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Abstract
Objective—Congenital muscular dystrophy type 1A (MDC1A) is an autosomal recessive disease
that is caused by loss-of-function mutations in the laminin-α2 gene and results in motor nerve and
skeletal muscle dysfunction. In a previous study, we used genetic modifications to show that
inappropriate induction of apoptosis was a significant contributor to pathogenesis in a laminin-α2-
deficient mouse model of MDC1A. To identify a possible pharmacological therapy for laminin-
α2-deficency, this study was designed to determine if treatment with minocycline or doxycycline,
which are tetracycline derivatives reported to have anti-apoptotic effects in mammals, would
significantly increase lifespan and improve neuromuscular function in laminin-α2-deficient mice.

Methods—Mice that were homozygous for a targeted, inactivating mutation of the laminin-α2-
gene were placed into control, minocycline-treated, or doxycycline-treated groups. Drug treatment
began within two weeks of birth and the progression of disease was followed over time using
behavioral, growth, histological, and molecular assays.

Results—We found that treatment with either minocycline or doxycycline increased the median
lifespan of laminin-α2-null mice from ∼32 days to ∼70 days. Furthermore, doxycycline improved
postnatal growth rate and delayed the onset of hindlimb paralysis. Doxycycline-treated laminin-
α2-deficient muscles had increased Akt phosphorylation, decreased inflammation, and decreased
levels of Bax protein, TUNEL-positive myonuclei, and activated caspase-3.

Interpretation—Doxycycline or other drugs with similar functional profiles may be a possible
route to improving neuromuscular dysfunction due to laminin-α2-deficiency.

Introduction
Mutation of the human LAMA2 (mouse Lama2) gene that encodes laminin-α2 causes the
most common, type 1A, form of congenital muscular dystrophy (MDC1A) (1-3). Loss of
laminin-α2 function in this autosomal recessive disease results in severe neuromuscular
dysfunction. A number of other diseases are accompanied by partial laminin-α2-deficiency,
including Muscle-Eye-Brain disease, Fukuyama Congenital Muscular Dystrophy, and
Walker-Warburg Syndrome, though these diseases are caused by primary mutations in genes
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other than LAMA2 (2). Therapies to ameliorate neuromuscular dysfunction in MDC1A are
currently lacking.

Loss of laminin-α2 leads to impaired function in both skeletal muscle and motor nerves
(4,5). In skeletal muscle, laminin-α2 associates with the additional laminin subunits β1 and
γ1 to form the heterotrimeric laminin-211 complex; and, in motor nerves, laminin-α2 is
found in the Schwann cell basal lamina (4). Heterotrimeric laminins that include laminin-α2
have been termed merosins, and MDC1A has thus also been termed merosin-deficient
congenital muscular dystrophy. Laminin-α2 plays a key role in linking cellular and
extracellular components. An extracellular binding partner of laminin-α2 is entactin/
nidogen, which in turn binds to collagen IV. In addition, laminin-α2 has at least two
membrane-associated binding partners in skeletal muscle: α-dystroglycan and α7-integrin
(1).

One significant pathogenetic mechanism by which loss of laminin-α2 leads to
neuromuscular dysfunction appears to be inappropriate induction of apoptotic cell death in
skeletal muscles and motor nerves (6-10). Laminin-α2-deficient skeletal muscles in both
humans and mice show relatively abundant signs of apoptosis (8-10). Furthermore, we
previously demonstrated that pathology in laminin-α2-deficient (Lama2-/-) mice is markedly
lessened by inhibiting apoptosis through either (i) body-wide inactivation of the pro-
apoptosis protein Bax or (ii) skeletal muscle-specific overexpression of the anti-apoptosis
protein Bcl-2 (6,7). Both of these genetic interventions produced a >2X increase in the
lifespan of Lama2-/- mice, as well as improved growth and myofiber histology. Bax
inactivation, but not skeletal muscle-specific Bcl-2, also delayed hindlimb paralysis of
Lama2-/- mice, consistent with improvement in both motor nerve and muscle function.

