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Abstract
The decline in muscular strength with age is disproportionate to the loss in total muscle mass that
causes it. Knocking out JP45, an integral protein of the junctional face membrane of the skeletal
muscle sarcoplasmic reticulum (SR), results in decreased expression of the voltage-gated Ca2+

channel, Cav1.1; excitation-contraction uncoupling (ECU); and loss of muscle force (Delbono et
al., 2007). Here, we show that Cav1.1 expression, charge movement, SR Ca2+ release, in vitro
contractile force, and sustained forced running remain stable in male JP45KO mice at 12 and 18
months. They also exhibit the level of ECU reported for 3–4-month mice (Delbono et al., 2007).
No further decline at later ages was recorded. Preserved ECC was not related to increased
expression of any protein that directly or indirectly interacts with JP45 at the triad junction.
However, maintained muscle force and physical performance were associated with ablation of
JP45 expression in the brain, spontaneous and significantly diminished food intake and less
tendency toward obesity when exposed to a high-fat diet compared to WT. We propose that (1)
endogenously generated restriction in food intake overcomes the deleterious effects of JP45
ablation on ECC and skeletal muscle force mainly through downregulation of neuropeptide-Y
expression in the hypothalamic arcuate nucleus; and (2) the JP45KO mouse constitutes an
invaluable model to examine the mechanisms controlling food intake as well as skeletal muscle
function with aging.
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1. INTRODUCTION
Skeletal muscle contraction in response to muscle fiber excitation (sarcolemmal
depolarization), termed excitation-contraction coupling (ECC), is mediated by a transient
elevation in intracellular Ca2+ concentration (Melzer et al., 1995). ECC starts at the triad
junction, a structure where the transverse (T) tubule and the sarcoplasmic reticulum (SR)
terminal cisternae intimately interact via the two major Ca2+ channel macromolecular
complexes interact, the voltage-gated Ca2+ channel Cav1.1, previously known as DHPRα1s
(Catterall et al., 2005), containing both the Ca2+-conducting pore and the voltage-sensing S4
domain, which is localized in the transverse (T) tubule membranes, and the ryanodine
receptor (RyR) Ca2+-release channel localized in the SR terminal cisternae. The Cav1 is a
hetero-oligomeric complex made up of at least four subunits: Cav1.1, β1a, α2-δ and γ
(Catterall, 1995) and the pore-forming Cav1.1 subunit is an integral membrane protein and
essential for ECC (Melzer et al., 1995). The close proximity of the Cav1.1 and RyR1 allows
sarcolemmal depolarization to rapidly (within ms) translate into SR Ca2+ release, prompting
formation of contractile myofilament cross-bridges and generating force.

The decline in muscular strength with age is disproportionate to the loss in total muscle mass
that largely causes it. This loss of specific force (total force/cross-sectional area) in old age
(Gonzalez et al., 2000a) is characterized, in part, by a deficit in Ca2+ release following
depolarization, a phenomenon known as excitation-contraction uncoupling (ECU) (Jimenez-
Moreno et al., 2008). We have proposed that ECU is not a result of decreased Ca2+ stores or
RyR1-mediated release function (Jimenez-Moreno et al., 2008) but may be caused by
alterations in the functionality and expression of Cav1 and its subunits with aging
(Renganathan et al., 1997a; Taylor et al., 2009).

A variety of proteins with a putative role in ECC are found at the triad. Our previous studies
demonstrated that JP45, a protein integral to the skeletal muscle SR junctional face
membrane, interacts with Cav1.1 and the luminal Ca2+-binding protein, calsequestrin
(Anderson et al., 2006; Delbono et al., 2007). Cav1.1 and JP45 form a complex that is
downregulated during aging and may contribute to decayed muscle strength and physical
disability in the elderly (Anderson et al., 2006; Wang et al., 2000). Deleting the gene that
encodes JP45 results in decreased muscle strength in young mice due to decreased
functional expression of the voltage-dependent Ca2+ channel Cav1.1 (Delbono et al., 2007).

These results underscore the importance of JP45 as a molecule involved in the development
and maintenance of skeletal muscle strength throughout life. To test this concept, we
examined ECC in 12- and 18-month-old JP45 knockout (KO) and wild-type (WT) mice. We
hypothesized that ablation of JP45 expression together with diminished Cav1.1 expression
would result in more marked muscle weakness in JP45KO than WT mice with aging.
Surprisingly, aging male JP45KO mice exhibit less food intake and significantly lower trend
to develop obesity than WT mice when exposed to high-fat diet. As caloric restriction is a
powerful antiaging intervention (Mayhew et al., 1998)(Marzetti et al., 2008)(Sakuma and
Yamaguchi, 2010), we reasoned that it mediates protective effects on skeletal muscle protein
expression and function in JP45KO mice with aging. Here, we postulate that self-imposed or
endogenously developed restriction of food intake accounts for their sustained muscle force,
response to highly demanding exercise, and Cav1.1 expression. We also found that the
JP45KO mouse is a model of endogenous, moderate, sustained restriction of food intake, not
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associated with disease or hibernation. We propose that an imbalance in orexigenic and
anorexigenic hypothalamic neuropeptide secretion leads to reduced food consumption and a
lean phenotype. This mouse model may prove invaluable in examining the mechanisms
controlling food intake and preserving skeletal muscle function with aging.

2. MATERIAL AND METHODS
2.1 . Flexor digitorum brevis, soleus and flexor digitorum brevis muscle fibers

Extensor digitorum longus (EDL) and soleus muscles and single flexor digitorum brevis
(FDB) fibers were obtained from 12- and 18-month male JP45KO and C57BL6 (WT) mice
raised in the Wake Forest University School of Medicine (WFUSM) Animal Research
Program. Mice subjected to activity recording and/or training did not participate in more
than one experiment. They were killed by cervical dislocation and thoroughly inspected for
gross pathology. Animal handling followed a protocol approved by the WFUSM Animal
Care and Use Committee.

2.2. Generation of JP45KO Mice
JP45KO mice were generated as previously described (27). Briefly, a mouse genomic
library (Stratagene) was screened with a cDNA probe to isolate genomic clones
encompassing the 5′ end of the JP45 gene. A targeting vector was constructed using a 5′-end
JP45 genomic clone, neo-resistance, and the diphtheria toxin gene DT-A as positive and
negative selection cassettes, respectively. A SalI-linearized vector was used to transfect J1
mouse embryonic stem (ES) cells, and 140 ES clones carrying a homologous recombination
were identified by Southern blot screening. JP45−/− mice were backcrossed three times in a
C57BL6 background and then intercrossed to obtain JP45−/− mice. Genotyping was carried
out by PCR using the following primers: JP45F2, 5′-TAA AGA CAG AGA CCA CAT CCT
CCC-3′; JP45R4, 5′-GAC AAG GGG TGT GGG GTA TGA GGC-3′ (Delbono et al., 2007).

