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Abstract

Introduction—Testosterone (T) induces motor dysfunction in transgenic (Tg) mice
overexpressing wild type androgen receptor (AR) in skeletal muscles. Since many genes
implicated in motor neuron disease are expressed in skeletal muscles, mutant proteins may act in
muscles to instigate muscle dysfunction in motor neuron disease.

Methods—We examined contractile properties of the extensor digitorum longus (EDL) and
soleus (SOL) muscles in vitro after 5 and 3 days of T treatment in motor-impaired Tg female
mice.

Results—Both muscles showed deficits in tetanic force after 5 days of T treatment, without
losses in muscle mass, protein content, or fiber number. By 3 days of T treatment, only SOL
showed a deficit in tetanic force comparable to that at 5 days of treatment. In both treatments,
EDL shows slowed twitch kinetics, whereas SOL shows deficits in the twitch/tetanus ratio.

Conclusions—These results suggest calcium handling mechanisms in muscle fibers are
defective in motor-impaired mice.

Keywords

testosterone; skeletal muscle; Kennedy’s disease; motor dysfunction; muscle dysfunction;
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Introduction

The long held assumption that motor dysfunction caused by motoneuron disease is the direct
result of motoneuron loss has been recently challenged. 12 Furthermore, whether motor
impairments associated with motoneuron disease are due to defects that originate in the
motoneurons, or muscles, or both has also recently come under scrutiny. Because genes
linked to motoneuron disease are widely expressed, typically in both motoneurons and
muscles, deficits in motor performance associated with motoneuron disease could arise from
dysfunction in the motoneurons, skeletal muscles, or both. Recent data from muscle-specific
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mouse models of motoneuron disease suggest that skeletal muscle may indeed be a primary
site of action for disease genes, and dysfunction in skeletal muscles may contribute, if not
underlie, motor dysfunction.2-8

The transgenic (Tg) model used here recapitulates a polyglutamine disease called spinal
bulbar muscular atrophy (SBMA), a late-onset motoneuron disease affecting only men and
linked to a CAG repeat mutation in the AR gene. While not interfering with masculine
development and function, this CAG expansion mutation in the AR gene causes men with
SBMA to show a progressive loss of muscle strength that greatly impairs their motor
function.? This muscle-specific or “myogenic” Tg model was engineered by inserting a
transgene into mice that overexpresses wild type (WT) rat androgen receptors (AR)
selectively in skeletal muscle fibers using the human skeletal a actin promoter.® Like
SBMA in humans and other mouse models of this disease, motor dysfunction in such
myogenic Tg mice is triggered by male levels of androgens and can be relieved by lowering
circulating androgen levels.>10-15 While Tg females in this model also express the AR
transgene at comparably high levels, they are asymptomatic throughout life. However, when
provided with male-typical levels of testosterone, motor function of Tg females rapidly
deteriorates, developing motor defects in only a few days comparable to those seen in Tg
males, including shortened stride length and deficits in grip strength.>16 Significantly, Tg
male mice with a mutation in the endogenous AR gene, which eliminates endogenous AR
function, also show the same androgen-dependent loss of motor function,1’ demonstrating
that testosterone activates functional transgenic AR to impair motor function. While Tg
males show several markers of motoneuron disease, including atrophic and angulated
muscle fibers, and deficits in the number of axons in ventral roots, acutely diseased Tg
females do not.>16 Thus, AR acting directly in muscles can produce profound deficits in
motor function without the expected histopathology in muscle, and/or loss of motoneurons,
a dissociation that is also evident in other mouse models of SBMA 12-13.15

To explore whether muscle dysfunction might underlie motor dysfunction in myogenic
mice, we directly examined the contractile properties of muscles from diseased and healthy
female mice. We chose to study females over males, because unlike Tg males, who are
chronically impaired, the disease state can be “turned on” by exposure to androgens in Tg
females. Thus, given that the time of disease onset is known, acutely-impaired Tg females
offer the potential of sorting out proximate pathogenic mechanisms underlying motor
dysfunction from secondary effects of disease. Muscle mechanics of the fast-twitch extensor
digitorum longus (EDL) and slow-twitch soleus (SOL) were examined in vitro from adult
Tg females and age-matched WT controls following 5 and 3 days of testosterone treatment.
We observed a rapid loss of intrinsic force in both the EDL and SOL that occurs
independent of muscle mass in this model.

Animals and hormone treatment

Transgenic (Tg) mice were generated and genotyped using PCR as previously described.?
Tg animals from the 141 founding line express a WT rat AR cDNA under the control of the
human skeletal a actin promoter. Tg females were mated to C57/B6J mice for several
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generations to produce progeny for this study. Water and food were provided ad libitum. All
animal procedures were approved and performed in compliance with the Michigan State
University Institutional Animal Care and Use Committee, in accordance with the standards
in the NIH Guide for the Care and Use of Laboratory Animals. Adult (90-120 days) Tg and
age-matched wild type (WT) females were deeply anesthetized with isoflurane and Silastic
capsules (1.57 mm i.d. and 3.18 mm o.d., effective release length of 6 mm) containing either
crystalline testosterone (T) (~0.15 mg per capsule) or nothing (blank) were implanted
subcutaneously just caudal to the scapula as previously described.16 Incisions were closed
with 9 mm surgical staples. All animals received the analgesic ketoprofen (5 mg/kg, sc)
immediately following surgery. In the first experiment, mice were treated for 5 days before
muscle function was examined. Treatment groups were as follows: blank-treated wild type
(B WT), testosterone-treated wildtype (T WT), blank-treated transgenic (B Tg), and
testosterone-treated transgenic (T Tg) with n=5-6 mice/group. Separate cohorts of mice
were used to examine the EDL and the SOL after 5 days of treatment. In a second
experiment, contractile properties of the EDL and SOL harvested from the same set of mice
were examined after 3 days of T treatment, comparing muscles from T WT to T Tg mice,
n=5-6 mice/group.

