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Abstract. We investigated the effects of exclusive and
sustained transgenic overexpression of insulin-like
growth factor (IGF)-I in the central nervous system
(CNS) on the age-dependent decline in muscle
strength, excitation-contraction coupling, muscle
innervation and neuromuscular junction postterminal
architecture. We found that (1) transgenic IGF-I
overexpression in the CNS does not modify the de-
cline in extensor digitorum longus (EDL) and soleus
muscle weight with aging and (2) strength signifi-
cantly decreases in transgenic (Tg) compared to wild-
type mice. The latter finding is consistent with (3) the
decreased absolute and specific force measured in the
EDL muscle in vitro and (4) the decreased charge
movement and peak intracellular Ca2+ mobilization
in individual muscle fibers from old IGF-I Tg mice
compared to young wild-type mice, which also is
associated with (5) decreased dihydropyridine recep-
tor a1-subunit expression in old compared to young
IGF-I Tg mice. (6) Tg IGF-I prevents a change in
muscle fiber type that is associated with (7) improved
muscle innervation and postterminal neuromuscular
structure. (8) IGF-I is expressed extensively across
the spinal cord gray matter and the lateral motor
column. Our results raise questions about the timing
and cell location of CNS IGF-I overexpression nec-
essary to prevent or to ameliorate age-dependent
alterations in the structure and function of skeletal
muscle.
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Introduction

Age-related decline in the neuromuscular system is a
recognized cause of impaired physical performance
and loss of independence in the elderly. The decline in
muscle strength recorded in humans and rodents is
due to declines in both muscle mass (Lexell, 1995)
and muscle fiber-specific force (Brooks & Faulkner,
1988; Gonzalez, Messi & Delbono, 2000). Age-re-
lated motor unit remodeling, characterized by
denervation and reinnervation (Larsson & Ansved,
1995; Kadhiresan, Hassett & Faulkner, 1996), ac-
counts for the loss in muscle mass (Lexell, 1995), the
shift in fiber type composition (Einsiedel & Luff,
1992; Lexell, 1995) and the decline in muscle-specific
force (Delbono, 2003; Payne & Delbono, 2004).

Insulin-like growth factor-I (IGF-I) plays a cen-
tral role in skeletal muscle and neuron structure and
function. It induces proliferation, differentiation and
repair in muscle cells (Florini, Ewton & Coolican,
1996; Mourkioti & Rosenthal, 2005), while it is a
potent trophic factor for motor neurons (Caroni &
Grandes, 1990; Li et al., 1994). IGF-I also inhibits
neural cell apoptosis during postnatal life (Popken
et al., 2004), and its administration prevents motor
neuron cell death and enhances reinnervation after
nerve injury (Kanje et al., 1989; Li et al., 1999). IGF-I
from skeletal muscle exerts a target-derived trophic
effect on survival of embryonic motor neurons (Neff et
al., 1993) and muscle innervation in aged animals
(Messi & Delbono, 2003); consequently, its overex-
pression exclusively in skeletal muscle enhances motor
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neuron reinnervation after nerve injury (Rabinovsky
et al., 2003) and prevents, to a certain extent, motor
neuron death in the degenerative disease amyotrophic
lateral sclerosis (Dobrowolny et al., 2005).

Overexpression of IGF-I in muscle produces
muscle hypertrophy in transgenic (Tg) mice (Cole-
man et al., 1995; Florini et al., 1996; Musaro et al.,
2001). IGF-I also increases the contribution of bone
marrow-derived cells to regenerating adult skeletal
muscle (Sacco et al., 2005). Its overexpression in
skeletal muscle prevents age-related loss in muscle
mass (Barton-Davis et al., 1998; Musaro et al., 2001)
and excitation-contraction uncoupling (Rengana-
than, Messi & Delbono, 1998; Wang, Messi &
Delbono, 2002) and maintains skeletal muscle fiber-
specific force (Renganathan et al., 1998; González
et al., 2003) in aged mice. These findings may be due
to its direct effect on skeletal muscle dihydropyridine
receptor (DHPR) transcription (Zheng, Wang &
Delbono, 2002), which is mediated by Ca2+ cal-
modulin kinase and calcineurin activation ( Zheng,
Wang & Delbono, 2004), or to its target-derived
trophic effects on motor neurons in aged mice via
maintenance of muscle fiber innervation, which have
been established for mature and senescent mice
(Messi & Delbono, 2003).

We recently demonstrated that targeted human
IGF-I (hIGF-I) delivery to motor neurons through
injection of an hIGF-I/tetanus toxin fragmentC fusion
protein into hindlimb skeletalmuscles prevents specific
force decline in aging mouse muscle (Payne et al.,
2005). However, we do not know the mechanism(s) by
which IGF-I overexpression in spinal cord motor
neurons prevents force decline with aging. The present
work examined whether sustained overexpression of
IGF-I exclusively in the central nervous system (CNS)
can prevent decline in muscle absolute force by acting
on muscle mass and the mechanism by which IGF-I
averts the age-dependent decrease in muscle-specific
force.

Methods

IGF-I TG MICE

Previously described IGF-I Tg mice, termed IGF-2/1 Tg mice (Ye et

al., 1996), were used for the study. These mice overexpress hIGF-I

exclusively in the CNS under the control of a 5.7—kb DNA frag-

ment of the 5¢ mouse IGF-II genomic regulatory region (Dai et al.,

1992; Ye et al., 1996). They are routinely bred as heterozygotes with

C57BL/6 mice and identified by polymerase chain reaction of tail

genomic DNA. Non-Tg littermate C57BL/6 mice were used as

controls. Mice were maintained with 12:12 h (light:dark) cycles at

22�C. An aging colony was housed in a pathogen-free facility of the

Wake Forest University School of Medicine (WFUSM) Animal

Resources Program. Mice exhibiting gross external or internal

pathology at macroscopic inspection were not included in the study.

All procedures were approved by the WFUSM Animal Care and

Use Committee.