2.3. In vitro muscle force assessment
EDL and soleus muscles were stimulated directly by an electrical field generated between
two parallel platinum electrodes connected to a stimulator (Heidelberg Scientific
Instruments, Heidelberg, Germany or Grass S48, Warwick, RI). Muscle length was adjusted
to the estimate of sarcomere length eliciting maximal twitch and tetanic force (Lo).
Rectangular supramaximal pulses (1.5x threshold and 0.5 ms duration) were applied to elicit
brief contractions. Trains of pulses of variable frequency, ranging from 10 to 150Hz, were
applied for 400 ms (EDL) or 1100 ms (soleus) to elicit unfused or fused contractions. All the
experiments were performed at room temperature (21–23°C). The solution used for
contraction recording contained (mM): NaCl 121, KCl 5, CaCl2 1.8, MgCl2 0.5, NaH2PO4
0.4, NaHCO3 24.0, glucose 5.5, and EDTA 0.1. It was permanently bubbled with a mixture
of 5% CO2 and 95% O2 to attain pH 7.4 in the recording chamber. The interval between
trains of pulses was constant (5 min). Force recordings were digitized using an A/D
converter (AD Instruments) at 4 kHz. Stimulation pulse waveform was acquired and
digitized together with the contraction signal and stored for analysis off-line. Specific force
was normalized to the muscle cross-sectional area (CSA= wet weight [mg]/length [mm] x
1.06 [density mg/mm3]). Muscle length was measured in the recording chamber at Lo by
stereoscopic visualization at 30X magnification.

2.4. Charge-movement recordings
FDB fibers from JP45KO and WT mice were enzymatically dissociated, plated, and
recorded as previously described (Wang et al., 1999a). For the whole-cell patch clamp, the
pipette solution was 140 mM Cs-aspartate, 5 mM Mg-aspartate2, 10 mM Cs2EGTA
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[ethylene glycol-bis(α-aminoethyl ether)-N,N,N′N′-tetraacetic acid], and 10 mM Hepes [N-
(2-hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid)]. The pH was adjusted to 7.4 with
CsOH. The external solution contained (mM): 145 tetraethylammonium hydroxide (TEA).
Cl, 10 CaCl2, 10 Hepes, and 0.001 tetrodotoxin. Solution pH was adjusted to 7.4 with
TEA.OH. For charge-movement recording, Ca2+ current was blocked by adding 0.5 Cd2+

plus 0.3 La3+ to the external solution (Adams et al., 1990; Wang et al., 2000). We recorded
Cav1.1 channel charge movement using a protocol consisting of a 2-s prepulse to −30 mV
and a subsequent 5-ms repolarization to a pedestal potential of −50 mV followed by a 25-ms
depolarization from −50 mV to 50 mV with 10-mV intervals (Anderson et al., 2006).
Intramembrane charge movements were calculated as the integral of the current in response
to depolarizing pulses and expressed per membrane capacitance (coulombs per farad). To
analyze the relationship between charge movement and membrane voltage, data points were
fitted to equation 1.

2.5. Sarcoplasmic reticulum Ca2+ release
Enzymatically dissociated fibers were transferred to a small, flow-through Lucite chamber
positioned on a microscope stage and continuously perfused with the external solution (see
below) using a push-pull syringe pump (WPI). Only fibers exhibiting a clean surface and no
contracture were used for electrophysiological recordings. Muscle fibers were voltage-
clamped using an Axopatch-200B amplifier (Molecular Devices) in the whole-cell
configuration of the patch-clamp technique (Hamill et al., 1981). Patch pipettes were pulled
from borosilicate glass (Boralex; WPI, Sarasota, FL) using a Flaming Brown micropipette
puller (P97, Sutter Instrument Co., Novato, CA) then fire-polished to obtain electrode
resistances ranging from 450 to 650 kΩ. In the cell-attached configuration, the seal
resistance was in the range of 1–4.5 GΩ, and in the whole-cell configuration, values ranged
from 75 to 120 MΩ (Wang et al., 1999a).

The pipette was filled with the following solution (mM): 140 Cs-aspartate, 5 Mgaspartate2,
20 Cs2EGTA (ethylene glycol tetraacetic acid), 10 HEPES (N-[2-hydroxyethyl]piperazine-N
′-[2-ethanesulfonic acid]), and 500 OGB-5N (Invitrogen, Carlsbad, CA), and pH was
adjusted to 7.4 with CsOH (Adams et al., 1990; Wang et al., 1999a). The external solution
contained (mM): 150 TEA-CH3SO3, 2 MgCl2, 2 CaCl2, 10 Na-HEPES, 0.05 N-benzyl-p-
toluene sulphonamide (BTS), and 0.001 tetrodotoxin (Delbono et al., 1997). Solution pH
was adjusted to 7.4 with CsOH. All the experiments were conducted at room temperature
(21–22°C).

We used OGB-5N for these experiments due to its high quantum yield and suitability for
cell imaging with laser confocal microscopy. The fibers were loaded with it via the patch
pipette, and it was allowed to diffuse for 20 to 30 min before fiber stimulation and after
attaining the whole-cell voltage-clamp configuration. Intracellular OGB-5N transients were
recorded using a Bio-Rad Radiance 2100 laser scanning confocal microscope (Zeiss,
Oberkochen, Germany). Confocal microscopy allowed us to improve the signal-noise ratio
under experimental conditions in which myoplasmic Ca2+ concentration was strongly
buffered by 20 mM EGTA to ensure a resting myoplasmic Ca2+ concentration value that
approached the 60 nM in the pipette (Woods et al., 2004). This experimental manipulation
also ensured more accurate estimation of the Ca2+ release flux.

Fibers were imaged through a C-Apochromat x 40 water-immersion objective (NA 1.2,
Zeiss) or a x20 Fluar (NA 0.75) using a krypton-argon laser at 488-nm excitation
wavelength. Fluorescence emission was measured at 528 ± 25nm wavelength. For most
experiments, the laser was attenuated to 6–12% with a neutral density filter. Fibers were
imaged in line-scan (x-t) mode, always oriented parallel to the x scan direction. Linescan
images were acquired with 256 pixels (0.236 μm per pixel) in the x- and 512 pixels
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(0.833ms per pixel) in the t-direction. For image acquisition and intensity profile analysis,
we used LaserSharp 2000 (Bio-Rad, Zeiss) and Image- J (NIH), respectively.

2.6. In vivo mouse spontaneous and forced activity
Animals were housed individually in cages equipped with a running wheel carrying a
magnet. Wheel revolutions were registered by a reed sensor connected to an I-7053D
Digital-Input module (Spectra), and the revolution counters were read by a standard laptop
computer via an I-7520 RS-485-to-RS-232 interface converter (Spectra). Digitized signals
were processed by the “mouse running” software developed by Santhera Pharmaceuticals.