Motor function tests

Motor function was assessed using the grip strength and hang tests one hour before surgery
to establish baseline performance (Day 0) and on each day following surgery (Days 1-3 or
1-5) up to the time of sacrifice. Forelimb grip strength was assessed using a grip strength
meter (Columbus Instruments) oriented in the horizontal plane.16:1512 Mice were held by
their tails and lowered to the apparatus, allowed to grasp the metal grid with their forelimbs
only, and were pulled by their tail vertically at a 90° angle away from the grid until their grip
was released. Force (g) applied to the bar at the moment of release was recorded as grip
strength. Seven consecutive measurements were done within a single two minute session for
each subject with the lowest and highest grip values excluded, and the mean of the
remaining five values recorded as the grip strength for that animal and session. The hang test
was conducted by placing mice on a wire grid that was then turned upside-down 40 cm
above a counter. Latency to fall (up to 120 seconds) from the wire grid was measured.>18

In vitro studies to assess muscle mechanics

To determine whether impairments in skeletal muscle function might underlie motor
dysfunction, muscle contractile characteristics of the EDL and SOL were examined in vitro
in motor-impaired Tg females and controls after 3 or 5 days of hormone treatment. These
hindlimb muscles were selected because the EDL and SOL are the prototypical fast and
slow twitch muscles, respectively, with considerable background information available on
their normal contractile properties.1%-20 Moreover, we were interested in determining
whether the toxic effects of an activated AR in this model system might depend on fiber
type, as observed in other diseases.?1-22

Mice were deeply anesthetized with a single intraperitoneal injection of sodium
pentobarbital in saline solution (0.1 mg/g body weight, Abbott Laboratories, North Chicago,
IL, USA). We chose sodium pentobarbital as opposed to ketamine/xylazine as our anesthetic
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since it has been shown to have little to no residual effect on the contractile properties of
muscle when assessed in vitro, yielding estimates that best fit those reported in the
literature.23 Once the muscles were exposed, 5-0 silk suture was tied to the proximal and
distal tendons in situ, and muscle resting length was recorded. Muscles were then excised by
cutting above the suture knot on the proximal tendon and below the suture knot distally.
Excised muscles were incubated in an 8 mL organ bath containing oxygenated Ringer’s
(117.1 mM NacCl, 4.6 mM KClI, 25.3 mM NaHCOg3, 2.5 mM CaCl, 1.2 mM MgSO4. pH 7.4;
equilibrated with 95% 0,/5% CO,).24-25 Temperature of the bath was continuously
monitored using a K-type thermocouple (Omega Engineering, Stamford, CT) adjacent to the
muscle and maintained at 25°C+0.2°C by circulating water through a glass-jacketed organ
bath (Radnoti Glass Technology, Monrovia, CA). Isolated muscles were fixed at their
approximate resting length by tying one end of the muscle ligature to a glass hook and the
other to an isometric force transducer (Astro-Med, West Warwick, RI) fitted with a
positioning micrometer. Muscles were initially set to their in vivo resting length by using the
suture distances between the proximal and distal tendons and then the optimal length (Lo)
for each muscle was precisely determined using the length-tension relation. Electrical
stimulation was delivered via two platinum plate electrodes (3—4 mm apart, 25 mm long)
parallel to the long axis of the muscle using a Grass S88 Stimulator (Grass Instruments,
Quincy, MA). Force output was digitized using an analog-to-digital converter (ADC) (model
AT MIO16E; National Instruments, Austin, TX) controlled via commercially available
software (LabScribe/NI; iWorx, Dover, NH) operating at a sampling rate of 1 KHz (1 msec
time resolution). Muscles were stimulated to produce successive twitches (1 ms duration, 1
Hz) at 10-60 volts (V) to determine the supramaximal stimulation voltage (voltage at which
maximal twitch force was elicited X 1.35) used subsequently during the experiment
(generally 30-40 V). Although the voltage used to directly stimulate the SOL muscle after
five days of treatment was slightly higher for diseased mice (T Tg) compared to the other
groups, there was statistically no difference in stimulation voltages between treatments and
genotypes for the SOL and EDL muscles at either the five or three day time point. After
muscle excision, mice were euthanized.