To extend our genetic studies, we sought to identify pharmaceutical approaches to
ameliorate disease due laminin-α2-deficiency. Because doxycycline, as well as other
tetracycline derivatives including minocycline, had been reported to inhibit apoptosis in
mammalian cells and to improve outcomes in models of diseases such as amyotrophic lateral
sclerosis (ALS) and oculopharyngeal muscular dystrophy (OPMD) (11-16), we examined
how disease progression in Lama2-/- mice was affected by doxycycline or minocycline. Here
we show that treatment with doxycycline or minocycline significantly increased lifespan of
Lama2-/- mice. Doxycycline-treated Lama2-/- mice also showed delayed paralysis, decreased
inflammation, and increased activation of Akt. Appropriate pharmaceutical therapy is a
possible route to ameliorating neuromuscular dysfunction due to laminin-α2-deficiency in
humans.

Materials and Methods
Mice

Heterozygous Lama2dy-W/+ mice, which carry the targeted dy-W mutation in Lama2 (6,21),
have been maintained in our laboratory for >4 years by breeding with C57BL/6J mice.
Genotypes were identified at weaning by PCR (6,17).

Drug treatments
Minocycline (Sigma-Aldrich) was administered at 10 μg/g body weight by daily
intraperitoneal injection beginning at 7 – 10 days after birth and pups within each litter were
randomly assigned to minocycline or control groups. Doxycycline (Sigma-Aldrich, St. Louis
MO) was administered to mothers and newborns in drinking water at 6 mg/ml in 5% sucrose
beginning at 1 – 3 days after birth (15). Untreated litters received either normal water or 5%
sucrose in water; and we found no significant differences in measured outcomes between
Lama2-/- mice that received normal water and those that received 5% sucrose in water. Due
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to the necessity of administering doxycycline through drinking water, entire litters were
randomly assigned to either the doxycycline or the untreated group. For both drug
treatments, we carried out both a long-term study, which was designed for lifespan analysis
and was continued until mice either died or were euthanized as they became unable to carry
out daily functions, and a short-term study, which was designed for histological and
molecular analyses and was halted by euthanasia at six weeks after birth. Mice were
monitored daily and weighed at least once per week. Mice with symptoms that interfered
with grooming or access to food were euthanized. Hindlimb function was assayed by
counting how often mice stood up on their hindlimbs during their first five minutes in a new
cage (6,18). Protocols were approved by the Institutional Animal Use and Care Committee
of the Boston Biomedical Research Institute.

Histology
Histological analyses of muscle sections were as described (6,7,19). Cross-sectional areas of
individual myofibers were determined using the SPOT Advanced v4.6 program (Diagnostic
Instruments, Sterling Heights MI). Statistical significance was assessed by the appropriate
unpaired two-tailed t-test; Welch alternate t-test, or non-parametric Mann-Whitney test
using InStat v2.03 (GraphPad Software).

Cell culture
Cells of the mouse C2C12 line and of the laminin-α2-deficient B4.pLAM derivative of
C2C12 (24) were grown as before (19,20) on a gelatin substrate that did not contain laminin-
α2. To determine if doxycycline inhibited staurosporine-induced apoptosis, C2C12 or
B4.pLAM myoblast cultures were pre-treated for 3h with 2 μM doxycycline, at which time
staurosporine was added to 100 nM or 500 nM while doxycycline was maintained at 2 μM.
The percentage of apoptotic cells was then determined by visual analysis of nuclear shape or
by Annexin V staining (20,21)

Assays
Antibodies for total Akt, phosphoThr308-Akt, phosphoSer473-Akt, total p38MAPK,
phospho(Thr180/Tyr182) p38MAPK, and activated caspase-3 were from Cell Signaling
Technology (Beverly, MA). Mouse anti-glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was from Research Diagnostics (Flanders, NJ), goat anti-lactate dehydrogenase
(LDH) was from Santa Cruz Biotechnology (Santa Cruz, Ca) rabbit anti-Bax was from
Upstate Biotechnology (Lake Placid, NY), and rat anti-CD11b (Mac-1) clone M1/70 was
from Invitrogen (Carlsbad, CA). Immunoblots were quantified using a LI-COR Odyssey
infrared system for Alex-680 conjugates (LI-COR Biosciences, Lincoln, NE) or by
chemiluminescence. TUNEL-positive nuclei were identified with the ApopTag system
(Chemicon, Temecula CA) on sections stained with rabbit anti-pan-laminin (Sigma, St.
Louis MO) and Alexa-594 conjugated secondary antibody (Invitrogen). Caspase-3 activity
was measured with the CaspACE system (Promega, Madison WI)