MUSCLE CONTRACTION

Young (3–5 months) and old (24–27 months) IGF-2/1 Tg mice and

C57BL/6 control littermates were used for contraction experi-

ments. Mice were killed by cervical dislocation. Extensor digitorum

longus (EDL) and soleus muscle contraction followed published

procedures (González et al., 2003). Force was recorded using a

407A force transducer (Aurora, Ontario, Canada) or a Harvard

(Holliston, MA) 60–2996 model. Muscle cross-sectional area (CSA)

was calculated as described (Segal & Faulkner, 1985). Specific force

(in kPa) was calculated as maximum tetanic force (kN)/CSA (m2).

NEUROMUSCULAR STRENGTH: RETENTION TIME

Tg and wild-type mice were tested for their ability to remain

hanging from a wire, following described procedures (Ogura,

Aruga & Mikoshiba, 2001) with some modifications. They were

tested three times per day over 6 consecutive days, and the average

and best retention times were computed. The amount of time spent

hanging was recorded and scored according to the following sys-

tem: 0, fell off; 1, hung onto the bar with two forepaws; 2, in

addition to 1, attempted to climb onto the bar; 3, hung onto the bar

with two forepaws and one or both hindpaws; 4, hung onto the bar

with all four paws with tail wrapped around the bar; 5, escaped to

one of the supports (Ogura et al., 2001). Additionally, the same

animals used for retention time were tested for muscle grip strength

(Meyer et al., 1979). For these measurements, we used a grip

strength meter provided with a Chatillon Digital Force Gauge

DFIS 2 (Columbus Instruments, Columbus, OH), and mice were

followed for 6 days, given the reproducibility of the measurements.

CHARGE MOVEMENT RECORDINGS

For charge movement and intracellular Ca2+ recordings in flexor

digitorum brevis (FDB) muscle fibers, we followed published pro-

cedures (Wang, Messi & Delbono, 1999, 2002). For analysis of the

charge�s voltage dependence, data points were fitted to a Boltz-

mann equation:

Qon¼Qmax=½1þ expðV1=2Q�VmÞ=K� ð1Þ

where Qmax is the maximum charge, Vm is the membrane potential,

V1/2Q is the charge movement at half-activation potential and K is

the steepness of the curve.

INTRACELLULAR CA2+ RECORDINGS

For intracellular Ca2+ recordings, FDB fibers were loaded with 200

lM calcium-green (Invitrogen-Molecular Probes, Eugene, OR) via

the patch pipette. The pipette solution was identical to that used for

charge movement recordings, except the ethyleneglycoltetraacetic

acid (EGTA) concentration was reduced to 0.2 mM. Ca2+ transients

were elicited with 20-ms depolarizing pulses from the holding po-

tential ()80mV) to command potentials ranging from)40 to 30mV.

For Ca2+ fluorescent recordings, the fibers were illuminated

with a laser beam at 488 nm wavelength using a Bio-Rad

(Thornwood, NY) Radiance 2100K)1 confocal scanning micro-

scope and a 20X Fluar objective (Zeiss, Thornwood, NY). Emitted

fluorescence was collected by the objective and directed to the head

scanner, in open pinhole mode, through the emission filter at 525

nm wavelength before being collected by a photomultiplier tube

and digitized. Hardware control, image acquisition and processing

were performed with Lasersharp (Bio-Rad) run on a personal

computer. For data analysis, several regions of interest were se-
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lected for each cell, and maximum fluorescence deflection was used.

For analysis of the voltage dependence of peak intracellular Ca2+

concentration, data points were fitted to the Boltzmann equation

(equation 1).

For intracellular Ca2+ quantification, fluorescent signals were

converted into Ca2+ concentration, following methods previously

described (González et al., 2003) with some modifications. Briefly,

we measured the Kd of calcium-green for Ca2+ in vivo, using FDB

fibers acutely dissociated by the procedures described above. Single

fibers were incubated with calcium-green AM (5 lM) and N-benzyl-

p-toluenesulfonamide (50 lM; TRC, North York, Canada) for

30–40 min. After cell loading, the dye was washed out and the fiber

exposed to different standard Ca2+ concentration solutions

(0–100 lM), calculated according to published methods (Tsien &

Pozzan, 1989). Under these conditions, basal fluorescence was re-

corded. Fibers were then permeabilized by applying 0.01% saponin

to allowCa2+ entry. Nomovement or morphological distortion was

observed in any of the fibers. Each experimental point represents the

mean of the recordings of at least four cells. The fluorescence at

different pCa values was normalized to the maximum, and the mean

values were fitted to the following equation: y = 1/{1 + (Kd/

[Ca2+])}. The Kd for calcium-green, measured in these conditions,

was 27 lM, which is consistent with previous values reported by our

laboratory (Wang,Messi &Delbono, 2000).Maximum fluorescence

(Fmax) was measured at the end of the experiment in each individual

cell by applying a large depolarization (+60 mV) for 300 ms. Fmin,

the fluorescence at rest, was measured in a group of fibers (n = 7)

equilibrated with 2 mM 1,2-bis(o-aminophenoxy)ethane-N,N,N¢,N¢-
tetraacetic acid acetoxymethyl ester (BAPTA AM). Intracellular

Ca2+ concentration was calculated using the following equation:

½Ca2þ�i¼KdðF�FminÞ=ðFmax�FÞ ð2Þ

where Kd is the dissociation constant and F is the peak fluorescence

value recorded (Tsien & Pozzan, 1989). Ca2+ saturation was ruled

out by the low affinity of the Ca2+ indicator (Wang et al., 2000).

QUANTITATIVE DETERMINATION OF IGF-I
CONCENTRATION

IGF-I concentration in serum, various regions of the CNS, skeletal

muscle and peripheral organs was determined by radioimmunoas-

say associated with IGF-I binding protein blockade. The radio-

immunoassay kit (Alpco Diagnostics, Windham, NH) uses a

specific, high-affinity polyclonal antibody, whose cross-reactivity

with IGF-II is <0.05%. The sensitivity of the assay is 0.02 ng/ml.

MYOSIN HEAVY CHAIN ISOFORM COMPOSITION IN EDL
AND SOLEUS MUSCLES

Myosin heavy chain (MHC) composition was determined by

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE), as described previously (Serrano et al., 1996) with some

modifications (Messi & Delbono, 2003). Gels were silver-stained

according to published protocols (Giulian, Moss & Greaser, 1983).