Muscles function was assessed based on directly evoked twitches and tetani. Stimulation
parameters used to evoke muscle twitches were 1 ms duration pulses delivered at rates
ranging from 0.2 Hz to 120Hz at supramaximal voltage to generate the full range of function
from single twitch to fused tetani. This data was used to generate the force-frequency
relation for each preparation. Muscle tetani were evoked by stimulating the muscle directly
with 1 ms duration pulses at fusion frequency, with fusion frequency operationally defined
as the frequency at which ripples in the plateau phase of the tetanic force are < 3% of the
peak force 24, The fusion frequency ranged from 80-100 Hz for the EDL and 3040 Hz for
the SOL. Because the kinetics of force development are slower in the SOL muscles, the
length of the stimulus train to induce the plateau phase of a tetanus also differed between
muscle fiber types. Tetanic contractions were elicited by delivering a 500 ms train to EDL
and 1 s train to the SOL. In all instances both the twitch and tetanic peak forces were
normalized to the tendon-free muscle mass. Resistance to fatigue was assessed by
stimulating the EDL and SOL with repeated tetani stimuli (1 train/s; 330 ms duration, ~80—
100 Hz in EDL and 670 ms duration, 30-40 Hz in SOL) until force decreased to
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approximately 10% of initial force. This was experimentally determined as 90 s for wild
type EDL and 135 s for wild type SOL from start of the fatigue stimulation, and this
parameter was used for all treatment groups in this study. Fatigue resistance was measured
by determining the duration in seconds it took for maximal tetanic force to drop to half its
starting value. Following the experiment, muscles were rapidly removed from the apparatus,
dissected free from tendons, blotted of excess media, and weighed to estimate mass and then
stored at —80°C.

In a separate series of experiments with other mice (B WT mice and T Tg, 90-120 days old;
n=2-4/group), D-tubocurarine was added to bath (100 uM, Sigma-Aldrich) to test whether
the motor nerve contributed to the force produced.2® Force production was not affected by
the addition of curare, indicating that field applied electrodes were not relying on
stimulation of neuromuscular junctions to elicit muscle contractions (data not shown).

In a separate cohort of age-matched WT and Tg females (90 —120 days of age) treated for 5
days with either T or blank capsules, the SOL was dissected, placed in OCT compound
(Sakura Japan) in cryomolds (Cryomolds) and snap frozen in liquid nitrogen (n =5 mice/
group). SOL were sectioned on a Leica cryostat at 10 pm, thaw-mounted onto gelatin-coated
slides, and stained with hematoxylin and eosin (H&E) for counting fibers, as previously
described for the EDL.16

Androgen receptor protein expression

Protein gels

Upon completion of force recordings, we assessed total protein content and AR expression
in muscles using previously described methods.2” In brief, the EDL and SOL were
homogenized in lysis buffer (14 mM NaCl, 0.268 mM KCl, 0.147 mM KH,POy4, 0.802 mM
Nay,HPO4 1% Nonidet P-40 (v/v), 0.5% sodium deoxycholate (wt/v), 1% sodium dodecyl
sulfate (wt/v), 10% protease inhibitor (v/v; Sigma-Aldrich P2714)) using a Bio-Gen PRO
200 homogenizer (PRO Scientific). Samples were centrifuged at 12,000x at room
temperature for five minutes. Supernatant from each sample was isolated to determine
protein concentration using a Pierce BCA protein assay (Thermo Scientific) and a
spectrophotometer (Beckman DU 530). Ten g of protein was loaded per lane on an 8%
Tris-Glycine gel (Invitrogen), run at 125 V for two hours, transferred to a nitrocellulose
membrane at 45 V for two hours and probed using a rabbit polyclonal antiserum directed at
AR (N-20, Santa Cruz Biotechnology; Santa Cruz, CA, USA; dilution 1:500; 0.4 pg/mL)
followed by incubation of the membrane in anti-rabbit goat antiserum labeled with
horseradish peroxidase (HRP; Santa Cruz, sc-2004; 0.4 ug/mL) and detected by Luminol
(Santa Cruz Biotechnology). Films were exposed and developed using an X-OMAT 1000A
Processor (Kodak). After probing for AR, nitrocellulose membranes were stripped and re-
probed for actin using goat polyclonal anti-actin antiserum directly conjugated to HRP (1-19
Santa Cruz; 0.4 pg/mL).

Muscle homogenates were prepared as previously described and loaded into 12% SDS gels.
Gels were run until the dye front had reached the bottom of the gel (~two hours at 125 V).
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Protein bands were visualized by incubating in Coomassie Brilliant Blue R250 (Thermo
Scientific Pierce) and destaining (40% methanol, 10% acetic acid v/v in distilled water).

Testosterone levels

Blood was collected via a transcardial puncture from deeply anesthetized mice used for
studies on muscle mechanics, and held on ice for 30 minutes before centrifuging at 3000
rpm for 20 minutes at 8° C (Sorvall Biofuge Fresco, Thermo Scientific, Asheville, NC).
After centrifugation of blood samples, plasma was collected and held at —80° C until
assayed for circulating testosterone levels as previously described.28

Data analysis and statistics

Results

Analysis of mechanical transients was performed using a custom algorithm?? in a MatLab
programming environment (Mathworks, Natick, MA). In brief, raw digital signals are passed
through a low-pass filter to smooth the data and then analyzed for force output and tension-
time integrals. Kinetic parameters for the rise time (time to peak force) and relaxation time
(time of return to baseline) were also measured in individual muscle twitches as previously
described.?? Statistical analysis of data after 5 days of treatment was performed using two-
way analysis of variance with genotype and hormone treatment as independent variables
(SPSS Inc., Chicago, IL). Group differences were considered significant at p<0.05 and post
hoc comparisons were done using the Tukey post-hoc test. Independent groups T-tests were
used to evaluate significant differences between muscles from Tg versus WT mice after 3
days of T treatment.