PCR
Total RNA was isolated from 30 – 80 mg of muscle tissue and treated with Turbo DNAse I
(Ambion). 1.5 μg DNAse I-treated RNA was converted into cDNA and used with pre-
designed Taqman gene expression assays for CD11b and cyclophilin B (Applied
Biosystems). Relative expression was determined by the delta-delta CT method.
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Results
Treatment with doxycycline significantly increased the lifespan of Lama2-/- mice (Fig. 1).
The time at which half of the mice died increased from ∼32 days for the untreated cohort up
to ∼70 days for the doxycycline-treated mice (P<0.001 by log rank analysis). Doxycycline
was administered in the drinking water at 6 mg/ml (15) beginning within one week of birth
with the expectation that an effective concentration of the drug would be passed to offspring
through milk until weaning (e.g., 22). Treatment with minocycline similarly increased the
lifespan of Lama2-/- mice (Fig. 1). Minocycline, due to instability in water, was
administered by daily intraperitoneal injections at 10 μg/g body weight beginning at 7 – 10
days after birth.

In addition to increasing lifespan, treatment with doxycycline improved the growth of
Lama2-/- mice (Fig. 2). At 3.5 weeks after birth, doxycycline-treated male and female
Lama2-/- mice weighed 30-40% more than untreated Lama2-/- mice, whereas at 6 weeks
after birth, the doxycycline-treated male, but not female, Lama2-/- mice continued to weigh
more than the small percentage of untreated Lama2-/- mice that survived this long (Fig. 2).
The doxycycline-treated Lama2-/- mice still remained significantly smaller than healthy
mice that had normal expression of laminin-α2 (Fig. 2). Doxycycline did not affect the
growth rate of wild-type littermates (not shown). In contrast to doxycycline, treatment with
minocycline did not consistently produce a significant increase in body weight of Lama2-/-

mice (not shown). Because doxycycline was easier to administer and produced better growth
than minocycline, we focused additional analyses on the effects of doxycycline on Lama2-/-

mice.

Treatment with doxycycline delayed the onset of hindlimb paralysis in Lama2-/- mice. In
addition to skeletal muscle defects, most Lama2-/- mice develop paralysis of the hindlimbs
by 4 - 6 weeks after birth (1,5,7,8,18,23,24). In marked contrast to the early paralysis seen in
all untreated Lama2-/- mice, the majority of the doxycycline-treated Lama2-/- mice did not
show gait disorders until 10 -12 weeks after birth, and the hindlimbs of some Lama2-/- mice,
though appearing much weaker than wild-type, were not completely paralyzed at even >15
weeks after birth.

Further evidence of improved hindlimb function came from our observation that
doxycycline treatment increased the spontaneous standing movements of Lama2-/- mice.
When placed in a new cage, normal mice show exploratory behavior, including repeated
standing up on hindlimbs with forepaws in the air or against the wall. At 6 weeks after birth,
we found that surviving Lama2-/- mice stood up less than one-third as often as normal mice,
consistent with impaired ability of the hindlimbs to function in weight-bearing activity (Fig.
3). In contrast, Lama2-/- mice treated with doxycycline showed approximately the same
level of spontaneous standing behavior as wild-type mice (Fig. 3).

Individual muscles from doxycycline-treated Lama2-/- male mice weighed significantly
more than those from untreated Lama2-/- mice. For example, at six weeks of age, the
gastrocnemius/soleus muscle complex from male doxycycline-treated Lama2-/- mice
weighed an average of 36.0 ± 5.3 mg (n=5), whereas those from male untreated Lama2-/-

mice weighed 20.9 ± 2.7 mg (n=9), which was a significant difference (ave ± SE; P < 0.02
by Wilcoxon test). Doxycycline treatment also increased the size of additional Lama2-/-

muscles, including the Tibialis Anterior (TA, untreated = 11.2 ± 2.5 mg, n=8; doxycycline-
treated = 15.9 ± 0.6, n=4; P < 0.05, Wilcoxon test) and quadriceps (untreated = 26.6 ± 4.0
mg, n=6; doxycycline-treated = 50.7 ± 6.4 mg, n=4; P < 0.02, Wilcoxon test). The
doxycycline-treated Lama2-/- muscles remained much smaller, however, than muscles from
wild-type mice in which the gastrocnemius/soleus complex weighed ∼100 mg, the TA ∼40
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mg, and the quadriceps ∼135 mg. The maximum cross-sectional areas of the TA and soleus
muscles were also higher in doxycycline-treated than in untreated mice (P<0.05 for TA
treated = 2.1 ± 0.10 mm2, n=4 vs. TA untreated = 1.7 ± 0.13 mm2, n=5; and P<0.01 for
soleus treated = 0.65 ± 0.012 mm2, n=4 vs. soleus untreated = 0.42 ± 0.034 mm2, n=7).