As a reference for the four MHC isoforms (I, IIa, IIx, IIb), mouse

diaphragm was used.

MOTOR NERVE TERMINAL AND CHOLINESTERASE

STAINING AND NEUROMUSCULAR JUNCTION

POSTTERMINAL STAINING

A combined stain for demonstrating motor nerve terminals and

cholinesterase at the neuromuscular junctions was used (Pestronk

& Drachman, 1978) with some modifications (Messi & Delbono,

2003). Postsynaptic acetylcholine receptor staining was performed

as described (Messi & Delbono, 2003). The postterminal area was

calculated in pixels by tracing the perimeter of individual, labeled

regions on the digitized images and then converted into square

micrometers.

SPINAL CORD IGF-I IMMUNOFLUORESCENCE

Mice were killed by cervical dislocation, and lumbar enlargements

of spinal cords were collected after transcardiac perfusion of the

mice with 4% paraformaldehyde in phosphate-buffered saline

(PBS). Samples were stored in 4% paraformaldehyde in PBS

overnight at 4�C, followed by storage in 20% sucrose in PBS for

36–48 h at 4�C. Spinal cords were then embedded in optimal cut-

ting temperature (OCT) medium and frozen in liquid nitrogen. All

samples were stored at )80�C until use.

For immunofluorescent detection of IGF-I in spinal cords,

frozen samples were cut on a cryostat microtome cooled to )20�C
(12 lm). They were blocked with 5% donkey serum and 0.02%

Triton X-100 in PBS for 30 min. Spinal cord sections were incu-

bated with mouse anti-IGF-I (Su et al., 1997) for 2 h at room

temperature and then washed four times, 10 min each time, in PBS.

Samples were then incubated with donkey antimouse immuno-

globulin G conjugated with fluorescein isothiocyanate, diluted

1:100 in 2% donkey serum in PBS for 1 h at room temperature, and

washed four times for 10 min in PBS. Spinal cord fluorescence was

then imaged using an Axioskop 2 microscope and a charge-coupled

device camera-based imaging system (see above).

DHPR a1-SUBUNIT IMMUNOBLOTS

Microsome Preparation

Microsomes from mouse skeletal muscle were prepared as de-

scribed (Knudson et al., 1989) with modifications. After protein

concentration was measured by bicinchoninic acid protein assay,

samples were mixed with double-strength sample buffer (Murray &

Ohlendieck, 1997). All samples were kept at room temperature for

30 min, separated on 10% denaturing SDS-PAGE gels and trans-

ferred to polyvinylidene difluoride (PVDF) membranes.

Immunoblot

PVDF membranes with microsome preparations and immuno-

precipitation were blocked by incubating the membranes with 5%

milk/PBS for 30–60 min at room temperature. Membranes were

then incubated with a mouse anti-DHPRa1 antibody (kindly

provided by Dr. Kevin P. Campbell, University of Iowa, Howard

Hughes Medical Institute, Iowa City, IA) (Leung, Imagawa &

Campbell, 1987) for 2 h at room temperature. The concentration

of the DHPRa1 antibody was 1:1,000 in 5% milk/1 x PBS. Fi-

nally, the membrane was incubated in enhanced chemilumines-

cence reagent (Amersham, Arlington Heights, IL) and visualized

by X-ray film.

DATA ANALYSIS

Values are given as mean ± standard error of the mean (SEM) for

the number of observations (n). Statistical analysis was performed

using analysis of variance, followed by multiple comparisons

(Student-Newman-Keuls test). The Mann-Whitney rank sum test

was used for two-group comparisons when the data distribution

was not normal. P < 0.05 was considered significant.
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Results

IGF-I PEPTIDE CONCENTRATION

To determine the specificity of Tg expression, IGF-I
concentration was measured in various regions of the
CNS, serum, skeletal muscle and other peripheral
tissues. Figure 1A-C shows IGF-I concentration in
spinal cord, brain and cerebellum. In these three CNS
areas, it was significantly higher in IGF-2/1 Tg than
in control wild-type mice at all ages (1, 6, 12, 18, 24
months; n = 5 or 6 mice; P < 0.01), and these val-
ues for any of the three CNS regions are similar to
those noted previously for cerebellum in IGF-2/1 Tg
and wild-type mice (Ye et al., 1996).

Figure 1D, E shows IGF-I concentration mea-
sured in EDL and soleus muscles, respectively.
Although values in these tissues were higher than in
CNS, no significant differences were detected between
the concentrations measured in IGF-2/1 Tg and wild-
type mice. The muscle IGF-I values reported here are
similar to those measured previously in wild-type
hindlimb muscles (Coleman et al., 1995; Rengana-
than et al., 1998). Serum IGF-I concentration values
(Fig. 1F) are also similar to those reported by other
labs (Coleman et al., 1995; Lang et al., 2004; Sonntag,
Ramsey & Carter, 2005). These results indicate that

Tg overexpression of IGF-I in CNS does not result in
elevated concentrations in either muscle or serum.

To further investigate the specificity of Tg
expression in the CNS, we measured IGF-I concen-
tration in liver and kidney from 6-month-old mice.
The values for IGF-2/1 Tg and wild-type mice were
195 ± 14 (n = 5) and 187 ± 16 (n = 6) pg/lg of
tissue protein, respectively (P > 0.05). IGF-I con-
centration in kidney was 5.6 ± 0.6 (n = 5) and
4.9 ± 1.1 (n = 5) ng/ml for IGF-2/1 Tg and wild-
type mice, respectively (P > 0.05). These data in liver
and kidney are similar to those reported previously in
wild-type rats (Fervenza et al., 1999; Li et al., 2004).

MICE AND MUSCLE WEIGHT

Overexpression of IGF-I in CNS did not influence
mouse weight. Figure 2 compares mouse weight for
the four experimental groups: young, old, IGF-2/1 Tg
and wild-type. Regardless of genotype, no statisti-
cally significant difference in body weight was ob-
served between young and old mice or when gender
was considered (P > 0.05, n = 15–18 mice/group).