Testosterone (T) treatment impairs motor function without loss of muscle mass

At Day 0, before testosterone treatment, comparisons across treatment groups indicated
similar body weights (data not shown) and comparable motor function based on both the
hang and grip strength tests (Fig 1A, B). Replicating previous findings,>16 T induced a rapid
and progressive decline in motor performance only in Tg mice. None of the three control
groups (B WT, T WT, B Tg) showed any change in motor function. Although T also
induced decreases in the body weight of Tg females (Figure 1C), losses in body weight
lagged significantly behind the loss of muscle strength, as seen previously.18 For example, a
significant deficit in hang time was detected by day two of T treatment in Tg females (p <
0.001, compared to T WT or B Tg), with performance on this test reaching 0 s by Day 3,
whereas a significant loss in body weight did not emerge until 3 days of T treatment (p <
0.05 at Days 3-5 in T Tg females versus asymptomatic controls T WT or B Tg). These data
indicate that a rapid loss of motor function occurs only when T activates transgenic AR in
skeletal muscle fibers and that neither the AR transgene nor T alone affect motor
performance, replicating previous results.>16

Although T induced marked losses in both body weight and muscle strength based on the
hang and grip strength tests in Tg females, 5 days of T treatment did not induce any apparent
decrease in muscle mass. Specifically, neither the EDL nor SOL muscle of Tg females
showed a significant decrease in mass following T treatment (Table 1).
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As expected, circulating T levels were greater in females given T capsules (T WT, T Tg)
than those given blanks (B WT, B Tg; Table 1, p<0.05). However, T capsules of the same
size and randomly selected from the same stock produced greater levels of circulating T
titers in Tg females than WT females, but both averages were within the physiological range
of gonadally intact WT male mice. We suspect that this elevated level of T in Tg mice is due
to their reduced body weight by 5 days of T treatment, as we have obtained similar findings
in rats that differ in body weight.30

Skeletal muscles from T-treated Tg female mice show striking androgen-dependent loss of

force

Five-Day Treatment

Tetanic Force: Tetanic force measurements from WT or Tg mice with normal motor
function indicate that the EDL and SOL exhibit the expected characteristics of fast and slow
muscle, respectively, with the fast-twitch EDL requiring less time but higher stimulation
frequencies than the slow-twitch SOL to attain maximal force production (data not shown).
Also as expected, the EDL produces nearly twice as much force per gram of muscle wet
weight as the SOL (Fig 2A-D). While these same fiber-type specific differences were also
seen in the EDL and SOL muscles of motor-impaired, T-treated mice, both muscles showed
striking deficits in maximal tetanic force normalized to muscle mass (Fig 2). T induced a
significant decrease in maximal tetanic force only in Tg females, resulting in a significant
interaction of genotype with treatment and significant main effects of both genotype and
treatment (ps < 0.001). Both the EDL and SOL muscles of T-treated Tg females showed
significantly less tetanic force compared to either T WT or B Tg females (ps < 0.001). T also
induced a greater proportional deficit in tetanic force in the SOL than in the EDL of motor-
impaired mice. While tetanic force for the fast-twitch EDL from T-treated Tg mice was
approximately half that produced by the EDL from control mice, tetanic force for the slow-
twitch SOL was decreased even further in T-treated Tg mice, to about a quarter of that
produced by controls. All muscles tested had comparable force production at the end of the
experiment as at the beginning (Fig 2C, D), indicating that there was little deterioration of
the muscles in vitro, and suggesting that the force deficits observed in vitro reflect primary
muscle dysfunction in vivo.

Muscle histology and protein content: The SOL was chosen for detailed histological
analyses because we had previously established that the EDL from motor-impaired Tg mice
treated with T for 9 days shows no notable histopathology in H&E stained cross sections.16
Likewise, we found no signs of histopathology in the SOL of motor-impaired, T-treated Tg
mice. For example, muscle fibers in the SOL from T-treated Tg mice appear homogeneous
in size (Fig 3A), without evidence of atrophy. While centralized nuclei were occasionally
observed, they were no more frequent in the impaired SOL than in control SOL (data not
shown). Moreover, we found no differences in the number of SOL muscle fibers from
motor-impaired versus control mice (Fig 3B).

Because loss of contractile proteins might not be reflected in overall muscle weight, we also
measured the total amount of protein in the EDL and SOL muscles of motor-impaired and
control mice but we found no evidence for a net loss in total protein in either the EDL or
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SOL of motor-impaired Tg mice compared to control Tg and WT mice with normal motor
function (Table 1). Moreover, muscle protein gels revealed no consistent differences in
specific contractile proteins in either muscle (data not shown).

We also addressed whether the SOL expresses AR at a higher level than the EDL in Tg
females, since this could potentially explain the more severe loss of force in the SOL than
the EDL following T-treatment (Fig 2). To assess this possibility, AR expression was
examined in Western blots of muscle homogenates from Tg mice. As expected, AR
expression was higher in both the EDL and SOL of Tg mice compared to the AR-enriched
bulbocavernosus/levator ani (BC/LA) muscles of WT mice,? but there were no consistent
differences in AR expression between the two muscles (Fig 3C) that might account for the
relatively greater loss of tetanic force induced by T in the SOL compared to the EDL from
Tg mice (Fig 2).

