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Abstract  25 

 26 

A single bout of exhaustive exercise signals expression of vascular endothelial growth 27 

factor (VEGF) in the exercising muscle.  Previous studies have reported that mice with 28 

life-long deletion of skeletal myofiber VEGF have fewer capillaries and a severe 29 

reduction in endurance exercise.  However, in adult mice VEGF gene deletion 30 

conditionally targeted to skeletal myofibers limits exercise capacity without evidence of 31 

capillary regression.  To explain this, we hypothesized that adult skeletal myofiber VEGF 32 

acutely regulates skeletal muscle perfusion during muscle contraction. A tamoxifen-33 

inducible skeletal myofiber-specific VEGF gene deletion mouse (skmVEGF-/-) was used 34 

to reduce skeletal muscle VEGF protein by 90% in adult mice. Three weeks after 35 

inducing deletion of the skeletal myofiber VEGF gene, skmVEGF-/- mice exhibited 36 

diminished maximum running speed  (-10%, P < 0.05) and endurance capacity (-47%; P 37 

< 0.05) that did not persist after eight weeks. In skmVEGF-/- mice gastrocnemius 38 

complex time to fatigue measured in situ was 71% lower than control mice.  Contraction-39 

induced perfusion measured by optical imaging during a period of electrically stimulated 40 

muscle contraction was 85% lower in skmVEGF-/- than control mice. No evidence of 41 

capillary rarefication was detected in the soleus, gastrocnemius and EDL up to 8 weeks 42 

after tamoxifen-induced VEGF ablation, and contractility and fatigue resistance of the 43 

soleus measured ex vivo were also unchanged. The force-frequency of the EDL showed a 44 

small right shift, but fatigue resistance did not differ between EDL from control and 45 

skmVEGF-/- mice.  These data suggest myofiber VEGF is required for regulating 46 

perfusion during periods of contraction and may in this manner affect endurance 47 

capacity. 48 

 49 

Key Words:  VEGF, Perfusion, Fatigue, Exercise, Skeletal myofiber 50 

 51 

 52 

53 



 

 

 

3

 

Non-Standard Abbreviations and Acronyms 54 

 55 

HSA  - Human skeletal actin 56 

Cre – Cre recombinase 57 

ERT2 – tamoxifen-dependent mutant estrogen receptor 58 

COPD – chronic obstructive pulmonary disease 59 

AAV – adeno-associated virus 60 

TA – tibialis anterior 61 

EDL – extensor digitorum longus 62 

CSA – cross sectional area 63 

ES – electrical stimulation 64 

VEGF – vascular endothelial growth factor 65 

 66 

67 
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 Introduction 68 

 69 

Many patients suffering from chronic disease, such as chronic obstructive 70 

pulmonary disease (COPD), peripheral artery disease and chronic heart failure, exhibit 71 

poorly explained muscle weakness and exercise intolerance.  This may stem from 72 

pathological changes in the muscle contractile apparatus or metabolism, a restriction in 73 

O2 available to the mitochondria within the myofiber, or a combination of vascular and 74 

myofiber changes.   A key element for providing adequate O2 to mitochondria within 75 

myofibers is the number of surrounding capillaries.  In addition, during exercise, oxygen 76 

delivery is increased to active skeletal muscles due to a rapid increase in perfusion in a 77 

process referred to as exercise-induced hyperemia (8, 26).  Vascular endothelial growth 78 

factor (VEGF) has the potential to contribute to the regulation of these steps in the 79 

oxygen transport system that take place within locomotor skeletal muscle.  First, low 80 

VEGF levels in skeletal muscle have been associated with capillary rarefaction in some 81 

but not all patients with COPD (23, 31).  Second, VEGF has been reported to regulate 82 

vasodilatation in several vascular beds through a nitric-oxide dependent mechanism (2, 83 

35, 41).  Thus, these vascular mechanisms could potentially be regulated by VEGF 84 

signaling and contribute to the exercise intolerance observed in chronic disease states (14, 85 

23).  86 

 Although several studies have shown that skeletal muscle VEGF expression 87 

increases in response to exercise (5, 19) and some studies have shown a link between 88 

VEGF expression and increased capillary number in exercise trained muscle (29, 40), 89 

little attention has been given to the requirement of VEGF signaling for maintaining the 90 

microvascular network in mature skeletal muscle. Tang et al. (2004) employed an 91 

AAVCre-LoxP strategy to successfully delete VEGF in all cell types within a small 92 

region of adult mouse gastrocnemius muscle (37).  This led to capillary regression and 93 

apoptosis that persisted for at least 8 weeks in the affected area.  In a similar study by 94 