EDL muscle weight was significantly decreased
with aging in wild-type, but not IGF-2/1 Tg, mice
(P > 0.05, n = 13–15 muscles/group); young Tg
mice exhibit a lower but not significantly different

Fig. 1. IGF-I

concentrations in regions of

the CNS, skeletal muscle

and serum. IGF-I

concentrations in EDL and

soleus muscle and serum

from old (24 months) mice

are significantly different

from those recorded in

young (1–6 months) mice

(P < 0.05). Values represent

mean ± SEM. *Statistically

significant difference

between IGF-2/1 Tg and

wild-type mice. #Statistically

significant difference

between IGF-2/1 Tg or wild-

type mice and younger mice

(1–6 months).
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weight than wild-type mice. Soleus muscles from
young wild-type mice are significantly different from
those from young IGF-2/1 Tg mice, and muscles
from old wild-type mice are significantly different
from young wild-type mice (Fig. 3).

NEUROMUSCULAR STRENGTH AND MUSCLE-SPECIFIC
FORCE

The hanging test is considered an assessment of
neuromuscular strength (Ogura et al., 2001) because
it does not require more complex skills or sophisti-
cated motor coordination. Both scores and times
were measured in the present study for six mice per
group, or a total of 36 mice. Figure 4A shows the best
retention time measured in wild-type mice younger
than 10 (youngest was 4 months), between 10 and 18
and older than 18 (19–25) months. IGF-2/1 Tg mice
older than 18 months differed significantly
(P < 0.01) from old wild-type mice and mice youn-
ger than 10 or between 10 and 18 months (P < 0.01).
Figure 4B shows the average retention time for the
same age and genetic groups. Differences among
groups were more pronounced when hanging time
was computed this way. Old mice in both genetic
groups exhibited a marked decline in average reten-
tion time. Additionally, IGF-2/1 Tg mice aged 10–18
months exhibited significant differences from those
younger than 10 months (P < 0.05). The best score
recorded in wild-type mice and IGF-2/1 Tg mice
(Fig. 4D) exhibited a marked decline with age. Scores
for middle-aged and old mice were significantly lower
than for young mice (P < 0.01). Differences among
groups were also computed as an average score
(Fig. 4E). Differences between old wild-type or IGF-
2/1 Tg and younger mice differed significantly
(P < 0.01). A significant difference was also ob-
served between middle-aged and young IGF-2/1 Tg
mice (P < 0.01). In summary, both retention times
and scores revealed a deficit in strength with aging,
regardless of genotype. We recorded grip strength as
a complementary test for fore- and hindlimb strength

(Fig. 4). Age-dependent decline in limb strength was
apparent in wild-type and IGF-2/1 Tg mice to a
similar extent in both average and best performance
values. These results support the conclusion that the
age-dependent impairment found in retention time
can be attributed to a loss in limb muscle strength
that is not prevented by Tg overexpression of IGF-I
in the CNS. The data on mouse retention time
and limb strength are consistent with previous

Fig. 2. Overexpression of IGF-I in the CNS does not influence mouse weight. Regardless of the genotype, body weights in young and old

IGF-2/1 Tg and wild-type mice were not significantly difference. Body weights also were not significantly different between male and female

mice (P > 0.05, n = 15–18 mice/group).

Fig. 3. EDL and soleus muscle weight declines with aging. EDL

and soleus muscle weight was influenced by IGF-I overexpression

in the CNS (n = 13–15 muscles/group). EDL and soleus muscles

from aging wild-type mice are significantly different from those

from young wild-type and IGF-2/1 Tg mice, while EDL and soleus

muscles from old IGF-2/1 Tg did not differ significantly from those

from young Tg mice. *Statistically significant difference between

young (Y) and old (O) wild-type or young (Y+) and old (O+)

IGF-2/1 Tg mice.
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publications from our (Gonzalez et al., 2000, 2003)
and other (Brooks & Faulkner, 1988) laboratories on
the age-dependent decrease in muscle absolute and
specific force. The larger decrease in old Tg than in
old wild-type mice is surprising, based on the previ-
ously reported beneficial effect of IGF-I on muscle
function (see below). To determine whether this dif-
ference results from a decline in muscle absolute and/
or specific force, EDL and soleus muscles from old
mice were tested in vitro. A frequency/tension curve
was constructed from records of the force generated
in response to stimulation at increasing frequencies
(González et al., 2003). Most of the muscles reached
maximal tension at either 75 or 100 Hz. Figure 5A
shows absolute force recorded in old wild-type
(n = 13) and IGF-2/1 Tg (n = 14) EDL muscles and
old wild-type (n = 14) and IGF-2/1 Tg (n = 11)
soleus muscles. Absolute force in both EDL and so-
leus muscles declined significantly in Tg compared to
wild-type mice. Figure 5B shows specific force
recordings in EDL from old wild-type (n = 14) and
IGF-2/1 Tg (n = 11) mice and soleus from old wild-
type (n = 14) and IGF-2/1 Tg (n = 11) mice.

Specific force, measured as tetanic force normalized
to CSA, showed a significant decline in EDL but not
in soleus muscle, which indicates that loss in absolute
and specific force in fast-twitch muscles accounts for
the decline in muscle strength in Tg compared with
wild-type mice. The specific tetanic force recorded
here was similar to that reported for EDL and
quadriceps muscle (Fitts et al., 1984; Eddinger,

Fig. 4. Best and average

retention time, score and

grip strength in wild-type

and IGF-2/1 Tg mice.

*Significant difference

compared to the younger-

than-10 months group

within mice of the same

genotype. #Differences

between age-matched wild-

type and IGF-2/1 Tg mice.

Fig. 5. Absolute and specific force in EDL and soleus muscles. (A)

Absolute force recorded in old wild-type and IGF-2/1 Tg EDL and

soleus muscles. (B) Specific force in EDL and soleus muscles from

old wild-type and IGF-2/1 Tg mice. *Statistically significant dif-

ference between muscles from wild-type and Tg mice.
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Cassens & Moss, 1986) but lower than that for EDL
and soleus in other publications (Brooks & Faulkner,
1988; Barton-Davis et al., 1998).