Forced activity was measured using an Exer 6 lane treadmill (Columbus Instruments,
Columbus, OH). Training was as follows. On consecutive days, mice were allowed to run on
the treadmill for 5 min at 10 m/min on days 1 and 2 and 5 min at 10 m/min followed by 2 m/
min increments until reaching 20 m/min for 2 min each period on day 3. The treadmill was
not inclined for the first two days but tilted 5 degrees uphill on the third day. After training,
mouse running time was recorded. The initial speed was 10m/min to a maximum of 5 min,
and then we increased the pace by 2 m/min every 2 min to a maximum of 24 m/min or until
exhaustion. We considered the mouse exhausted when it remained at least 10 sec in the
electric shock area of the treadmill. In all cases, the ramp was tilted 5 degrees uphill.
Maximal running time sums all partial times at various paces. For instance, a mouse’s
maximal running time of 9 min indicates that he ran 5 min at 10 m/min plus 2 min at 12 m/
min plus 2 min at 14 m/min and did not reach 16, 18, 20, 22, and 24 m/min. If he reached
the highest speed (24 m/min), he was allowed to run with no time limit until exhaustion.

2.7. Microsomal preparation, SR protein composition, and [3H]PN200-110 radioligand
binding assay

SR membrane fraction isolation (Saito et al., 1984) and SDS/PAGE analysis were carried
out as described (Anderson et al., 2006). [3H] PN200-110 and [3H]ryanodine binding was
carried out as described (Delbono et al., 2007). Densitometry of the immunopositive bands
used BioRad GelDoc 2000. Curve fitting used Prism4 software (GraphPad). Densitometry
was analyzed with NIH ImageJ software. For Western blot analysis of SR proteins, we used
anti-SERCA1 and - SERCA2 Abs (Santa Cruz Biotechnology, Santa Cruz, CA), anti-RyR1,
antisarcalumenin, and anticalreticulin Abs (Thermo Scientific, Waltham, MA). The
anticalsequestrin1 and antiJP45 Abs were developed by our group (Anderson et al., 2003).
Protein levels were normalized and expressed as percent of albumin, which was
immunodetected using the specific antibody A90-134P (Bethyl Laboratories, Montgomery,
TX).

2.8. Fiber-type composition and fiber measurement
EDL and soleus muscles were embedded in OCT, snap-frozen in isopentane, cryosectioned
at the midbelly region (10μm), and mounted on coverslips for immunostaining. Mounted
sections were air-dried, treated with PBS containing 1% BSA and 2% horse serum for 30
min, and incubated overnight at 4–8°C with a PBS solution containing 0.01% Triton X100,
1% BSA, 2% horse serum, 0.5% μg/ml antimouse slow myosin heavy chain (MAB 1628,
Millipore, Billerica, MA), and 2 μg/ml antirat α-laminin (MAB1914, Millipore). Sections
were then washed with PBS four times for 15 min each and incubated at room temperature
for 40 min with a PBS-containing Alexa Fluor 488 antimouse IgG Ab (2 μg/ml) and Cy3
antirat IgG Ab (0.5 μg/ml). After incubation in the secondary Ab, sections were washed with
PBS four times for 15 min each, dehydrated with ethanol, and mounted using a glycerol
medium at room temperature. They were then imaged using a Leica DM5000B fluorescence
microscope. Muscle fiber analysis (Soft Imaging System, Muenster, Germany) determined:
(1) boundaries, using laminin immunofluorescence; (2) diameter, using the minimal Feret’s
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diameter (distance between parallel tangents at opposing borders); (3) percent positive to
anti-MHC IAb; and (4) percent negative to anti-MHC I Ab staining.

2.9. Insulin and leptin determinations
Serum insulin and leptin levels were measured using rat insulin enzyme-linked
immunosorbent assay (ELISA) and mouse leptin ELISA kits (Crystal Chem, Downers
Grove, IL), respectively (Shi et al., 2006).

2.10. Mouse brain immunocytochemistry
JP45 and WT mice were deeply anesthetized with ketamine (200 mg/kg weight) and
xylazine (10 mg/kg) and perfused first with 15 ml normal saline and then 10 ml 4% PFA in
0.1 M sodium phosphate buffer (PB) at pH: 7.4 through left ventricle, following published
procedures (Hu et al., 2009). The brain was dissected and immersed in the 4% PFA buffer
for 24 h at 4°C and then exchanged with fresh PFA and left for another 24h. The brain was
rinsed in 10% sucrose in 0.1 M PB for 24h and then in 20% for another day. It was then
positioned in an embedding mold, covered with tissue freezing medium TBS (Triangle
Biomedical Sciences, Durham, NC), and frozen in dry ice. Coronal sections (40 μm) were
obtained using a Leica (Bannockburn, IL) cryostat. Brain sections were dried at room
temperature and stored at −80°C. Slides containing various brain slices were rinsed in 4%
PFA for 15 min at room temperature and washed three times with PBS, permeabilized in
0.5% triton and 1% goat serum in PBS for 15 min at room temperature, followed by three
washes with PBS and blocked in 10% goat serum at 4°C overnight. Slides were rinsed with
PBS and incubated in JP45 antibody for 4 h and then exposed to the secondary goat anti-
rabbit Alexa Fluor 594 antibody (Invitrogen). Preparations were mounted using Dako
(Carpinteria, CA) mounting medium and examined with an IX81 Olympus microscope
controlled by Olympus MetaMorph.

2.11. Dissection of hypothalamic regions
Hypothalamic regions were dissected as previously described (Xue et al., 2009). Briefly,
each hypothalamic region was dissected from 1-mm-thick sagittal sections of fresh mouse
brain. Arcuate (ARH) and paraventricular (PVN) hypothalamus were dissected from the first
sections from the midline of the brain. Coordinates for each hypothalamic region were
described previously (Xue et al., 2009).

2.12. Quantitative Real-time RT-PCR
Total RNA was isolated from hypothalamus using Tri-Reagent according to the
manufacturer’s instructions (Molecular Research Center, Cincinnati, OH). Messenger RNAs
of specific genes were quantified by real-time RT-PCR using TaqMan One-step RT-PCR
Master Mix (Applied Biosystems) and a Stratagene Mx3000P system (Stratagene, La Jolla,
CA). The sequences for each primer/probe set are included in Table 1.