TA and soleus muscles from doxycycline-treated male Lama2-/- mice also tended to have
more and larger myofibers than untreated muscles. For example, in the TA, which is a fast
muscle composed largely of fast Type IIB and IIX fibers, the average cross-sectional area of
myofibers in doxycycline-treated mice was 1472 ± 190 μm2 (ave ± SE, n=3), but only 1037
± 61 μm2 (n=6) in untreated mice (P<0.05). Though the number of myofibers in the treated
TA also tended to be higher than in the untreated TA, this difference did not reach
significance (TA treated = 1234 ± 161 fibers, n=4; TA untreated = 1118 ± 57 fibers, n=5). In
the soleus, which is a mixed muscle composed of ∼30% slow Type I fibers with the
remaining fibers largely fast Type IIA, the average cross-sectional area of the fast myofibers
in doxycycline-treated mice was 741 ± 30 μm2 (n=4), but only 545 ± 35 μm2 (n=6) in
untreated mice (P<0.01). Though slow myofibers in the treated soleus tended to be larger
than in untreated, this difference did not reach significance (soleus treated = 1926 ± 144 μm2

n=4, soleus untreated = 1625 ± 110 μm2 n=7). Doxcycline-treated soleus muscles also
contained 469 ± 47 (n=4) myofibers compared to only 328 ± 28 myofibers/soleus in
untreated muscle. (n=7; P=0.023). Wild-type soleus muscles have ∼1000 myofibers as noted
previously (6). We found no significant differences between untreated and doxycycline-
treated Lama2-/- soleus muscles in percentages of fast and slow myofibers. Also, using the
percentage of myofibers with centrally located nuclei to identify newly regenerated
myofibers (5,6,25,26), we found that ∼10 –15% of the total myofibers in the soleus and
other muscles of Lama2-/- mice had centrally located nuclei and that treatment with
doxycycline did not produce any consistent difference in this percentage (not shown).
Examples of cross-sections of male soleus muscles from wild-type, untreated Lama2-/- mice,
and doxycycline-treated Lama2-/- mice are shown in Fig. 4.

We next carried out further analyses to identify cellular and molecular mechanisms that
could underlie the positive effects of doxycycline treatment.

We first found that doxycycline inhibited staurosporine-induced apoptosis of myogenic cells
in culture. Treatment of mouse C2C12 myoblasts with staurosporine caused abnormally
shaped nuclei (indicating apoptosis) to appear within one hour and to increase in number so
that most nuclei were abnormal by six hours after the start of treatment (Fig. 5). When
C2C12 myoblasts were first pre-incubated for 3h with 2 μM doxycycline and then treated
with a combination of staurosporine and 2 μM doxycycline, however, the percentage of
apoptotic nuclei was significantly reduced at 3h and 6h after staurosporine addition (Fig. 5).
Using a similar protocol but with Annexin V staining as the assay for apoptotic cells, we
found that doxycycline also inhibited staurosporine-induced apoptosis in myoblasts of the
laminin-α2-deficient B4.pLAM variant of the C2C12 line (27). In two independent
experiments, we found that Annexin V-positive cells amounted to 34.1% and 31.2% of the
cells after six hours of staurosporine without doxycycline, whereas only 21.1% and 18.5%
of the cells were Annexin V-positive when doxycycline was present at 2 μM in the
staurosporine-treated B4.pLAM cultures. Thus, at least in culture, doxycycline can act
directly on myogenic cells to inhibit apoptosis.

We next found that doxycycline reduced the number of inflammatory cells in Lama2-/-

muscles. Lama2-/- muscles contained a large number of inflammatory (CD11b-positive)
cells, which is consistent with a previous study (28), whereas healthy wild-type muscles
contained almost none, and doxycycline-treated Lama2-/- muscles contained an intermediate
number (Fig. 6). The percentage of soleus muscle cross-sectional areas in which muscle
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tissue was replaced with inflammatory cells was low in wild-type muscles at 1.1% ± 0.17
(ave. ± SE, n=3), much higher in untreated Lama2-/- muscles at 14.3% ± 1.8 (n=4), and
intermediate in doxycycline-treated Lama2-/- muscles at 7.2% ± 0.59 (n=4) (all values differ
from each other at P<0.05 or better). By quantitative PCR, we found that CD11b mRNA in
untreated Lama2-/- muscles was an average of 3.1 ± 0.34 times (n=5) higher than in wild-
type muscles, but was only 1.7 ± 0.06 times (n=4) higher than wild-type in doxycycline-
treated Lama2-/- muscles (P < 0.02 for untreated vs. doxycycline-treated).