CHARGE MOVEMENT IN SKELETAL MUSCLE FIBERS FROM

YOUNG AND OLD WILD-TYPE AND IGF-2/1 TG MICE

Figure 6 analyzes the voltage dependence of the
charge for young and old wild-type and IGF-2/1 Tg
mice. A group of charge movement traces were
recorded at )40, )10, 10 and 40 mV in muscle fibers
from young adult wild-type, IGF-2/1 Tg, old wild-
type and old IGF-2/1 Tg mice. Clearly, charge
movement recorded in fibers from old wild-type mice
was significantly lower than that for young mice of
either group. The charge moved by fibers from old
IGF-2/1 Tg mice was lower than that recorded in
young mice but did not differ from that recorded in
old wild-type mice. Data points were fitted to a
Boltzmann equation, as described in Methods. The
best fitting parameters for Qmax, V1/2Q and K re-
corded in muscle fibers from young adult and old

mice are included in Table 1. Maximum charge, but
not V1/2 or K, was significantly lower in old compared
to young mice in both genetic groups. Based on these
results, we conclude that the pronounced age-related
decline in maximum charge movement is not pre-
vented by sustained overexpression of IGF-I in the
CNS. Differences between old wild-type and old
IGF-2/1 Tg mice were not significant. These results
indicate that sustained Tg overexpression of IGF-I in
the CNS does not prevent the reported decrease in
charge movement with aging.

INTRACELLULAR CA2+ RECORDING

Figure 7 shows the voltage dependence of the peak
Ca2+ transient recorded in muscle fibers from
young-adult and old mice of both genetic groups
from –50 to 50 mV. The data points were fitted to
equation 1, and the best fitting parameters are in-
cluded in Table 1. No significant differences in
maximum Ca2+ concentration, Ca2+ transient half-
activation potential (V1/2) and steepness of the

Fig. 6. Charge movement in

FDB fibers from young and

old mice. The charge

movement/membrane

voltage relationship for

fibers from (A) young and

(B) old wild-type and IGF-2/

1 Tg mice. Data are

expressed as mean ± SEM.

Continuous lines correspond

to best fitting to the data,

using equation 1 (see

Table 1). Charge movement

traces ()40 to 40 mV) for

young wild-type (C), young

IGF-2/1 Tg (D), old wild-

type (E) and old IGF-2/1 Tg

(F) mice. Dotted lines

indicate baseline.

Table 1. Best fitting parameters describing the voltage dependence of charge movement and intracellular Ca2+ concentration recorded in

mouse FDB muscle fibers

Charge movement (nC Æ lF-1)

Young (n = 18) Young Tg (n = 17) Old (n = 21) Old Tg (n = 20)

Qmax 53 ± 3.1 52 ± 4.2 33 ± 2.8* 31 ± 3.2*

V1/2 4.6 ± 0.32 6.4 ± 0.92 5.8 ± 0.67 5.3 ± 0.43

K 13.7 ± 1.1 13.6 ± 1.8 16 ± 2.3 15 ± 2.3

Intracellular [Ca2+] (lM)

Young (n = 18) Young Tg (n = 16) Old (n = 18) Old Tg (n = 18)

[Ca2+]max 1.8 ± 0.15 1.7 ± 0.24 1.1 ± 0.32* 0.9 ± 0.27*

V1/2 8 ± 1.1 9.4 ± 1.2 8.5 ± 1.2 9.2 ± 1.4

K 8.3 ± 1.5 7 ± 0.83 6.8 ± 0.87 7.1 ± 2.1

Values are mean ± SEM with the number of fibers studied (n). *Statistically significant difference (P < 0.05).
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curves between muscle fibers from young mice of
both groups were found. However, the peak Ca2+

concentration in fibers from old mice was signifi-
cantly reduced compared to fibers from young mice.
Additionally, fibers from old IGF-2/1 Tg mice
showed lower but not significantly different peak
intracellular Ca2+ than fibers from old wild-type
mice but no significant changes in the V1/2Q and
steepness of the curve (Table 1). In summary, sus-
tained overexpression of IGF-I in the CNS does not
prevent the age-dependent decrease in intracellular
Ca2+ concentration.

Figure 7C and D shows representative traces of
intracellular Ca2+ transients recorded in fibers from
young adult wild-type and IGF-2/1 Tg and from old
wild-type and old IGF-2/1 Tg mice, respectively, at
)40, )10, 10 and 40 mV. The peak intracellular Ca2+

recorded in fiber from the old mice was significantly
smaller than that recorded in fibers from young mice,
either wild-type or IGF-2/1 Tg. It is also evident that
sustained overexpression of IGF-I in the CNS did not
prevent the age-related decline in peak intracellular
Ca2+ concentration.

CHANGES IN MUSCLE FIBER-TYPE COMPOSITION WITH

AGE AND TG OVEREXPRESSION OF IGF-I IN THE CNS

SDS-PAGE analysis of the fiber-type composition of
mouse EDL and soleus muscles shows four MHC

isoforms: I, IIa, IIb and IIx. The predominant iso-
form in EDL muscle was IIb, followed by IIx, as
shown in Figure 8A and B, while in soleus muscle,
the IIa and I isoforms predominated (Fig. 8C, D).
Figure 8A illustrates the MHC composition of rep-
resentative muscles from young and old wild-type

Fig. 7. Peak intracellular

Ca2+ in FDB fibers from

young and old wild-type and

IGF-2/1 Tg mice.

Intracellular Ca2+

membrane voltage

relationship for fibers from

(A) and (B) old wild-type

and IGF-2/1 Tg mice. Data

points are expressed as

mean ± SEM. Continuous

lines correspond to best

fitting to the data, using

equation 1 (see Table 1).

Intracellular Ca2+ traces

()40 to 40 mV) for young

wild-type and young IGF-2/

1 Tg (C) and old wild-type

and old IGF-2/1 Tg (D)

mice. Dotted lines indicate

the baseline.