2.13. Statistical analysis
Data are presented as means ± S.E.M. and were analyzed with Student t-test, Mann-Whitney
rank sum test, or one- or two-way repeated measures ANOVA when appropriate. An alpha
value of P < 0.05 was considered significant.
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3. RESULTS
3.1. Mechanical properties of EDL and soleus muscles from 12- and 18-month JP45KO and
WT mice

Previous work from our laboratory demonstrated that ablating the SR protein JP45 leads to
loss of absolute and specific skeletal muscle force in young (3–4-month) mice (Delbono et
al., 2007) (Fig. 1A). Here, we report that the difference in tetanic force between 12-month
JP45KO and WT mice is significant only for extensor digitorum longus (EDL), and that all
mechanical properties recorded at 18-month JP45KO and WT mice do not differ
significantly (Fig. 1A). Changes in the force-frequency curve do not account for their similar
force response to brief and tetanic stimulation; a wide range of frequencies were tested per
muscle (10, 20, 40, 100, 120, and 150Hz), and the maximal force output was recorded at the
same frequency, 150 and 100 Hz for EDL and soleus muscles, respectively, regardless of
genetic background or age.

Muscle weight between JP45KO and WT mice at 12 and 18 months of age did not differ
significantly. Values expressed in mg, as mean ± SD, were: EDL WT 12 months = 14 ± 1.5;
EDL WT 18 = 13 ± 1.2; soleus WT 12 = 10 ± 1.7; soleus WT 18 = 11 ± 1.5; EDL JP45KO
12 = 14 ± 1.7; EDL JP45KO 18 = 13 ± 1.3; soleus JP45KO 12 = 10 ± 1.3; and soleus
JP45KO 18 = 11 ± 1.4.

These results support the concept that the difference in muscle force between 3–4-month
JP45KO and WT disappears with aging. Since deleting the gene encoding JP45 decreases
muscle strength in young mice by diminishing functional expression of the voltage-
dependent Ca2+ channel Cav1.1 (Delbono et al., 2007), we examined the functional and
biochemical expression of this subunit in 12- and 18-month JP45KO and WT mice.

3.2. Cav1.1 charge movement and content in total SR membrane from JP45 KO and WT
mice

Charge movement, which represents functional expression of Cav1.1 in the T tubule, was
recorded in flexor digitorum brevis (FDB) fibers in the whole-cell configuration of patch-
clamp (Hamill et al., 1981; Wang et al., 2000). Although in vitro muscle force was recorded
in EDL and soleus muscles, charge movement was recorded in FDB muscle because its
short fibers allow voltage-clamping in the whole-cell configuration and undergo age-
dependent changes similar to those described for longer hindlimb muscles (Gonzalez et al.,
2000a).

The current recorded after blocking the Ca2+ current is the intramembrane charge
movement. Saturated at both extremes of the voltage range, the amount of charge moved
during depolarization (Qon) is equal to the charge that returns during repolarization (Qoff),
which has been demonstrated for adult skeletal muscle fibers recorded in the whole-cell
configuration of the patch-clamp technique (Wang et al., 1999a). We used a protocol
consisting of a 2-s prepulse to −30 mV and a subsequent 5-ms repolarization to a pedestal
potential of −50-mV, followed by a 25-ms depolarization from −50 to 50-mV with 10-mV
intervals (Adams et al., 1990). The membrane potential was held at -80 mV between pulses.
The optimal duration of the prepulse is defined as the value at which charge immobilization
ceases, or 2s after testing a range of prepulses from 1 to 6-s. Figure 1B shows Cav1.1 charge
movement for 3-, 12- and 18-month JP45KO and WT mice. To analyze the voltage-
dependence of the charge, data points were fitted to a Boltzmann equation of the form:

equation
1
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where Qmax is the maximal charge; Vm is the membrane potential; V1/2Q is the charge
movement half-activation potential; and K is the steepness of the curve. Table 2 includes the
best-fitting parameters for Qmax, V1/2Q, and K. Values significantly differed for 3- and 12-
but not 18-month mice, consistent with the in vitro contraction results reported above.

To determine whether the lack of difference in charge movement results in similar
intracellular Ca2+ mobilization, we recorded SR Ca2+ release. Single FDB fibers were
loaded with Oregon-green-bapta-5N (OGB-5N) via the patch pipette, and intracellular Ca2+

was recorded using a confocal microscope in the line-scan mode.

To determine the voltage-dependence of intracellular Ca2+ release, we applied 40-ms
depolarizing voltage steps from the holding potential (−80 mV) to command potentials
ranging from −60 to 80 mV. Data points were fitted to a Boltzmann equation of the form:

equation
2

where Fmax is the maximum charge; and V1/2F is the Ca2+ fluorescence half-activation
potential. Table 2 shows the best fitting parameters for Fmax,V1/2F, and K recorded in
muscle fibers from 3-, 12- and 18-month JP45KO and WT mice. No statistically significant
difference in SR Ca2+ release was recorded between 12-month JP45KO and WT mice,
indicating that the significantly different charge movement recorded is not sufficient to
compromise intracellular Ca2+ mobilization and its voltage-dependent activation. The lack
of difference in SR Ca2+ release correlates with the similar charge movement recorded in
18-month mice (Fig. 1B).

Cav1.1 content was assessed by radioligand-binding assay and normalized to albumin
content in muscle SR fraction (Fig. 1C). Maximal [3H]-PN200-110 binding number did not
differ significantly between 18-month JP45KO and WT mice. Albumin was measured by
densitometry of the protein band detected with an albumin antibody and used as a specific
protein marker for T-tubule membranes. Data points represent the mean ± S.E.M. of 20–24
determinations carried out in three different SR fraction preparations. Results are consistent
with the lack of difference in charge movement and intracellular Ca2+ release between
JP45KO and WT mice at 18 months.

3.3. Age-dependent JP45 expression in WT and SR protein composition in JPKO mice
We examined JP45 expression in 3–18 month-old WT mice. Adding a third time point (6
months) helped us to define a steady decline in protein expression from the early to late ages
(Fig. 2A and B). We also analyzed the levels of specific molecules expressed in the SR
membrane and lumen to determine whether an increase in any of them compensates for the
lack of JP45 expression in JP45KO mice with aging. Figure 2C–D shows expression of the
SR Ca2+ release channel RyR and sarcoplasmic/endoplasmic reticulum Ca2+ pump-1 and -2
(SERCA1/2). Protein expression was normalized to albumin levels. Albumin was selected as
a reference because we did not observe a significant difference in its content in the isolated
sarcotubular membrane fractions from JP45KO and WT mice (Delbono et al., 2007). We
also examined sarcalumenin, a major luminal Ca2+-binding protein that mediates ion
shuttling in the longitudinal SR; calreticulin, a low-affinity, high-capacity Ca2+-binding
protein; and calsequestrin, an SR terminal cisternae Ca2+-binding protein with significant
influence on SR Ca2+ release. None of these proteins differed significantly in 12- (C) or 18-
(D) month JP45KO mice. Thus, compensatory overexpression of the major triadic proteins
as a result of JP45KO is unlikely, but we cannot rule out a role for minor triadic proteins
(see Discussion).
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3.4. Spontaneous and forced activity in JP45KO and WT mice
To determine whether sustained skeletal muscle contraction force in JP45KO mice improves
whole body performance, we tested their spontaneous and forced activity compared with
that of age-matched WT littermates. Figure 3A shows running distance over 10 sec.
recorded from 5 P.M. to 5 A.M in JP45KO (triangles) and WT (squares) mice. In contrast to
3–4 months (Delbono et al., 2007) (A), total spontaneous running distance decreased
approximately 70% in 12- (B) and 18- (C) month mice, with a negligible difference between
types.