We next examined how laminin-α2-deficiency and doxycycline affected signaling
molecules, including Akt, p38MAPK, and ERK1/2 that control cell growth and/or survival.
For Akt, we found that, relative to wild-type, Lama2-/- muscles had increased amounts of
both total Akt protein and phosphoSer473-Akt, but approximately the same amount of
phosphoThr308-Akt (Fig. 7A). Doxycycline treatment caused a large increase in the amount
of phosphoThr308-Akt in Lama2-/- muscles, but had little further effect on total Akt or
phosphoSer473-Akt (Fig. 7A). For p38MAPK, we found that total p38MAPK protein levels
were approximately the same in wild-type, untreated Lama2-/-, and doxycycline-treated
Lama2-/- muscles, whereas the level of phospho-p38MAPK in Lama2-/- muscles was less
than half that in wild-type muscles, though doxycycline did not consistently produce a
further change in phospho-p38MAPK in Lama2-/- muscles (not shown). Also, wild-type and
Lama2-/- muscles had similar levels of ERK1/2 and phospho-ERK1/2 (not shown).

Finally, we found that doxycycline treatment decreased markers of ongoing apoptosis in
Lama2-/- muscles. First, although the level of Bax protein was higher in Lama2-/- muscles
than in wild-type muscles (consistent with increased cell death), we found that doxycycline
treatment lowered the amount of Bax in Lama2-/- muscles to a level closer to that of wild-
type muscles (Fig. 7B). Similarly, myotubes formed by myoblasts of the laminin-α2-
deficient B4.pLAM variant of the C2C12 line (27) that were cultured in the presence of
doxycycline had less Bax protein than untreated myotubes. In two independent experiments,
the amount of Bax protein in doxycycline-treated cultures was reduced to only 25% and
44% of the amount in untreated cultures, as measured by quantitative immunoblotting using
lactate dehydrogenase for normalization. In addition, we found that, compared to untreated
Lama2-/- muscles, doxycycline treatment significantly decreased the number of TUNEL-
positive nuclei in Lama2-/- soleus myofibers, as well as both the amount of the 17kDa
activated form of the caspase-3 protein and the amount of caspase-3 enzyme activity in
Lama2-/- diaphragm muscles (Fig. 8).

Discussion
We found that treatment with doxycycline significantly ameliorated pathology in Lama2-/-

mice, which are a model for the human disease Congenital Muscular Dystrophy Type 1A.
Doxycycline increased the median lifespan of Lama2-/- mice by at least two-fold and also
increased body weight and delayed hindlimb paralysis. Furthermore, doxycycline lessened
inflammation, inhibited staurosporine-induced apoptosis of cultured myogenic cells,
decreased expression of several markers of ongoing apoptosis in diseased muscles, and
increased likely survival signaling through Akt.

In skeletal muscle, loss of laminin-α2 is accompanied by disrupted cross-linking of the basal
lamina to the plasma membrane and also by abnormally high levels of apoptosis in
myofibers (1,6–10,29). In previous studies, we showed that either inactivation of the pro-
apoptotic Bax or muscle-specific overexpression of the anti-apoptotic Bcl-2 significantly
ameliorates pathology in Lama2-/- mice (6,7). Thus, excessive apoptosis, perhaps induced by
disrupted integrin and/or dystroglycan signaling (30), is a significant contributor to
pathogenesis in Lama2-/- mice. It was because of this pathogenetic role for apoptosis that we
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tested doxycycline and the related molecule minocycline, which had been shown to have
apparently anti-apoptotic effects in other mouse disease models (11,12,14,15), as possible
pharmaceutical therapies that might ameliorate disease in Lama2-/- mice.