Skeletal muscles from T-treated Tg females exhibit androgen-dependent changes in twitch
force and kinetics

Twitch Force: Peak force of individual twitches (normalized to muscle weight) produced
by the EDL and SOL from T-treated Tg females were decreased to about 60% and 7%,
respectively, of peak twitch forces produced by these same muscles from blank-treated Tg
mice (Table 1; Fig 4A, B). Although the twitch to tetanus ratio did not differ across
treatment groups in the EDL (Table 1; p > 0.05), SOL from T-treated Tg females had a
significantly lower twitch to tetanus ratio than muscles from Tg and WT control mice (Table
1; p <0.001), due to T treatment reducing SOL peak twitch force more than peak tetanic
force in Tg mice.

Contraction Kinetics: Analysis of twitch kinetics revealed a slower rise time to peak force
and a slower relaxation time to baseline in EDL from motor-impaired T-treated Tg mice
compared to the EDL from control-treated Tg or WT mice (Fig 4C, E; ps < 0.001 for both
rise and relaxation in T Tg versus T WT or B Tg). Delays in both the rise and relaxation
times suggest the kinetics of calcium release from, and uptake to, the sarcoplasmic reticulum
or binding to troponin C of the thin filament are altered in the EDL of T-treated Tg mice.
The observed left-ward shift in the force-frequency curves in T-treated EDL also supports
this view (data not shown). However, neither the times to peak force nor relaxation time of
the twitch were significantly altered by T in the SOL of Tg mice (Fig 4D, F).

Tetanic force production is reduced in the SOL but not EDL of Tg mice after three days of

T treatment

Deficits in motor function are observed as early as 2 days after the initiation of treatment,
with T-treated Tg mice unable to perform the hang test by Day 3, raising the question of
whether changes in muscle function are also evident this early. Thus, we measured muscle
mechanics in a separate cohort of Tg and WT females given T for 3 days.

We found the same time course of motor dysfunction after 3 days of T treatment as seen in
the previous cohort (data not shown). In vitro measures of contractile properties after 3 days
of T treatment revealed that both peak tetanic and twitch forces were significantly reduced
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in the slow-twitch SOL of Tg mice compared to the SOL of WT mice (p < 0.05, Fig 5A, B)
but that only peak twitch force was significantly decreased in the EDL from the same Tg
mice at this timepoint (p < 0.05, Fig 5B). Maximal tetanic force produced by the EDL in Tg
mice was slightly but not significantly less than in WT controls (p=0.07, Fig 5A). Only the
SOL muscle of Tg mice showed a significant deficit in the twitch-to-tetanus ratio after 3
days of T exposure (p < 0.01, Table 1), comparable to the effects of T after 5 days of
treatment. Twitch kinetics for the SOL of Tg mice were unaffected by T after 3 days of
treatment, as expected. However, for the EDL of Tg mice, in which both speed to contract
and relax were prolonged after 5 days of T, only relaxation was significantly slowed after 3
days of T treatment (p < 0.05, Fig 5D), with no effect of T on rise time to peak force (Fig
5C). In sum, the same pattern of deficits were seen in the SOL after both 3 and 5 days of T
treatment whereas only some deficits, namely peak twitch force and relaxation time, were
seen in the EDL after both 5 and 3 days of T treatment, suggesting that deficits in the SOL
generally emerge sooner than in the EDL.

Only the EDL from motor-impaired mice show deficits in fatigue resistance

The only effects on fatigue resistance were seen on the EDL after 5 days of T treatment. The
EDL from Tg mice treated with T for 5 days fatigued significantly faster, dropping to half
maximal tetanic force sooner than the EDL from either blank-treated Tgs or T-treated WTs
(Fig 6A, p <0.01). Interestingly, the EDL from blank-treated Tg mice however showed a
greater resistance to fatigue than the EDL from blank-treated WT mice (p < 0.05), indicating
that the transgene alone enhanced fatigue resistance in the EDL (Fig 6A). We found no
effect of T on fatigue resistance in the SOL from motor-impaired Tg mice after either 3 or 5
days of T treatment (Fig 6B, D) nor did we find an effect of T on fatigue resistances in the
EDL of Tg mice after 3 days of treatment (Fig 6D). That deficits in both maximal tetanic
force and fatigue resistance in the EDL emerge later than other defects in this muscle
suggests that the same mechanism, perhaps involving mitochondrial dysfunction, may
underlie both.