To measure physical performance and endurance independent of motivation, we examined
forced mechanical activity in JP45KO and WT mice (Fig. 3D). After a training period, mice
were subjected to the experimental running program described below (Methods). Young (2–
3 month) WT mice tend to run longer than JP45KO, consistent with the weaker in vitro
muscle contraction recorded in JP45KO. This trend is no longer apparent at 12–14 months
and reversed at 18 months, when JP45KO mice run longer (15.9 ± 0.9 m/min) than WT mice
(11.8 ± 0.6) (P < 0.01); while WT mice reach a pace of 18 m/min, JP45KO mice average 22
m/min. We conclude that the sustained charge movement, Cav1.1 expression, and in vitro
contraction force recorded in JP45KO mice sustains their physical performance across ages.

3.5. Body weight, food intake, and high-fat diet
Similar spontaneous activity and age-dependent forced activity, maintained in JP45KO but
declining in WT mice, prompted us to examine their body weight and food intake because
calorie restriction has been reported to preserve skeletal muscle function in rodents
(Mayhew et al., 1998). Figure 3E shows body weight recorded in JP45KO and WT mice at
3, 4, 12 and 18 months. JP45KO mice weigh significantly less than WT mice at all ages.
Reduced food intake is explained by the fact that JP45KO mice ate significantly less than
WT mice during 20 days of observation at 12 months (Fig. 3F) and 18 months (Fig. 3G) of
age. The significant decrease in body weight in JP45KO compared with WT indicates that
decreased food intake in the former starts at early ages.

A linear regression analysis examined the relationship between ECC measurements and food
intake in 18-month-old JP45KO mice. A negative relationship was observed between
specific tetanic force (Pearson correlation coefficient, r = -0.443) or maximal charge
movement (r=−0.563) and foot intake, which further supports the concepts that
endogenously determined restriction in food intake enhances specific force and Cav1.1
expression.

To further examine their eating habits, we exposed 5-week JP45KO and WT mice to a high-
fat diet (D12492 rodent diet with 60 kcal% fat; Research Diets, New Brunswick, NJ) for 33
weeks. Initially, the increase in body weight was similar but differed significantly at week
15, indicating that JP45KO mice are less susceptible than WT to obesity, even when
challenged by a high-fat diet (Fig. 3H). We applied the diet at this early age, rather than
when JP45KO consume significantly less food than WT (12- or 18-month), based on
previous observations that very young mice are more prone to develop obesity when offered
a high-fat diet (Shi et al., 2004). This indicates that JP45KO exhibits less tendency to
develop obesity than WT mice.

3.6. Muscle fiber-type composition
To determine whether sustained force in JP45KO mice results from changes in muscle fiber-
type composition, we examined MHC isoforms in EDL and soleus muscles from 12- and 18-
month JP45KO and WT mice (Fig. 4). All EDL fibers are type-II, and our immunostaining
technique found no type-I fibers (Fig. 4A, B). Soleus muscles showed more fast-than slow-
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twitch fibers at both ages. We found no significant difference in MHC I or MHC II between
JP45KO and WT mice at 12 months (Fig. 4A, C), but at 18 months, fiber-type profile
analysis showed increased slow- and decreased fast-twitch fibers (Fig. 4B, D). These results
indicate that JP45KO does not prevent the typical switch in fiber-type profile reported for
aging skeletal muscle (Larsson, 1995).

3.7. EDL and soleus muscle fiber size from JP45KO and WT mice
To examine whether age-dependent changes in fiber size influence muscle performance in
vivo and in vitro, we analyzed the distribution in EDL and soleus fibers from 12- and 18-
month JP45KO and WT mice (Fig. 4). EDL (E) and soleus (F) fiber diameter ranged from
15 to 75 μm and 25 to 75 μm, respectively, with more fibers at 55 μm for both muscles from
12-month mice. JP45KO and WT mice did not differ (G); the range of fiber diameters at
both ages was similar. The higher percent of EDL (H) and soleus (I) fibers from 18-month
mice was 40 and 45 μm, respectively. We detected no significant difference between 18-
month JP45KO and WT mice (J). These results indicate that JP45KO does not affect age-
related changes in fiber size distribution.

Figure 4 also shows soleus muscle fiber diameter distribution based on MHC composition in
the mice at both ages. MHC I fibers ranged from 35 to 75 μm, with a maximum of 55 μm for
WT and 40 μm for JP45KO mice at 12 months (P < 0.05) (K). This shift toward smaller
fibers is also apparent at 12 months for MHCII (K), though not statistically significant.
Similarly, type I (L) and II (N) fibers peak at 45 μm for 18-month JP45KO and WT mice,
and no significant difference was observed at 12 months (N). At 18 months, for type II
fibers in soleus muscle, the percent of 45 μm increased and 50 μm decreased. These results
are unlikely to explain the sustained fiber force and endurance in aging JP45KO mice.

3.8. Insulin and leptin determinations
Insulin and leptin concentrations were determined in 4–24 month mice. Figure 5 shows
individual determinations of leptin (A, C) or insulin (B, D) as a function of age (A, B) and
mouse weight (C, D). Serum leptin but not insulin increases as a function of age and body
weight. Leptin concentration, expressed as mean ± SEM, for all mice 11-month or older
was: 11.7 ± 2.2 ng/ml (n = 8) and 13.6 ± 2.4 (n =10) for WT and JP45KO mice,
respectively, while insulin was 2.8 ± 0.9 ng/ml (n = 10) and 3.2 ± 1.2 (n = 12). No
statistically significant differences between JP45KO and WT were found. These results
indicate that JP45 ablation does not modify leptin or insulin secretion with aging.