Our study demonstrated that disease due to loss of laminin-α2 was indeed significantly
ameliorated by oral administration of doxycycline or injection of minocycline, though only
doxycycline was non-invasive to administer. Doxycycline may have decreased pathology of
both muscle (as shown by improved histology) and motor nerve (as shown by delayed
paralysis), though neither was completely corrected. Paralysis in Lama2-/- mice has been
reported to be due to defects in motor nerves that may include loss of basal lamina, Schwann
cells, and/or motor neurons with subsequent conduction defects (1,5,8,23); and such motor
nerve involvement is supported by the finding that muscle-specific expression of laminin-
α2, modified agrin, or Bcl-2 improves skeletal muscles, but does not prevent paralysis
(5,7,18,24). Thus, treatment with doxycycline, which reaches tissues throughout the body,
appeared to delay the appearance of functional defects in motor nerves, as well as in skeletal
muscles, of Lama2-/- mice. This result is similar to our previous study in which body-wide
inactivation of Bax also both improved skeletal muscle function and delayed paralysis.

Lama2-/- mice are one of a growing number of mouse models of human neuromuscular
diseases, including oculopharyngeal muscular dystrophy and spinal muscular atrophy
(SMA), in which apoptosis is important to pathology and anti-apoptotic therapies can
ameliorate pathology (12,31-35). On the other hand, overexpression of apoptosis inhibiting
proteins, either ARC or Bcl-2, in dystrophin-deficient mdx mouse muscles did not
ameliorate pathology (7,36). Though apoptosis may thus be more important to pathogenesis
in some neuromuscular diseases than in others, it still appears that a single anti-apoptosis
therapy might prove to be useful in multiple neuromuscular diseases. Indeed, Bax
inactivation is effective in both SMA and Lama2-/- mice, and doxycycline is effective in
both OPMD and Lama2-/- mice (6,15,32, this study).

Doxycycline and related molecules produce a large number of molecular and cellular
changes in mammals (16,37), and we found changes in doxycycline-treated Lama2-/- mice
that likely contributed to disease amelioration. For example, doxycycline lessened
inflammation in Lama2-/- muscles; and a previous study (38) showed that inactivation of
complement or treatment with oral prednisolone improved muscle strength in Lama2-/- mice.
Whether this decrease in inflammation was due to a direct effect of doxycycline on
inflammatory cells or was indirectly due to decreased inflammatory signals from healthier
muscles (39) remains to be determined. Our culture studies showed that doxycycline can act
directly on myogenic cells to inhibit apoptosis, consistent with the possibility that myofibers
are targets of doxycycline in vivo.

We also found increased Akt phosphorylation that was consistent with an anti-apoptotic
effect in muscles of doxycycline-treated Lama2-/- mice. An earlier study, for example,
showed that activation of Akt inhibits the apoptosis of cultured myotubes that is induced by
disrupting laminin-α2 binding to dystroglycan (30). We found that doxycycline specifically
increased the amount of phosphoThr308-Akt in Lama2-/- muscles, but had little further
effect on total Akt or phosphoSer473-Akt, both of which were already elevated. Even
though phosphorylation of both sites is necessary for full activation, phosphorylation of only
Thr308 is sufficient to increase Akt activity, whereas phosphorylation of only Ser473 is not
(40). Phosphorylation of Thr308 is mediated by 3′-phosphoinositide-dependent kinase 1
(41). Differential phosphorylation of Thr308 and Ser473 in the brain in response to
hypoglycemia also suggested that phosphorylation of Thr308 is anti-apoptotic (42). Our
finding that doxycycline decreases the levels of Bax, TUNEL-positive myofiber nuclei, and

Girgenrath et al. Page 7

Ann Neurol. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



activated caspase-3 in muscles of Lama2-/- mice is also consistent with an anti-apoptotic
effect of doxycycline.

An important remaining question is whether doxycycline or similar therapies will remain
effective if started later in life. A recent study found that expression of agrin after disease
progression had begun still lessened pathology in laminin-α2-deficient mice (24). Further
work, which was beyond the scope of the present study, is also necessary to identify the
important direct targets through which doxycycline acts to ameliorate pathology in Lama2-/-

mice.

In addition to doxycycline and genetic inhibition of apoptosis, previous studies have shown
that muscle pathology in Lama2-/- mice can be prevented by transgenic expression of
laminin-α1, laminin-α2, or a modified agrin protein that can replace laminin (4,5,18). Partial
amelioration of one or more aspects of laminin-α2-deficiency in mice is also produced by
feeding a 50% protein diet, inactivating the complement system, or by administering insulin-
like growth factor 1, clenbuterol, or prednisolone (26,43-45). Whether these treatments
reduce pathology through inhibition of apoptosis, another mechanism, or some combination
of mechanisms remains to be determined.