Fig. 8. Changes in muscle fiber-type composition with age and Tg

overexpression of IGF-I in the CNS. SDS-PAGE analysis of the

fiber-type composition of the mouse EDL (A, B) and soleus (C, D)

muscles shows four MHC isoforms: I, IIa, IIb and IIx. MHC

composition was expressed as a percent of the sum of all isoforms

for individual muscles. *Statistically significant differences.
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and IGF-2/1 Tg mice. Figure 8B shows the MHC
composition expressed as a percent of the sum of all
isoforms for individual muscles. The composition of
EDL muscles from young wild-type and IGF-2/1 Tg
mice did not differ significantly (P > 0.05), whereas
an increase in IIx and a decrease in IIb fibers were
recorded in old wild-type mice (P < 0.05). Tg
overexpression of IGF-I in the CNS prevented the
age-dependent decrease in IIb and the increase in IIx
fibers as the MHC composition of EDL muscles from
the IGF-2/1 Tg mice did not differ significantly from
that recorded in young wild-type or IGF-2/1 Tg mice.

Figure 8C illustrates the MHC composition of
representative soleus muscles from young and old
wild-type and IGF-2/1 Tg mice. Figure 8D shows
that the composition of soleus muscles from young
wild-type and IGF-2/1 Tg mice did not differ signif-
icantly (P > 0.05), while an increase in type I and a
decrease in IIa fibers were recorded in old wild-type
mice (P < 0.05). Tg overexpression of IGF-I in the
CNS prevented the age-dependent decrease in IIa and
increase in type I fibers. As with EDL, the MHC

composition of soleus muscles from IGF-2/1 Tg mice
did not differ significantly from that recorded in
young wild-type or IGF-2/1 Tg mice.

NEUROMUSCULAR JUNCTION IN AGING AND IGF-2/1 TG

MICE

A range of 49–64 end plates was measured from three
or four muscles, each belonging to different young
and old wild-type and IGF-2/1 Tg mice. Figure 9A-H
illustrates the neuromuscular junction (NMJ) stained
using the silver-cholinesterase method. EDL muscle
from young wild-type mice shows the complexity of
the nerve terminal, characterized by a number of
branching points and terminal branches and absence
of nerve sprouting. A smaller and simpler nerve
arborization at the cholinesterase-stained zone (CSZ)
was found in soleus from young wild-type mice. The
complexity of the nerve terminal is maintained in
EDL and soleus muscles from IGF-2/1 Tg mice. A
smaller CSZ together with a simpler nerve terminal
and increased nerve sprouting are apparent in EDL

Fig. 9. Analysis of NMJ

preterminals. Silver-

cholinesterase staining of the

axonal terminal (dark) and

cholinesterase area (blue) are

represented for EDL (A) and

soleus (B) muscles from

young wild-type and for

EDL (C) and soleus (D)

muscles from IGF-2/1 Tg

mice. Muscles from old mice

are represented for EDL (E)

and soleus (F) from young

wild-type mice and for EDL

(G) and soleus (H) muscles

from IGF-2/1 Tg mice.

Arrows indicate sprouting.

NMJ preterminal CSZ area

(I), percent of axonal

terminals exhibiting

sprouting (J), number of

axonal branching points (K)

and number of axonal

terminal branches (L) from

young and old wild-type and

IGF-2/1 Tg mice.

*Significant differences

compared with young wild-

type or Tg mice.
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and soleus muscles from old wild-type mice. A similar
CSZ, increased sprouting and diminished nerve ter-
minal complexity are obvious in EDL and soleus
muscles from IGF-2/1 Tg mice.

The following four parameters were quantified
for EDL and soleus muscles: end-plate area as out-
lined by the CSZ, percent of nerve terminals exhib-
iting sprouting outside the CSZ, number of nerve
terminal branch points within the CSZ and percent of
CSZ exhibiting nerve terminal branching (Fig. 9I-L).
EDL muscles from young wild-type and IGF-2/1 Tg
mice exhibit larger CSZs and more nerve branching
points and terminal branches than soleus, but the
percentage of terminals exhibiting nerve sprouting is
larger in soleus than EDL muscles from wild-type
mice, while this difference is not obvious in young
IGF-2/1 Tg mice. Another interesting observation is
the CSZ increase in soleus from young IGF-2/1 Tg
compared to wild-type mice. EDL and soleus muscles
from old wild-type mice exhibit similar CSZs, a sig-
nificant increase in the percent of terminals exhibiting
sprouting and simplification of nerve terminals within
the CSZ characterized by fewer nerve branching
points and terminal branches. Overall, CNS IGF-2/1
Tg overexpression did not modify the CSZ in EDL
and soleus muscles. For both, the percentage of ter-

minals exhibiting sprouting is higher in young wild-
type mice. Similarly, a trend toward more complex
nerve terminals within the CSZ is apparent; however,
young mice differ significantly for both EDL and
soleus muscles.

ANALYSIS OF THE NMJ POSTTERMINAL

A total of 74–100 NMJs were analyzed from at least
three muscles from different mice for each group
(young and old wild-type and IGF-2/1 Tg).
Figure 10A shows simplification, shrinkage and
fragmentation of the postterminal in EDL and soleus
muscles from old compared to young mice. No
obvious difference in postterminal size and complex-
ity was found between young wild-type and young Tg
mice; however, old IGF-2/1 Tg exhibited larger val-
ues than old wild-type, although lower than values
for younger wild-type and IGF-2/1 Tg mice. Mea-
surements of the postterminal area delimited by
fluorescent a-bungarotoxin showed a marked de-
crease in old wild-type mice compared to young wild-
type and IGF-2/1 Tg mice (P < 0.05) (Fig. 10B).
The postterminal area was larger in IGF-2/1 Tg than
in wild-type old mice. This difference was statistically
significant (P < 0.05).

Fig. 10. Analysis of NMJ postterminals. (A)

Postsynaptic acetylcholine receptors staining with

rhodamine-conjugated a-bungarotoxin in muscle

from young and old wild-type and IGF-2/1 Tg

mice. (B) Measurements of the postterminal area

delimited by fluorescent a-bungarotoxin showed a

marked decrease in old wild-type mice compared to

young wild-type and IGF-2/1 Tg mice (*P < 0.05).