3.9. JP45 expression in the hippocampus and proposed model for hypothalamic
neuropeptide network operation

A previous report supports the lack of JP45 expression in total microsomal and mRNA from
the mouse brain (Anderson et al., 2003), however, we re-examined this tenet using
immunocytochemistry based on the possibility JP45 expression may be restricted to small
areas and/or below the level of immunodetection in the whole brain. Figure 6 illustrates
JP45 expression in the hyppocampal nuclei of 3–4-month WT (A) and JP45KO (B) mice in
brain coronal sections near the third ventricle. The dotted JP45 fluorescence pattern
indicates intracellular and probably organelle-associated expression. The specificity of the
signal was tested by omitting the JP45 primary antibody (C) or replacing it with rabbit IgG
(D). These results support the concept that JP45 is expressed in the brain and may be
associated with the food intake central circuitry. To examine whether JP45 ablation alters
neuropeptide expression, we performed quantitative real-time PCR for neuropeptide-Y
(NPY), agouti-related peptide (AgRP), pro-opiomelanocortin (POMC) (E), thyrotropin-
releasing hormone (TRH), and corticotropin-releasing hormone (CRH) (F) in isolated
arcuate (ARH) and paraventricular (PVN) hypothalamic nuclei and measured their
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transcript. Significantly decreased neuropeptide-Y (NPY) and possibly agouti-related
peptide (AgRP) but not pro-opiomelanocortin (POMC), were associated with increased
thyrotropin-releasing hormone (TRH), and corticotropin-releasing hormone (CRH). We
propose a model in which JP45 ablation reduces endoplasmic reticulum (ER) Ca2+ release
and Ca2+ influx through voltage-gated Ca2+ channels, resulting in reduced NPY and AgRP
but not POMC expression in ARH neurons, leading to increased TRH and CRH in PVN
neurons, reduced food intake, and the lean JP45KO mouse phenotype (G).

4. DISCUSSION
This work’s main conclusion is that at 12 and 18 months, in contrast to WT mice, forced
running and in vitro contractility in JP45KO mice was similar to 3–4 month mice. This
maintained in vivo and in vitro muscle performance was associated with stable Cav1.1
expression, charge movement, and SR Ca2+ release. JP45KO mice at 12 and 18 months
exhibited the same level of ECU reported for 3–4-month mice (Delbono et al., 2007).
Moreover, their preserved ECC was associated with significantly diminished food intake,
body weight, less tendency to develop obesity when exposed to a high-fat diet, and ablation
of JP45 expression in the brain. We propose that JP45 ablation impairs intracellular Ca2+,
resulting in selective NPY and AgRP expression in ARH neurons, reduced food intake, and
the lean JP45KO mouse phenotype.

4.1. Sustained skeletal muscle performance with aging recorded in vivo and in vitro in
JP45KO mice

Aging is characterized by reduced skeletal muscle mass and specific force in mammalian
species, including humans (Delbono, 2011; Gonzalez et al., 2000a). EDL and soleus muscle
twitch and absolute tetanic force are significantly reduced in 12-month JP45KO compared to
WT mice. However, tetanic absolute and specific force in both EDL and soleus muscle,
which differ significantly between JP45KO and WT mice at 3–4 months (Delbono et al.,
2007), do not differ significantly at 12 and 18 months. Previous work from our and other
laboratories showed a decrease in EDL, soleus (Gonzalez et al., 2000b), and FDB (González
et al., 2003) muscle fiber specific force with aging and proposed ECU as the underlying
mechanism. Other theories include contraction-induced injury and posttranslational
modifications of contractile proteins . Although contraction-induced injury after lengthening
contractions has been reported in humans and reproduced in animal models (Faulkner and
Brooks, 1995), diminished specific force has been recorded in the absence of this stress
(Gonzalez et al., 2000a; González et al., 2003), suggesting that other mechanisms must be
operating as well. The lack of change in specific force in manually skinned mouse EDL
fibers, where activation of Cav1.1/RyR coupling was bypassed, argues against the proposal
that posttranslational modifications in aging muscle switch contractile proteins from
strongly to weakly bound actomyosin (for a review see (Delbono, 2011).

The data reported here support the conclusion that contraction efficiency depends on ECC.
Cav1.1 expression, which is significantly lower in muscles from JP45KO mice at 3–4
months, is no lower at 18 months. Intramembrane Cav1.1 charge movement and SR Ca2+

release do not differ significantly. The notion that CaV1.1 expression declines during old age
is supported by several studies (Ryan et al., 2000) (O’Connell et al., 2008). Note that CaV1.1
mRNA does not decrease significantly with age (Zheng et al. 2001), implicating some other
mechanism in the decline in its protein level. Previous work demonstrated that CaV1.1
expression also declines following endogenous overexpression of CaVβ1a with aging (Taylor
et al., 2009). Future studies should determine whether JP45KO alters β1a expression.

JP45 expression in wild-type mice with aging does not reduce food intake and body mass
probably because it is reduced only 20% compared to complete protein ablation in the
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JP45KO mouse. Progressive decrease in Cav1.1 expression in wild-type mice leads to
reduced contraction force at 18 months, not before, probably due to a Cav1.1 and SR
calcium release safety margin; that is, both must decline below certain critical values to
result in depressed mechanical output.

Lack of changes in triadic proteins in 12- and 18-month JP45KO mice rules out a
compensatory effect of major triadic protein overexpression with aging but not the
contribution of other mechanisms involved in myofiber Ca2+ homeostasis, such as store-
operated Ca2+ entry (SOCE) and excitation-coupled Ca2+ entry (ECCE) (Lyfenko and
Dirksen, 2008). The role of other minor SR membrane components that modulate ECC in
striated muscles, such as mitsugumin-29, SRP-27/TRIC-A, and junctate/humbug, in
sustained muscle performance with age has not been investigated.

Sustained exercise on a treadmill requires the activation of a complex biological mechanism,
including appropriate neural drive and preserved nerve-muscle integrity and transmission.
Maintaining skeletal muscle strength is crucial to the sustained response to a forced exercise
regime seen here. Resistance to fatigue in aging animals has been attributed to a switch from
fast to slow fiber type (Larsson and Ansved, 1995). We found more type-I and fewer type-II
fibers in the soleus muscle of JP45KO compared to WT mice at 18 months, which, together
with sustained ECC, probably accounts for their more prolonged running time.

Finally, myofiber number and cross-sectional area are major determinants of skeletal muscle
force. We recorded atrophy in soleus muscle fiber, which indicates that fiber crosssectional
area did not contribute to the sustained in vitro force measures and treadmill running
distance recorded in aging JP45KO mice.