Discussion

The current study shows that male levels of androgens not only trigger a pronounced and
rapid loss of motor function in female Tg mice, but also trigger a concomitant loss of
contractile function in the skeletal muscles of such mice, with maximal force production of
both the fast twitch EDL and slow twitch SOL plummeting to about half that of WT
controls. This marked loss in contractile strength develops within a few days, in step with
the emergence of motor dysfunction, and occurs without detectable losses in muscle mass or
protein. Given that the AR transgene is expressed only in skeletal muscle fibers in these Tg
mice,® our data show that androgens can act directly on muscle fibers to reduce their
contractile strength. Because ARs are normally expressed in skeletal muscle,27-31-32 mutant
AR may act directly in muscle, independent of the motoneurons, to cause muscle weakness
in SBMA. Importantly, the deleterious effects of transgenic AR on both motor and muscle
function were evident only when Tg mice are exposed to male-like levels of androgens, in
line with the androgen-dependence of SBMA in humans.
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We have confirmed that the loss in force production reflects neither a loss in muscle mass
nor a disproportionate decay in muscle function in vitro. While force production of muscles
from all four treatment groups declined somewhat during the course of the experiment, this
decline was no greater in muscles from T-treated Tg mice than in muscles from control mice
(Fig 2), indicating that the reduced force exhibited by the EDL and SOL muscles of motor-
impaired mice cannot be attributed to a more rapid demise of muscle function in vitro.
Moreover, while muscle mass generally correlates with the amount of force produced, the
robust loss of maximal tetanic force to less than half that of normal was not accompanied by
reduced muscle mass in motor-impaired mice. This was surprising, particularly because the
mice lose nearly 20% of their body weight during the five day treatment period. This weight
loss likely reflects the increased metabolic rate and loss of fat stores triggered by androgen
activation of transgenic AR in muscle which is known to occur in such myogenic rodent
models.33 Indeed, at the end of the five day treatment, fat pads in T-treated Tg females are
negligible in size (unpublished observation). While measures of twitch and tetanic force
were normalized to the wet weight of each muscle, which takes into account any change in
mass that might contribute to changes in force, we also saw no change in muscle mass per
se, based either on their weight or total protein content (Table 1). Neither did we see any
apparent histological changes. The impaired SOL contained a normal number of fibers, and
those fibers appeared intact, with no signs of atrophy ordinarily associated with deficits in
muscle strength (Fig 3). Our results in the SOL also agree well with prior results from the
EDL of similarly treated mice.1® Given that myosin and actin make up most of the bulk in
muscle fibers, these data suggest that AR perturbs the contractile capacity of skeletal
muscles in motor-impaired mice not by inducing protein loss but by perturbing the function
of critical proteins mediating muscle contraction either directly or through modulating
calcium handling properties.

Contractile strength was more severely and more rapidly affected in the SOL than the EDL
in T-treated Tgs, losing about 75% of its force after only 3 days of androgen exposure, a
time when effects on the EDL are negligible (Fig 5). This finding raised the question of
whether transgenic AR is expressed at appreciably higher levels in the SOL than in the EDL.
However, AR Westerns revealed no consistent difference in AR content between the EDL
and SOL of Tg mice. It is also noteworthy that the EDL of Tg mice showed other androgen-
dependent defects in contractile properties that the Tg SOL did not. These results also
indicate that differences in AR expression can not readily explain the more severe effects of
T on force in the SOL.

While deficits in contractile force favored the SOL, the kinetics of force development
showed the opposite pattern, with only the EDL of Tg mice affected by T, showing a
significant slowing in both the rise and relaxation times compared to control-treated mice
(Fig 4). We also found that fatigue resistance was reduced in the EDL, but not in the SOL,
after 5 days of T treatment in Tg mice, with no effects on fatiguability at 3 days (Fig 6).
Interestingly, other investigators studying the same model report that the number and size of
mitochondria in the EDL increases significantly after a week of T exposure, 3* suggestive of
mitochondrial dysfunction. While the EDL normally derives much of its ATP from
glycolytic metabolism, the EDL from female Tgs after 9 days of T has shifted to a more
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oxidative metabolism based on NADH staining.1® This apparent shift toward oxidative
metabolism in the face of possibly impaired mitochondrial function could explain why
fatigue resistance is reduced in the EDL after 5 days of T. In sum, these findings suggest that
there are other inherent differences between these muscles, perhaps related to their fast-
versus slow-twitch fiber type composition,9 that predispose them to respond differentially
to the toxic effects of an activated AR.

The overall profile of defects in both the EDL and SOL of motor-impaired mice suggest that
mechanisms controlling intracellular calcium fluxes in muscle fibers may be perturbed. For
example, the prolonged rise time to peak twitch force in the EDL of T-treated Tg mice
suggests that the function of the ryanodine receptor (RyR1) may be impaired. This receptor
controls the release of intracellular calcium from the sarcoplasmic reticulum to trigger
muscle contraction. Likewise, the decreased twitch to tetanus ratio seen in SOL after both 3
and 5 days of T treatment, as well as the loss of tetanic force, suggests inefficient or
impaired release of calcium from the sarcoplasmic reticulum controlled by the RyR1.
Moreover, the prolonged relaxation times seen at both 3 and 5 days of T treatment in the
EDL of Tg mice suggest that the sarco(endo)plasmic reticulum calcium ATPases (SERCA),
which pumps calcium back up into the sarcoplasmic reticulum to allow muscles to relax,
may also be impaired.3®