Though doxycycline significantly improved outcomes in Lama2-/- mice, we think it is
unlikely that our results represent the best possible outcome to be expected from a
pharmacological therapy. The many effects attributed to doxycycline in mammals (16,37)
raises the possibility that the positive outcomes are limited by counterbalancing negative
effects. For example, doxycycline and minocycline appear to inhibit angiogenesis in an in
vitro model, perhaps through inhibition of matrix metalloproteinases (46), but successful
angiogenesis is required for extensive repair of injured skeletal muscles (47). Whether
another tetracycline derivative will be significantly better than minocycline or doxycycline
at ameliorating pathology in Lama2-/- mice remains to be tested. The need for additional
molecular understanding of this therapeutic approach is highlighted by two recent clinical
trials in which (i) minocycline appeared to have an adverse affect in ALS patients (48),
whereas (ii) doxycycline in combination with beta-interferon in a small, open-label trial
appeared to improve outcomes in patients with multiple sclerosis (49). Additional
pharmacological inhibitors of apoptosis, particularly those that are more specifically targeted
such as caspase inhibitors, should be considered as candidates to ameliorate Lama2-/-

disease. A pharmacological therapy that significantly slows disease progression in human
MDC1A could be of considerable benefit.
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Fig. 1.
Treatment with doxycycline or minocycline increased the lifespan of laminin-α2-deficient,
Lama2-/- mice. The control group of untreated Lama2-/- mice (red line; n=18) had a median
lifespan of ∼32 days and all died by 56 days after birth, whereas the median lifespan of
Lama2-/- mice was significantly (P<0.001 by log rank analysis) increased to ∼70 days by
treatment with either minocycline (blue line; n=11; 10 μg/g body weight i.p. beginning at
7-10 days after birth) or doxycycline (green line; n=13; 6 mg/ml in drinking water beginning
within 4 days of birth).
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Fig. 2.
Effect of doxycycline on growth of laminin-α2-deficient, Lama2-/- mice. At 3.5 and 6 weeks
after birth, male Lama2-/- mice that were treated with doxycycline (green bars) weighed
significantly more than male Lama2-/- mice that were not treated (red bars). Though
doxycycline-treated female Lama2-/- mice were significantly larger than untreated Lama2-/-

mice at 3.5 weeks, no difference was found at 6 weeks. At both ages, the doxycycline-
treated male and female Lama2-/- mice remained significantly smaller than untreated wild-
type (gray bars) littermates (P < 0.01 or better for all comparisons of wild-type to Lama2-/-

mice). Treatment with doxycycline did not affect the weights of wild-type mice (not shown).
**Weights of untreated and doxycycline-treated Lama2-/- mice were significantly different
at P<0.01 by student's t-test; n.s. Weights of untreated and minocycline-treated Lama2-/-

mice were not significantly different. Ave. ± SE, n as indicated.
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Fig. 3.
Doxcycline treatment improved motor behavior in Lama2-/- mice. Exploratory behavior,
measured by the number of times the mice stood up on their hindlegs during the first five
minutes in a new cage, was significantly decreased in 6 week old Lama2-/- mice (red bar, n
= 9) compared to wild-type mice (WT, gray bar, n = 5). Doxycycline-treated Lama2-/- mice
(green bar, n = 8) showed exploratory behavior that was near wild-type. Error bars = SE. **
P < 0.01 by t-test.
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Fig. 4.
Doxycycline improved histology of soleus muscles from male Lama2-/- mice. Frozen
sections through the gastrocnemius/soleus muscles were prepared from muscles obtained
from 6 week old male wild-type (A, B), untreated Lama2-/- (C, D), and doxycycline-treated
(+Dox) Lama2-/- (E, F) mice. Sections were stained with hematoxylin and eosin, and
representative sections are shown at low (A, C, E) and high (B, D, F) magnification. At low
magnification, the soleus muscles are outlined to show that doxycycline increased the
overall size and numbers of myofibers in the Lama2-/- soleus muscle (see text for
quantitative analyses). At high magnification, more mononucleate inflammatory cells
(arrows) were found in the untreated than in the doxycycline-treated Lama2-/- muscles, a
finding documented further in Fig. 6. See text for quantification. Scale bar in panel E equals
400 μm for A, C, and E, and 40 μm for B, D, and F.
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Fig. 5.
Doxycycline inhibited staurosporine-induced apoptosis in myogenic C2C12 cells. A.
Myoblasts of the mouse C2C12 cell line were either untreated, treated with 100 nM
staurosporine (+STS), or treated with both 100 nM staurosporine and 2μM doxycycline
(+STS, +Dox) after a 3h pre-incubation with 2 μM doxycycline. Doxycycline decreased the
number of abnormally shaped nuclei (indicative of apoptosis) in staurosporine-treated
cultures. B. Quantitative analysis of experiments performed as in panel A demonstrated that
doxycycline decreased the percentage of abnormal, apoptotic nuclei induced by
staurosporine. Error bars = SE, n=4. *P < 0.05 by t-test.

