, P = 0.04). (D) Representative

immunoblots of tetanically stimulated tibialis anterior and extensor digitorum longus muscles lysates from 60-week-old wild-type and

draggen littermates mice induced after in vivo physiology recordings (including muscle force, fatigue characteristics and estimation of

motor units). The quantification graph shows blunted AMPK activation levels in draggen muscles after stimulation when compared to

wild-type (n = 6 in both groups; P50.001). Data are expressed as mean � SEM. *P50.05; ***P50.001.
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Interestingly, male draggen mice have systemic metabolic abnorm-

alities, including diminished fat mass and improved glucose toler-

ance. This is accompanied by changes in AMPK activation, both in

basal conditions and after muscle stimulation, in mice that present

with dragging attacks.

The majority of dominant SCN4A causative mutations in peri-

odic paralysis with myotonia have been found in the pore forming

segments S5–S6 or the voltage sensor segment S4 of Nav1.4. The

mutation identified here is located in the transmembrane segment

S1 of domain II, where no other SCN4A mutations have been

previously described. There are other mutations in the homologous

S1 segment of domain IV of the Nav1.4 channel (Wagner et al.,

1997) presenting features of hyperkalaemic periodic paralysis and

paramyotonia congenita with reported gender differences. There

are also reported mutations in the homologous S1 residue of

domain I of the Nav1.4 channel (Petitprez et al., 2008), as well

as in another sodium voltage-gated paralogue (Nav1.7) (Cheng

et al., 2008) that cause similar effects to I588V, causing a hyper-

polarizing shift in the voltage dependence of activation. The

hyperpolarizing shift in the voltage dependence of activation

found in I588V Nav1.4 channels is found for several mutations

associated with myotonia (Petitprez et al., 2008; Kokunai et al.,

2012; Yoshinaga et al., 2012), and would lower the activation

channel threshold and contribute towards myotonia.

Depolarization caused by increased sodium channel activity and

the small enhancement of fast inactivation may contribute towards

reduced Nav1.4 channel availability and muscle weakness. Many

hyperkalaemic periodic paralysis mutations display attenuated slow

inactivation whereas the slow inactivation of I588V mutant chan-

nel was wild-type like. However, some hyperkalaemic periodic

paralysis mutations present with intact or increased slow inactiva-

tion (Hayward et al., 1999; Bendahhou et al., 2000), suggesting

that Nav1.4 mutations can lead to hyperkalaemic periodic paralysis

without disruption of slow inactivation.

We were able to elicit muscle weakness ex vivo in draggen

muscles by increasing the extracellular potassium concentration.

However, although highly statistically significant, the drop in

muscle force (�25%) in draggen muscle after increasing [K + ]

was less pronounced than the drop previously published in

Scn4aM1592V/ + muscles; a drop in muscle force of �70% that

was confirmed with our experimental set-up (data not shown).

This may correlate with the fact that in vitro these novel human

and draggen mutations had only small effects on voltage depend-

ence channel inactivation. Indeed, the intermittent attacks seen in

draggen mice are accompanied by high EMG activity, suggesting

that they are not produced by muscle weakness. Nevertheless, in

the patient described here, the I588V SCN4A mutation unequivo-

cally leads to myotonia and periodic paralysis.

Importantly, we report a progressive myopathy in draggen mice,

with the appearance of tubular aggregates, vacuoles and asso-

ciated muscle atrophy. Thus, it is not surprising to find reduced

muscle force in aged draggen mice. Although we did not see any

tubular aggregates in our control muscles, it should be noted that

tubular aggregates have been previously reported in aged inbred

mice and could be a consequence of the ageing process (Agbulut

et al., 2000). However, similar pathological features have been

described in cases of periodic paralysis and myotonia

(Bradley et al., 1990; Schoser et al., 2007; Luan et al., 2009;

Feng et al., 2011). Therefore, draggen mice offer a novel excellent

model to study the role of tubular aggregates and vacuoles in the

pathophysiology of SCN4A channelopathies.