While it is possible that other mechanisms involved in the initiation of muscle contraction
may be impaired,, such as troponin C which binds calcium to trigger contraction, compelling
evidence suggests that post-translational modifications to the RyR1 may have a role in the
contractile defects we find. Recent work examining the mechanisms behind a loss of
contractile strength in both aging and dystrophic muscles indicates that the RyR1 becomes
modified by reactive oxygen and nitrogen species, causing the receptor to become leaky, and
leading to a deficit in muscle force.36-38 Moreover, mitochondria likely play a key role in
these maladaptive changes to the RyR1. In our model, loss of muscle function is associated
with both an increase in mitochondrial number and activity of complexes I, Il and IV in the
respiratory chain of mitochondria.3# These mitochondrial complexes are the primary source
of reactive nitrogen and oxygen. Paradoxically, the production of ATP may at the same time
be decreasing, as suggested by the reduced resistance to fatigue in the EDL and a deficit in
citric synthase activity found in the fast twitch muscle anterior tibialis of these same T-
treated Tg mice (unpublished observation). Together, these data are consistent with the idea
that excessive amounts of reactive oxygen and nitrogen species produced by dysfunctional
mitochondria in muscles of T-treated Tg mice may modify the RyR1, impairing its function.
Such modifications to the RyR1 could explain many, if not all, the defects in muscle
contraction that we observe. It is also noteworthy that such changes in the RyR1 can occur
quite rapidly. A bout of intense exercise has been shown to induce such changes in the RyR1
in less than 24 hours,3 consistent with the rapid decline in muscle force that we observe,
particularly in the slow twitch SOL.

The current data from our Tg mouse model may be relevant to human disease, particularly
SBMA, an androgen-dependent motoneuron disease that affects only men9:14.39-40 Several
different mouse models of SBMA have been developed that broadly express a full length
human AR harboring the disease-causing CAG repeat expansion. Such SBMA models show
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androgen-dependent loss of motor function.1512-13 However, because the mutated AR is
expressed in both skeletal muscle and motoneuron in these various models, whether mutant
AR acts in one or both of these cell types or in some other cell population is unknown.
While androgen-dependent motor dysfunction in the current model is triggered by WT AR
acting exclusively in muscle fibers, such mice show a disease phenotype remarkably similar
to that of other SBMA mouse models, indicating that AR may act in muscle to directly cause
muscle weakness in SBMA. Consistent with this view, humans with SBMA show elevated
levels of serum creatine kinase (CK), indicative of skeletal muscle damage.*! Such
elevations are observed in patients with primary myopathies, such as muscular dystrophy but
not in patients that have primary neuropathies.*2 Evidence from a knock-in (K1) mouse
model of SBMA also suggests that primary myopathy is caused by muscle AR.12
Significantly, muscles from KI males show signs of pathology before the motoneurons.
Affected muscles in those males also have decreased expression of the CLCN1 chloride
channel, and show abnormal spontaneous activity, like muscles affected by myotonic
dystrophy, a primary myopathy. Finally, given that WT AR and the polyglutamine-
expanded AR can exert toxicity through common mechanisms,*3 it is possible that SBMA
pathogenesis originates through different pathways of which mutant AR is only one such
route, not unlike other neurodegenerative diseases where known genetic mutations account
for only a minority of the cases. Recognizing that an apparently normal AR protein can
cause disease by a failure of mechanisms which ordinarily limit its inherent toxic potential
could explain why some individuals diagnosed with SBMA due to muscle weakness and
reduced androgen sensitivity, nonetheless lack the CAG expansion in their AR gene.** In
short, SBMA could be caused by different pathogenic events that perturb normal AR
function in comparable ways, triggering the same disease. Because the AR transgene is
expressed exclusively in muscle fibers of our myogenic model but nonetheless leads to
expression of an SBMA phenotype, these findings are consistent with the possibility that AR
acts directly in muscle fibers to cause or substantively contribute to SBMA pathogenesis.
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Figure 1.
Motor function declines rapidly in testosterone (T)-treated adult female transgenic (Tg) mice

that express a wild-type androgen receptor (AR) transgene only in skeletal muscle fibers.
Baseline performance at Day 0 before hormone treatment did not differ across treatment
groups. T treatment induced a rapid decline in grip strength (A), hang time (B), and body
weight (C) only in Tg females. By Day 5, motor performance on both tests were
significantly decreased for T-treated Tg (T Tg) females compared to baseline or compared to
the other groups, including asymptomatic females that were blank-treated wild-type (B WT),
testosterone-treated wild-type (T WT), and blank-treated transgenic (B Tg). Each
asymptomatic group maintained pre-treatment performance levels on both the grip strength
and hang tests across the 5 days of treatment indicating that only the combination of AR
transgene expression in muscle fibers and male levels of androgens instigates motor
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dysfunction. Values are means + standard errors of means based on N = 5-6 mice/muscle
and group. *p<0.05, T Tg versus B Tg or T WT.
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Figure 2.

Tetanic force produced by both EDL and SOL of motor-impaired female mice is
significantly reduced compared to tetanic force produced by corresponding muscles of
asymptomatic controls after five days of testosterone (T) treatment. Representative traces for
T WT muscles and T-treated transgenic (T Tg) muscles are shown (A, B). Tetanic force
produced by the EDL of T Tgs is about half of control females (C) whereas tetanic force
produced by the SOL of T Tg females is about a quarter of T WT controls (D). Tetanic force
produced by muscles of control-treated Tg females (B/Tg) is equivalent to that of WTs,
indicating that AR transgene expression per se does not impair muscle strength. Comparable
force deficits are observed at the beginning and end of experiments (indicated as first and
last tetanus) for both EDL and SOL of T Tg mice, suggesting force deficit is present in vivo
and is not due to a more rapid deterioration of these muscles in vitro. Force (in Newtons-N)
was normalized to muscle wet weight (grams-g). Values in histogram are means + standard
errors of means, N = 5-6 mice/group. *p<0.001, T Tg versus B Tg or T WT.
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Figure 3.
Neither histopathology nor expression of the AR transgene explains the severe deficit in