Girgenrath et al. Page 16

Ann Neurol. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Doxycycline treatment reduced inflammation in muscles of Lama2-/- mice. A, A′, A″. Very
few inflammatory cells were found in healthy wild-type muscles. B, B′, B″. Untreated
Lama2-/- muscles contained large numbers of inflammatory cells. C, C′, C″. Doxycycline-
treated Lama2-/- muscles contained fewer inflammatory cells than untreated Lama2-/-

muscles. Leg muscles from 5-6 week old mice from each experimental group were stained
with anti-CD11b (Mac-1) to identify inflammatory cells of the monocyte/macrophage
lineage. Fields from three separate muscles are shown for each group. See text for
quantification.
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Fig. 7.
Doxycycline treatment increased phosphorylation of Thr308 on Akt and decreased
expression of Bax in muscles of Lama2-/- mice. A. Leg muscles were obtained from a wild-
type (WT) mouse, as well as two untreated Lama2-/- (-Dox) and two doxycycline-treated
Lama2-/- (+Dox) mice; and muscle extracts were analyzed by immunoblotting with
antibodies specific for total Akt, phosphoThr308-Akt, and phosphoSer473-Akt as indicated.
Diseased muscles had more total Akt and more phosphoSer473-Akt than wild-type muscles,
and doxycycline treatment increased the amount of phosphoThr308-Akt in Lama2-/-

muscles. Equal amounts of total muscle protein were analyzed for each group (10 μg for
total Akt, 125 μg for phosphorylated Akt forms) and equal loading was verified by GAPDH
staining (not shown). B. Quantitative immunoblots showed that Bax protein was more
abundant in muscles obtained from untreated Lama2-/- mice than in muscles from healthy
wild-type mice and that doxycycline treatment lowered the amount of Bax protein in
Lama2-/- muscles to nearer the wild-type level. Equal amounts of protein (50 μg) were
analyzed for each sample, and equal loading was verified by immunoblotting for GAPDH
(not shown). Relative amounts of Bax are plotted with the Bax/GAPDH ratio for wild-type
set equal to one. Errors bars = SE; n=3. **P<0.01. * P<0.02.
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Fig. 8.
Doxycycline-treated Lama2-/- muscles had fewer TUNEL-positive nuclei and less activated
caspase-3 than untreated Lama2-/- muscles, which is consistent with decreased apoptosis in
the treated muscles. A. Representative section of a Lama2-/- soleus muscle assayed for
TUNEL-positive nuclei (green) and pan-laminin isoforms (red). The arrow indicates an
example of a TUNEL-positive myofiber nucleus located within the laminin sheath is
indicated and the arrowheads indicate two examples of interstitial TUNEL-positive nuclei.
B. Quantitative analysis of myofiber and total (myofiber + interstitial) TUNEL-positive
nuclei in Lama2-/- soleus muscles showed that doxycycline-treated muscles (green bars) had
significantly fewer myofiber and total TUNEL-positive nuclei than untreated muscles. C.
Quantitative immunoblots showed that doxycycline-treated Lama2-/- diaphragm muscles had
significantly less of the 17kDa activated form of caspase-3 than untreated muscles. Equal
amounts of protein (50 μg) were analyzed for each sample, and equal loading was verified
by immunoblotting for lactate dehydrogenase (LDH, not shown). The 17kDa caspase-3/
LDH ratio is plotted. D. Caspase-3 enzyme activity assays similarly showed that
doxycycline-treated Lama2-/- diaphragm muscles had significantly less caspase-3 activity
than untreated muscles expressed as pmol product produced/μg tissue extract/hour. Errors
bars = SE; **P<0.01. * P<0.05.
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