The postterminal area was larger in IGF-2/1 Tg

than in wild-type old mice for both EDL and soleus

muscles (#P < 0.05).
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DHPR a1-SUBUNIT EXPRESSION

We measured expression of the DHPR a1-subunit in
young and old wild-type and IGF-2/1 Tg mice by
immunoblots (Fig. 11). The signal at 175 kDa for
each group was normalized to that recorded for
young wild-type mice (Fig. 11, top). Values repre-
sented in the bar graph correspond to mean and SEM

of at least four measurements per group. The average
of the expression in young IGF-2/1 Tg mice did not
differ significantly from that in young wild-type mice,
whereas a significant decrease was detected in old
wild-type and IGF-2/1 Tg mice (P < 0.01).
Although expression of the DHPR a1-subunit was
higher in muscles from old IGF-2/1 Tg compared to
old wild-type mice, the signal was significantly lower
than in muscles from young mice (P < 0.01).

IGF-I EXPRESSION IN LUMBAR SPINAL CORD

To determine whether IGF-I expression is confined to
the lateral motor columns, where the motor neurons
that innervate hindlimbs are located, or is more dif-
fuse, we analyzed cryosections of the lumbar
enlargement of the spinal cord with an antibody
specific to IGF-I. Figure 12A shows IGF-I immu-
nofluorescence in young wild-type mice. The signal is
strongly enhanced in the spinal cord from young Tg
mice (Fig. 12B). Arrows indicate both lateral motor
columns intensively immunoreacting with IGF-I
antibody. IGF-I immunostaining can be appreciated
at higher magnification in the lateral motor column
area (Fig. 12D, F). In addition to the localization of
IGF-I to this area, a diffuse pattern of its expression
is observed in the ventral, intermediate, dorsal and
peripheral to the central canal areas. These data,
based on 18–22 sections from three or four mice per
group, suggest IGF-I expression in the spinal cord is
not exclusively in motor neurons. We observed a
lower fluorescence signal in old wild-type mice

(Fig. 12C) and higher expression in spinal cords from
old IGF-2/1 Tg mice, similar to that recorded in
young IGF-2/1 Tg mice (Fig. 12E).

Discussion

We tested the hypothesis that exclusive and sustained
overexpression of IGF-I in the CNS improves muscle
strength and overall physical performance by pre-
venting or delaying age-dependent alterations in
muscle innervation, NMJ postterminal architecture
and excitation-contraction coupling. We found that
(1) the IGF-I transgene is expressed extensively
across the spinal cord gray matter in addition to the
lateral motor column, (2) Tg IGF-I expression in
the CNS does not modify mouse weight regardless of
the decline in muscle weight with aging and (3)
muscle performance showed significantly decreased
retention time and limb strength in Tg compared to
wild-type mice, which is consistent with decreased
absolute and specific force measured in the EDL
muscle in vitro. These results are consistent with de-
creased charge movement and peak intracellular
Ca2+ mobilization in individual muscle fibers from
old IGF-2/1 Tg compared with young wild-type mice.
Lack of improvement in charge movement and
intracellular Ca2+ mobilization in old Tg compared
with old wild-type or young mice is associated with
decreased DHPR a1-subunit expression in muscles
from old IGF-2/1 Tg compared with young mice. Tg
IGF-I overexpression in the CNS prevented the
switches in muscle fiber-type composition, which are
associated with improvement in muscle innervation,
as revealed by analysis of the NMJ pre- and post-
terminal structure in old IGF-2/1 Tg mice. The re-
sults reported here do not confirm our hypothesis and
raise questions about the timing and/or location of
IGF-I overexpression in the CNS needed to prevent
or to ameliorate age-dependent alterations to the
structure and function of skeletal muscle.

MUSCLE STRENGTH AND EXCITATION-CONTRACTION

COUPLING

The finding that Tg overexpression of IGF-I in the
CNS did not improve retention time/score, muscle
strength and absolute and specific force in vitro in old
mice was surprising based on previous communica-
tions about the beneficial effect of IGF-I overex-
pressed in muscle (Barton-Davis et al., 1998;
Renganathan et al., 1998; Musaro et al., 2001) or
retrograde-transported into motor neurons (Payne et
al., 2006) on muscle and neuromuscular structure and
function (González et al., 2003; Messi & Delbono,
2003), charge movement and peak intracellular Ca2+

mobilization in vitro (Wang et al., 2002). Addition-
ally, the lack of improvement in charge movement

Fig. 11. Immunoblot detection of DHPR a1-subunit. The signal at
175 kDa for young and old wild-type and IGF-2/1 Tg mice was

normalized to that recorded for young wild-type mice (top). Values

represented in the bar graph correspond to mean ± SEM. *Statis-

tically significant differences.
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and intracellular Ca2+ mobilization is associated
with decreased expression of DHPR a1-subunit in
muscles from old IGF-2/1 Tg mice. We have dem-
onstrated that muscle IGF-I enhances DHPR a1-
subunit transcriptional activity by acting on the
cAMP-response element-binding protein element of
the promoter region (Zheng et al., 2002), an effect
mediated by Ca2+-calmodulin kinase and calcineurin
(Zheng et al., 2004). Whether this phenomenon
operates when IGF-I is overexpressed in spinal cord
motor neurons is not known. Also, whether rescue of
single muscle fiber-specific force from old mice by
retrograde transport of IGF-I from muscle to motor
neuron is mediated by enhanced expression of DHPR
a1-subunit is not known. However, the effects of
motor neuron-targeted IGF-I on muscle fiber-specific
force, but not on diameter and absolute force, indi-
cate that IGF-I improves muscle function by pre-
venting or reversing excitation-contraction
uncoupling and not by acting on muscle mass or
contractile proteins (Payne et al., 2006).

IGF-I/tetanus toxin fragment C-mediated pres-
ervation of muscle-specific force indicates that
indemnity of muscle innervation is necessary and
sufficient to sustain this muscle function across ages
(Payne et al., 2006). The main difference between the
fusion protein model and the CNS IGF-I Tg used
here is the former�s retrograde transport of IGF-I,
which ensures a predominant motor neuron location,
while in the latter the growth factor expression pat-
tern is diffuse. This difference may suggest that IGF-I

expression in spinal cord cells other than motor
neurons counterbalances the beneficial effect of mo-
tor neuron IGF-I on excitation-contraction coupling,
supported by the lack of a significant increase in
DHPR a1 expression, charge movement and intra-
cellular Ca2+ mobilization in IGF-2/1 Tg mice
compared to wild-type old mice. The specific popu-
lation of spinal cord cells (neuron, glia or interneu-
ron) potentially counteracting the beneficial
expression of IGF-I in motor neurons is unknown.