SOL force production of T-treated Tg mice. Cross sections of SOL muscle (scale bar = 500
pum) from Tg females after 5 days of T treatment stained with hematoxylin and eosin exhibit
no signs of abnormal morphology (e.g. fiber atrophy/hypertrophy, centralized nuclei, A) nor
alterations in fiber number (B) compared to the SOL from other treatment groups (N = 4-5
mice/group). Bars represent means + standard errors of means. AR immunoblot (C) showing
AR expression levels in the EDL and SOL from asymptomatic (B Tg) versus symptomatic
(T Tg) mice. We find no consistent differences in AR expression (~110 kD) between EDL
and SOL muscles, indicating that a difference in AR protein content between the EDL and
SOL is not likely to underlie the relatively greater force deficit in the SOL compared to the
EDL in T-treated Tg mice. Actin (~40 kD) loading control shows no consistent differences
in protein loading between the EDL and SOL of Tg mice.
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Twitch kinetics are slowed only in the EDL of motor-impaired Tg mice after 5 days of T
treatment. Representative twitches from the fast-twitch EDL and the slow-twitch SOL (A,
B) reveal decreased peak twitch force for both muscles of T-treated Tg mice (see Table 1 for
mean values) but altered twitch kinetics only for the EDL. Quantitative analysis of
individual twitches (C — F) confirms a significant prolongation in the time it takes to reach
peak twitch force (C) and to relax (E) in EDL but that neither parameter is significantly
altered by T in the SOL muscle of Tg mice (D, F). Plotted values are means + standard
errors of means, with N = 5-6 mice/group. *p<0.001 T Tg versus B Tg or T WT.
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The SOL but not the EDL of motor-impaired mice shows the same deficit in peak tetanic
force after 3 days of T treatment. Tetanic force in the slow-twitch SOL from T Tg mice was
significantly decreased after 3 days of T treatment (A), comparable to the magnitude of the
effect of 5 days of treatment (Fig 2). A subtle, but not significant difference was seen in
EDL from the same motor-impaired mice (T Tg versus T WT mice, p = 0.07). However,
peak twitch force in both muscles was significantly reduced in T Tg mice compared to T
WT mice (B). Twitch kinetics were largely unaffected in T-treated Tg mice after 3 days of
treatment (C, D) except that relaxation time was significantly slowed in EDL, consonant
with the effect of T on this parameter after 5 days of treatment (Fig 4). N = 5-7/group.

*p<0.05.
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Figure®6.
The EDL but not the SOL from motor-impaired Tg mice showed compromised resistance to

fatigue after 5, but not 3, days of T treatment. Fatigue resistance was measured as time in
seconds from onset of tetanizing stimulation to when the muscles decreased in force by 50%
of maximal tetanic force. The EDL from Tg mice after 5 days of T treatment fatigued
significantly faster, dropping to half maximal force several seconds sooner than the EDL
from either T-treated WT or blank-treated Tg mice (A). Interestingly, the EDL from blank-
treated Tg mice showed a greater resistance to fatigue than the EDL from blank-treated WT
(B Tg versus B WT), indicating a beneficial effect of the transgene itself on resistance to
fatigue in the EDL. Five days of T treatment had no effect on fatigue resistance in SOL (B)
nor did we see any effect of T on fatigue resistance after 3 days of treatment in either muscle
from Tg mice (C and D). 5-day EDL: N = 5-6 mice/group; 5-day SOL, N = 5-6 mice/group;
3-day EDL, N = 6 mice/group; 3-day SOL, N = 4-7 mice/group. *p<0.05.

Muscle Nerve. Author manuscript; available in PMC 2014 May 09.



Page 23

Oki et al.

NIH-PA Author Manuscript

‘Sueaw JO 10418 plepuels F suesw aJe sanje/

'G0°0>d
X

‘welb/suoimau ‘BN 1ay| Jad Jejowoueu J/jowu ‘swelbijjiw ‘B (auois1solsal ‘ |

TOT¥6'SS  Z€IFG'er T2I¥6'99 G'81F22G 10S
99¥S Ty  Y/FTES 8¥IF099  88%9/y a3 (6) wbemajpsny/(Buw) 1ueiuod upioid
«C0'0FET0 VN  20'0FTZ0 vN 0S (L Aeq€)
20°0¥€2°0 VN 200F.20 vN a3
L00¥CT0  000FT2’0  TO0OF8T0  TOOFLIO  10S (1L Ae@ g)
1007720 TO0FIZ0 TO0F/Z0 TO0FIZ0 7143 oley snuese 1 /yolim L
LJO0FGV0  g10¥5z’e  €20¥8E'E  020F¢Z€  10S (6/N)
OV0FICY  yp070z7L  cv0F8YL  €L°0F.9'9 A3 80104 UOUM | dead pezifew JoN
(/10wu)
6'GFS 67 T0F¢T 8TIFE6C 0TI SpAe L euwse|d
v'0Fr'6 707’6 9'07€'8 Z0¥9°L  10S (Bw)
£079'8 €056 20798 v'0F08  1a3 sbeM3PSNIN
L g L g
oluebsue . | adAL plIIM
sdnoJo 1uswes |
BIep OlBWoIg
T sl1gel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Muscle Nerve. Author manuscript; available in PMC 2014 May 09.