4.2 Endogenously determined restriction in food intake offsets JP45KO-dependent ECU
In this work, both JP45KO and WT mice had access to food and water ad libitum.
Unexpectedly, compared to WT mice, the JP45KO mice ate less when exposed to Prolab
RMH 3000 and tended significantly less toward obesity when exposed to a high-fat diet. We
propose that calorie restriction accounts for their sustained muscle force and response to
highly demanding treadmill exercise by modulating Cav1.1 expression. Previous reports on
skeletal muscle from aging rodents and rabbits show a marked decline in Cav1.1 expression
(Renganathan et al., 1997a; Renganathan et al., 1997b; Ryan et al., 2002). Here, we recorded
more sustained Cav1.1 expression in aging JP45KO than WT mice. Maximal binding
capacity in both at 18 months was remarkably lower than in 3–4 month-old mice (Delbono
et al., 2007); however, the decline was more marked for WT mice, leading to a
nonsignificant difference in Cav1.1 expression compared with JP45KO mice. Calorie
restriction prevents age-dependent decrease in skeletal muscle force (Mayhew et al., 1998)
and Cav1.1 expression (Renganathan and Delbono, 1998), in addition to increase life span
(Barzilai and Bartke, 2009). While the magnitude of restriction here (~20–25%) and in our
previous work (40%) (Mayhew et al., 1998) differs, levels in this range have been reported
to prevent age-associated tissue function decline and disease in the mouse and other species
(for a review, see (Yu, 1999). Development was unaffected, as JP45KO mice did not seem
to reduce their intake in the first weeks of life; no significant differences in body weight
were detected.

Many calorie restriction regimes have been applied to rodents and monkeys (Yu, 1999).
Human subjects are participating or have participated in approximately 84 clinical trials of
dietary interventions (ClinicalTrials.gov). To our knowledge, this model of “endogenously
determined” restriction of food intake is the first reported in the literature. Since
spontaneous activity in JP45KO and WT mice is similar, energy expenditure does not
account for differences in body weight.
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4.3. The central nervous system and food intake in JP45KO mice
To explain calorie restriction in JP45KO mice, we looked for JP45 expression in areas of the
brain associated with central regulation of food intake (Roche et al., 2008) in WT mice using
a specific JP45 antibody (Anderson et al., 2006). We found that JP45 is expressed in
periventricular hippocampus nuclei in WT but not JP45KO. These results are consistent with
the detection of the JP45 transcript in 55-day-old C57BL/6J male mouse brain by situ
hybridization (ISH) (Allen Institute for Brain Science; http://mouse.brain-map.org) (Lein et
al., 2007).

To examine whether JP45KO alters neuropeptide expression, we analyzed their gene
expression in the hypothalamus. Our model proposes that JP45 ablation results in reduced
ER Ca2+ release and probably Ca2+ influx through voltage-gated Ca2+ channels (Yamamori
et al., 2004), leading to reduced NPY and AgRP but not POMC expression in ARH neurons
and increased TRH and CRH in PVN and reduced food intake. The mechanism by which
JP45 differentially modulates neuropeptide gene expression may depend on the set of Ca2+

channels expressed in specific NPY or POMC-secreting neurons (Sun and Miller, 1999) or
the distinct leptin-dependent modulation of intracellular signaling involved in gene
expression (Wang et al., 2008).

We examined only male JP45KO and WT mice. To our knowledge, no gender difference in
the response to various exogenous calorie restriction regimens has been reported; however,
future studies on females and the effect of menopause are needed.

How restricted food intake regulates Cav1.1 expression is unknown. It has been associated
with decreased growth hormone/insulin-like growth factor 1 (IGF-1 axis; (Chiba et al.,
2007), but whether calorie restriction modifies IGF-1 concentration in skeletal muscle is
unknown. The strong influence of IGF-1 auto/paracrine secretion on muscle protein
synthesis and function has been shown (Florini et al., 1996). We reported that IGF-1
prevents age-dependent decline in Cav1.1 (Renganathan et al., 1998) by activating gene
transcription (Wang et al., 1999b) and specifically regulates Cav1.1 transcription in muscle
cells by acting on the cAMP-response element-binding (CREB) protein of the promoter
(Zheng et al., 2002).

In conclusion, male JP45KO, in contrast to WT mice, sustains in vivo and in vitro skeletal
muscle force as they age. At 3–4 months, perhaps earlier, they restrict their food intake even
when offered a high-fat diet, resulting in significantly lower body weight than WT, which
may account for their functional advantage. JP45 is involved in NPY and AgRP expression
in the nucleus arcuate of the hypothalamus, which regulates food intake by means of
regulating neuropeptides expressed in paraventricular and lateral nuclei neurons (Fig. 7).
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ECU excitation-contraction uncoupling

JP45 45kDa junctional protein
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Cav1.1 voltage-gated calcium channel-skeletal muscle isoform

ER endoplasmic reticulum

SR sarcoplasmic reticulum

DHPR dihydropyridine receptor

RyR ryanodine receptor

NPY neuropeptide-Y

AgRP agouti-related peptide

POMC proopiomelanocortin

TRH thyrotropin-releasing hormone

CRH corticotropin-releasing hormone

PVN paraventricular nucleus

EDL extensor digitorum longus

FDB flexor digitorum brevis

Q charge movement
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• Aging JP45KO mice exhibited sustained excitation-contraction (EC) coupling.

• JP45 ablation impaired hypothalamic neuropeptide expression.

• Ablation of JP45 expression significantly diminished food intake and body
weight.