During the course of this investigation, we analysed

Scn4aM1592V/ + mice that have previously been characterized but

were not reported to develop intermittent hind-limb dragging at-

tacks (Hayward et al., 2008). Using our scoring system, we were

able to detect hind-limb immobility attacks on Scn4aM1592V/ +

mice that were indistinguishable from those seen in draggen

mice (data not shown). The previous absence of reported immo-

bility attacks in Scn4aM1592V/ + may be due to differences in the

genetic background between the strain used here and that used in

the initial characterization of the Scn4aM1592V/ + mice (Hayward

et al., 2008).

The draggen mutation causes EMG myotonia in all tested drag-

gen males and females, indicating full penetrance of this pheno-

type. However, this is not the case for the intermittent immobility

events; the mutation affects all males, but only a subset of mutant

females. These sex differences are not explained by differences in

Scn4a allelic expression levels between males and females (data

not shown). This suggests that modifying factors differing be-

tween males and females, other than the mutation itself, may

have an impact on the biophysics of the mutant Nav1.4 channel,

making males more prone to suffer from immobility attacks. Sex

differences in phenotypic penetrance have been previously re-

ported in forms of periodic paralysis (Wagner et al., 1997; Kim

et al., 2004; Li et al., 2012; Ke et al., 2013) and in a mouse model

of hypokalaemic periodic paralysis (Wu et al., 2011). The identi-

fication of these potential sex-specific modulating factors could

make them attractive targets for therapeutic intervention.

To investigate possible factors that might modify the properties

of the mutant Nav1.4 channel, we looked into the whole body

metabolism of draggen mice. Lower body weight in draggen

males was accompanied by general metabolic alterations, including

enhanced whole body energy expenditure and glucose tolerance,

which together potentially contribute to the leaner phenotype.

Importantly, we also observed weight differences between

Scn4aM1592V/ + and wild-type males. Overall, these data show

that mutations in the muscle specific Scn4a gene can produce

systemic metabolic alterations.

We hypothesized that the leaner phenotype seen in draggen

males could reflect differences in energy homeostasis. Indeed,

basal AMPK activation levels are higher in draggen muscles that

have shown at least one episode of hind-limb dragging. This could

potentially explain the glucose tolerance (Friedrichsen et al., 2013)

as well as the higher energy expenditure phenotypes in draggen

males. However, AMPK activation was not significantly increased

in draggen muscle before showing at least an immobility episode

reported using our scoring system. This suggests that myotonia

alone may not be sufficient to drive the increase in steady-state

AMPK activation levels. However, the severity of myotonia may

vary between individual draggen mice; in this scenario, mice with

the more severe myotonia could have more involuntary contractile

activity, presented as episodes of immobility, leading to a deple-

tion of energy and a subsequent activation of AMPK. This, in turn,

could result in endurance training-like adaptations such as blunted
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AMPK activation after stimulation (Mortensen et al., 2013).

Interestingly, baseline AMPK activation levels were also higher in

Scn4aM1592V/ + muscles, confirming that the rise in AMPK activa-

tion levels is not unique to draggen muscles and could be a gen-

eralized feature of Scn4a mouse models showing myotonia and

hind-limb dragging attacks.

AMPK activation has been shown to affect the properties of ion

channels expressed in skeletal muscle such as Kir2.1 and KATP

channels (Alesutan et al., 2011; Yoshida et al., 2012), and

might couple changes in metabolism to cell excitability.

However, AMPK activation did not directly altered Nav1.4 channel

behaviour in vitro. A thorough investigation of the electrophysio-

logical properties of the muscle fibres would be required to further

characterize the possible effects of AMPK activation on muscle

excitability.

In conclusion, we have identified a novel SCN4A mutation in a

human patient and created a mouse model carrying the equivalent

point mutation. Both mutations implicate a novel Nav1.4 domain

in the pathophysiology of myotonia and periodic paralysis. In

depth characterization validated the draggen mice as an excellent

new model to study the underlying muscle pathophysiology of the

human conditions, and uncovered novel systemic metabolic

abnormalities. These metabolic alterations are accompanied by

changes in muscle AMPK activation levels, suggesting a potential

role of the energy sensor AMPK in models of SCN4A

channelopathies.
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