Kamba et al (24), VEGF signaling was inhibited with either a small-molecule VEGFR 95 

tyrosine kinase inhibitor, VEGF trap or VEGF decoy receptors and was found to lead to 96 

capillary regression in some but not all adult organs.  In this study, the tongue, the 97 
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skeletal muscle studied, failed to show a decrease in capillary density.  Recently, our 98 

laboratory reported that skeletal myofiber VEGF plays a key role in the angiogenic 99 

adaptation to exercise training, but capillaries in non-exercised, VEGF-deficient muscle 100 

did not regress (13). 101 

 In skeletal muscle, the myofiber is a major source of VEGF expression (21).  102 

Lifelong inhibition of myofiber-expressed VEGF, initiated during late gestation in a 103 

skeletal myofiber-targeted VEGF knockout mouse (Myo-Cre X VEGFLoxP mice), 104 

results in a dramatic decrease in skeletal muscle capillarity along with a severe limitation 105 

in exercise endurance capacity (38).  This finding suggests that VEGF expressed by 106 

myofibers is necessary during development of the muscle microvasculature and is 107 

important for achieving a normal exercise capacity into adulthood. However, it is 108 

unknown whether VEGF has a role in acutely regulating blood perfusion to active muscle 109 

in response to contraction in a normally developed adult mouse.  110 

 In the present study, we hypothesized that adult skeletal myofiber-derived VEGF 111 

is necessary to regulate muscle perfusion, contractile function and exercise capacity.  To 112 

test this hypothesis, we made use of a skeletal myofiber-specific VEGF knockout mouse 113 

(skeletal actin-driven Cre-ERT2 recombinase mouse crossbred with VEGFLoxP mouse) 114 

that allowed for almost complete (>90%) reduction of VEGF protein in the skeletal 115 

muscles analyzed.  Using this model we asked whether the inhibition of VEGF 116 

expression exclusively in adult skeletal myofibers would 1) alter contraction-induced 117 

muscle perfusion 2) impair in vitro muscle contractile function and fatigue resistance, and 118 

3) decrease exercise performance.     119 

 120 

Materials and Methods  121 

  122 

Ethical Approval. This study was approved by the University of California, San 123 

Diego, Animal Care and Use Committee and conducted in accordance to guidelines 124 

outlined by the Guide for the Care and Use of Laboratory Animals (National Research 125 

Council).  Mice were housed 3-4 per cage in a pathogen-free vivarium, maintained on a 126 

12:12 h day-night cycle and provided standard chow (Harlan Tekland 8604, Madison, 127 
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WI, USA) and tap water ad libitum.  After all functional assessments were completed, 128 

mice were euthanized by surgical removal of the heart while under anesthesia (sodium 129 

pentobarbital, 60 mg kg-1, i.p.).  130 

Generation of inducible, skeletal myofiber-specific VEGF gene ablated mice.  131 

Homozygous VEGFLoxP mice (provided by Dr. N. Ferrara, Genentech, Inc., CA) (15) 132 

were crossed with a heterozygous HSA-Cre-ERT2 mice (34).  In HSA-Cre-ERT2 mice, 133 

Cre-ERT2 is selectively expressed in skeletal myofibers (controlled by human skeletal 134 

muscle α-actin sequence) and cre recombinase is fused to a mutant form of the estrogen 135 

receptor that is selective for  tamoxifen.  Upon administration of tamoxifen, the Cre-ERT2 136 

fusion protein translocates to the nucleus and initiates a recombination event with the 137 

loxP sites surrounding a region of VEGF exon 3 (34). All mice were homozygous for the 138 

VEGFLoxP gene and either heterozygous for HSA-Cre-ERT2 (pre-mutant skmVEGF-/-) 139 

or null for HSA-Cre-ERT2  (VEGF+/+). Post-tamoxifen VEGF gene deleted mice are 140 

designated skmVEGF-/-.  Subsequent breeding pairs were sibling-sibling matings. Tail 141 

DNA was used to genotype mice as previously described (30).  Tibialis anterior muscle 142 

DNA from D21 post-tamoxifen mice (n=5-7) was used to confirm VEGF gene deletion 143 

by real time RT-PCR using primers previously described that amplify the 3’ LoxP site 144 

(28). 145 

Study design.  In this study skeletal myofiber-specific VEGF gene-deleted, male mice 146 

(skmVEGF-/-) were compared to male, control (VEGF+/+) littermates. Female mice 147 

were not used in order to eliminate potential effects of endogenous estrogen on the 148 

tamoxifen-inducible Cre-ERT2 used in this study. Pre-mutant skmVEGF-/- and VEGF+/+ 149 

mice (4-5 months of age) were weighed and tested for maximal running speed and the 150 

following day endurance tested.  After 2 days, all mice were treated with tamoxifen (1 151 

mg/day, i.p.) for 5 consecutive days (D0 through D4).  On days D21 (a sufficient time for 152 