• JP45KO resulted in endogenous caloric restriction, which prevented EC
uncoupling.
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Figure 1. Skeletal muscle force, Cav1.1 charge movement and content in total SR membrane
from JP45 KO and WT mice
A. Twitch, tetanic force, and specific force recorded in WT and JP45KO EDL and soleus
muscles. The number of muscles tested was: EDL WT 3 [months] = 17; EWT12 = 14;
EWT18=12; soleus [S] WT 3=15; SWT 12=13; SWT18 =9; EDL JP45KO [KO] 3=16;
EKO12=14; EKO18=16; SKO3 =14; SKO12 =15; and SKO18=11. Data points are
expressed as mean ± SD. *ANOVA test P <0.05. Data for 3-month-old WT and JP45KO
mice are from (Delbono et al., 2007). B. Cav1.1 charge movement recorded after blocking
the inward Ca2+ current. Data points were fitted to equation 1. Table 2 shows bestfitting
parameters. C. [3H]-PN200-110 binding assay. R1 fraction proteins from 18-month JP45KO
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and WT mice were separated by 7.5% PAGE, blotted, and stained with a
peroxidaseconjugated antibody against albumin (see Methods). Albumin content was
measured by densitometry of the protein band. Data of 20–24 determinations carried out in
three different total SR fraction preparations. Data for 3-month-old mice are from (Delbono
et al., 2007). Data points represent mean ± S.E.M.
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Figure 2. Age-dependent JP45 expression in WT and SR protein composition in JPKO mice
A. Western blot analysis of JP45 expression in microsomes from 3, 6, 12, and 18 monthold
WT mice. B. JP45 expression at 6–18 months is represented as a percent at 3 months (n = 3).
The asterisk indicates a statistically significant difference at 18 compared with 3 month-old
mice (p < 0.05). Immunoblot analysis of SR fraction protein expression in 12- (C) and 18-
(D) month JP45KO mice. Total SR (15μg) was separated on SDS gel and transferred to
nitrocellulose membrane (n = 12–14 determinations in 2–3 SR membrane preparations).
Data are expressed as a percent of albumin expression. Data for 3-month-old mice are from
(Delbono et al., 2007). Values represent mean ± S.E.M.
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Figure 3. Spontaneous and forced activity, body weight and food intake in JP45KO and WT
mice
Dark phase (5 P.M.-5 A.M.) running distance assessed in 3- (A), 12- (B) and 18- (C) month
JP45KO (triangles) and WT (squares) mice, housed and equipped individually. Speed events
represent the running distance over 10 sec. Data points from 3 (n = 12–14), 12 (n = 7–8) and
18 (n = 9–10) month-old mice. D. Maximal running time was measured using a forced
treadmill. Data are compared with the 2–3-month-old mouse cohort. Data are mean ±
S.E.M. for 2–3 (n= 6), 12–14 (n=6), and 18 (n=5) month-old mice. E. Body weight recorded
in 3-month WT (n = 11) and JP45KO (n = 12); 4-month WT (n = 13) and JP45KO (n = 15);
12-month WT (n = 30) and JP45KO (n = 11) mice; and 18-month WT (n = 9) and JP45KO
(n = 16) mice. *ANOVA test P < 0.05. F. Food consumed over a 20-day period by 13
JP45KO and 14 WT mice at 12 months of age. * p< 0.05. G. Food consumed over a 20-day
period by 10 JP45KO and 10 WT mice at 18 months of age. * p< 0.05. H. Mouse body
weight recorded at 5 weeks and for the next 33 weeks. Data points represent mean ± S.E.M
of 6 JP45KO and 5 WT mice. Differences between asterisks are statistically significant.
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Figure 4. Fiber-type composition and fiber size in EDL and soleus muscle, and MHC fiber size
distribution in soleus muscle from JP45 KO and WT mice
Myosin-heavy chain I (MHCI) composition in EDL and soleus muscles from (A, C) 12- and
(B, D) 18-month-old mice. Fiber-type composition determined by myosin-heavy chain
(MHC) immunocytochemistry in E[DL] WT 12 [months]= 4; EWT18 = 4; S[oleus]WT12 =
4; SWT18 = 4; E[JP45]KO12 = 4; EKO18 = 4; SKO12 = 4; and SKO18 = 4. Asterisks
indicate statistically significant differences between JP45KO and WT mice (P < 0.05). EDL
(E) and soleus (F) fiber size distribution and average minimal fiber Feret (G) in 12-month
JP45KO and WT mice. EDL (H) and soleus (I) fiber size distribution and average minimal
fiber Feret (J) in 18-month JP45KO and WT mice. The number of fibers analyzed was:
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EWT12 = 1026; EKO12 = 1213; SWT12 = 869; SKO12 = 844; EWT18 = 1372; EKO18 =
1460; SWT18 = 1171; and SKO18 = 1377. MHC I distribution in (K) 12- and (C) 18-month
JP45KO and WT mice and MHC II distribution in (L) 12- and (D) 18-month JP45KO and
WT mice. For 12-month WT and JP45KO mice, the number of MHC I fibers studied was
376 and 220, respectively (A); MHC II fibers, 493 and 319, respectively (B). For 18-month
WT and JP45KO mice, the number of MHC I fibers was 417 and 594, respectively (M);
MHC II, 759 and 778, respectively (N). Values represent mean ± S.E.M.
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Figure 5. Serum leptin and insulin concentration in JP45KO and WT mice
Individual serum leptin concentration determination as a function of age (4–24 months) (A)
or mouse weight (C). Serum insulin concentration as a function of age (B) or weight (D).
Linear regression lines for JP45KO and WT mice are superimposed.
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Figure 6. JP45 expression in hipothalamus, effect of JP45 ablation on hypothalamic
neuropeptide expression and proposed model for neuropeptide network operation in JP45KO
mice
Brain coronal sections showing JP45 expression in the arcuate nucleus of the hypothalamus
of a WT mouse (A) and JP45KO mouse (B). Whole WT brain coronal sections in which the
JP45 primary antibody was omitted (C) or replaced by rabbit IgG (D). Images are
representative of brains from JP45KO (n = 3) and WT (n = 3) mice. (E) Expression of
POMC, NPY and AGRP in arcuate hypothalamus (ARH). (F) Expression of TRH and CRH
in paraventricular hypothalamus (PVN). Dissection of hypothalamic regions and
measurement of gene expression have been described in Materials and Methods. Gene
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expression was normalized to 18S ribosomal RNA level. Data are expressed as mean ±
S.E.M. G. JP45KO leads to decreased neuropeptide-Y (NPY) and agouti-related peptide
(AgRP) but not proopiomelanocortin (POMC) secretion, which results in increased
thyrotropin-releasing hormone (TRH) and corticotropin-releasing hormone (CRH) secretion
in the paraventricular nucleus and reduced food intake.
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Figure 7. Time course of excitation-contraction uncoupling and endogenous caloric restriction in
JP45KO and WT mice
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Table 1

Neurotransmitter Primers

Agouti Related Protein (AGRP) 5′-GCGGAGGTGCTAGATCCA-3′ (forward)
5′-AGGACTCGTGCAGCCTTA-3′ (reverse)
5′-CGAGTCTCGTTCTCCGCG-3′ (probe)

Neuropeptide-Y (NPY) 5′-CTCCGCTCTGCGACACTAC-3′ (f)
5′-AATCAGTGTCTCAGGGCT-3′ (r)
5′-CAATCTCATCACCAGACAG-3′ (p)

Pro-opiomelanocortin (POMC) 5′-ACCTCACCACGGAGAGCA-3′ (f)
5′-GCGAGAGGTCGAGTTTGC-3′ (r)
5′-TGCTGGCTTGCATCCGGG-3′ (p)

Thyrotropin-Releasing Factor (TRH) 5′-CTCTTCTCTCTGACAGCCC-3′ (f)
5′-AGGCGTGGAAGAACCGTC-3′ (r)
5′-TCTCTCGCCCCTTCGACAC-3′ (p)

Corticotropin-Releasing Hormone (CRH) 5′-GGAGCCGCCCATCTCTCT-3′ (f)
5′-CCGGGCCATTTCCAAGAC-3′ (r)
5′-ATCTCACCTTCCACCTTCTGCGGGA-3′ (p)

Ribosomal 18S 5′-AGTCCCTGCCCTTTGTACACA-3′ (f)
5′-GATCCGAGGGCCTCACTAAAC-3′ (r)
5′-CGCCCGTCGCTACTACCGATTGG-3′ (p)
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