It also is possible that the incomplete restoration
of muscle innervation and postterminal structure in
old IGF-2/1 Tg mice is due to insufficiently high IGF-
I overexpression. The modest increases in spinal cord
IGF-I concentration in IGF-2/1 argue for this pos-
sibility. Nonetheless, such increases in CNS IGF-I
concentration result in marked phenotypic changes in
the CNS, e.g., doubling of cerebellar size (Ye et al.,
1996; D�Ercole, Ye & O�Kusky, 2002). In contrast,
the S1S2 muscle IGF-I Tg model exhibits a >40-fold
increase in local IGF-I concentration (Coleman et al.,
1995) compared to a 1.5- to 2.0-fold increase in the
IGF-2/1 mouse CNS. Our findings, however, indicate
that the modest degree of IGF-I overexpression in
IGF-2/1 Tg is sufficient to effect biological change.
We found that CNS overexpression of IGF-I pre-
vents switches in muscle fiber-type composition.
Muscle fiber phenotype is determined by interactions
with subpopulations of ventral spinal cord motor
neurons that activate contraction at different rates,
ranging from 10 (slow) to 100 (fast fatigue-resistant)

Fig. 12. IGF-I immunofluorescence in lumbar

spinal cord. (A) Young wild-type. (B) Young IGF-

2/1 Tg. (C) Old wild-type. (D) Enlargement of the

lumbar spinal cord section from an IGF-2/1 Tg

mouse to visualize the lateral motor column

(LMC). (E) Old IGF-2/1 Tg. (F) Detail of motor

neurons in the LMC from an IGF-2/1 Tg mouse.

Arrows indicate the location of the LMC in the

spinal cord section.
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or 150 Hz (fast fatigue-sensitive) fibers (Buller,
Eccles & Eccles, 1960a, 1960b; Greensmith &
Vrbova, 1996). Age-dependent preservation of motor
neuron firing rate and myelination (Ye et al., 2002;
D�Ercole et al., 2002) may help to maintain muscle
phenotype throughout the mouse life span.

We confirm that aging skeletal muscle exhibits
alterations in fiber innervation. Several groups have
reported skeletal muscle denervation and reinnerva-
tion and motor unit remodeling or loss in aging ro-
dents or humans (Hashizume, Kanda & Burke, 1988;
Kanda & Hashizume, 1989; Zhang et al., 1996; for
review, see Delbono, 2003). Motor unit remodeling
leads to changes in fiber-type composition (Pette &
Staron, 2001).We have reported that oldmuscles from
IGF-I Tg (S1S2) mice do not exhibit major alterations
in the nerve terminal and structure of the NMJ post-
terminal, which is associated with preservation of
muscle fiber phenotype (Messi & Delbono, 2003).
Improvements in muscle innervation and postterminal
structure along with conservation of muscle fiber
phenotype in aging IGF-2/1 Tg mice, reported in this
work, are therefore not surprising. Although both pre-
and postterminalNMJs in old IGF-2/1 Tgmice exhibit
an intermediate pattern between young (wild-type or
Tg) and old wild-type mice, analysis of muscle fiber-
type composition indicates that these changes are
sufficient to preserve the young fiber phenotype profile.

IGF-I TG MODEL

To our knowledge, this study is the first to examine
muscle function and the structure/function of muscle
innervation in mice that overexpress IGF-I exclu-
sively in the CNS. IGF-2/1 Tg mice (Ye et al., 1996)
overexpress IGF-I exclusively in the CNS without
any evidence of direct systemic influence in adult and
aging animals, due to the lack of systemic leakage or
expression in peripheral tissues, as demonstrated by
the absence of the transgene in various organs,
including fast- and slow-twitch muscles in young,
middle-aged and old mice. The reason for the reduced
serum IGF-I concentration in IGF-2/1 Tg compared
with wild-type mice is not known, but we speculate
that expression of hIGF-I transgene in the brain
inhibits the expression and release of growth hor-
mone, which is a key regulator for liver IGF-I
expression, a major source for serum IGF-I.

This model does not predict more spinal cord
motor neurons in IGF-2/1 Tg compared to wild-type
mice, based on the postnatal expression of the
transgene, at which time programmed motor neuron
death has already taken place (Oppenheim, 1996;
Ye et al., 1996), and in contrast to the increased
number of neurons and synapses in other areas of the
CNS, such as the hippocampus dentate gyrus
(O�Kusky, Ye & D�Ercole, 2000). In normal mice,
neurogenesis in this area occurs predominantly

between embryonic day 14 and postnatal day 20
(Stanfield & Cowan, 1979). Similarly, IGF-2/1 Tg
mice exhibit increased proliferation of cerebellum
granule cell progenitors (Ye et al., 1996). These
findings support the concept that the IGF-I transgene
not only expresses but also exhibits biological activ-
ity. That it exerts biological activity in the spinal cord
motor neurons is reflected in the prevention of age-
dependent muscle fiber-type switching.

An interesting aspect of our study is the finding
that Tg expression of IGF-I is not exclusive to the
lateral motor column motor neurons. Positive
immunofluorescence was detected across the spinal
cord section in neuronal and probably glial cells
throughout the Rexed lamina, including anterior,
dorsal horns and pericentral canal. Whether overex-
pression of IGF-I in cells other than spinal cord
motor neurons offsets the beneficial effects described
for the predominantly motor neuron-expressing
model (Payne et al., 2006) is not yet known. A
common factor for Tg mice overexpressing IGF-I in
the CNS is overgrowth of the brain (Popken et al.,
2004). This phenomenon does not result in motor
alterations at a young age, as demonstrated by the
absence of motor impairment in the present study;
however, whether survival of a number of neurons
committed to die in the postnatal (IGF-2/1 mouse
model) or the embryonic and postnatal (Popken
et al., 2004) period has deleterious consequences for
aging mammals is not known.
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