VEGF expression to be decreased) and D56 (to allow for sufficient time for capillary 153 

regression and test for potential compensatory effects) separate groups of mice were re-154 

tested for maximal running speed.  On D22 and D57 mice were re-tested for endurance.  155 

On D23 and D58 mice were weighed, anesthetized with sodium pentobarbital and the 156 
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soleus (45% type I and 55% type IIa fibers), EDL (14% IIa, 84% IIb fibers) and 157 

gastrocnemius which contains a deep region of oxidative fiber types but a majority (90%) 158 

is type IIb fibers (18, 39), heart, lung, brain and kidney were collected for VEGF-specific 159 

ELISA.  SkmVEGF-/- mice that did not have > 90% reduction in VEGF levels were 160 

excluded.  Contralateral gastrocnemius, soleus and EDL were used for histochemical 161 

assays.  Additional groups of mice were used for ex vivo and in situ muscle stimulation 162 

protocols. 163 

VEGF protein levels. VEGF protein levels were measured using an enzyme-linked 164 

immunoassay kit for mouse (VEGF Mouse ELISA, R&D systems, La Jolla, CA) and 165 

normalized to total protein measured by Bio-Rad DC protein assay.  166 

 167 

Exercise tests.   All mice were familiarized on a treadmill (Model CL-4, Omnitech, 168 

Columbus, OH) for 10 minutes on each of several days prior to performing the exercise 169 

tests.  The maximal running speed protocol began at 20 m/min [above the critical speed for 170 

C57BL/6J mice (3)], 10˚ incline for 1 min., after which running speed was increased by 2 171 

m/min every minute, until exhaustion.  Endurance capacity was determined by running 172 

mice at 20 m/min, on a 10˚ incline until exhaustion.  For each running test, exhaustion was 173 

defined as the point at which the mouse was no longer able to maintain normal running 174 

position on the treadmill and/or sitting on a shock grid (≤ 0.2 milliamps) at the rear of the 175 

treadmill for 10 consecutive seconds.  176 

Skeletal muscle capillary parameters.  Capillaries and fibers were counted in 10-µm 177 

gastrocnemius complex frozen sections as previously described (30).  Morphometric 178 

measurements were made from 700-2000 randomly selected fibers from each lateral 179 

section of gastrocnemius (including both deep and superficial regions), from > 300 fibers 180 

in the soleus and > 400 fibers in the EDL. 181 

 182 

Isolated muscle contraction and fatigue measurements.  Mice were anesthetized with 183 

sodium pentobarbital and the soleus and EDL muscles dissected with both tendons intact.  184 

For each test, the muscle was mounted in a chamber that was continuously perfused with 185 
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oxygenated (95% O2, 5% CO2) Tyrode’s solution (121 mM NaCl, 5 mM KCl, 1.8 mM 186 

CaCl2, 0.5 mM MgCl2, 0.4 mM NaH2PO4, 24 mM NaHCO3, 5.5 mM glucose, 0.1 mM 187 

EGTA), pH 7.4 at room temperature. One tendon was tied with silk thread to a force 188 

transducer and the other tendon tied to an adjustable tube at the opposite end of the 189 

chamber, allowing muscle length to be changed incrementally to set the optimal muscle 190 

length (Lo). Muscles were stimulated with an S48 stimulator (Grass Technologies, 191 

Quincy, MA, USA) at supramaximal voltage using platinum electrodes placed on either 192 

side of the muscle.  Following 15 minutes of equilibration, the muscles were tested for 193 

contractile function and fatigue resistance. In order to assess contractile function the force 194 

frequency relationship was established for each muscle. Maximum isometric tetanic force 195 

was measured by recording force output at stimulation frequencies of 1, 15, 30, 50, 80, 196 

100, and 120 Hz (500 ms train duration, 0.2 ms pulse duration) for soleus and 1, 10, 15, 197 

30, 45, 60, 75, 90, 120, 150 Hz (300 ms train duration, 0.2 ms pulse duration) for EDL.  198 

The muscles were stimulated to contract once every 2 minutes to prevent fatigue.  199 

Stability of the muscle was checked by periodically stimulating the muscle at maximal 200 

frequency (100 Hz for soleus and 150 Hz for EDL) throughout the course of the 201 

experiment.  To measure fatigue, isometric tetanic contractions were elicited with 500 ms 202 

(soleus) or 300 ms (EDL) train duration and 0.2 ms pulse duration at 50 Hz (soleus) or 70 203 

Hz (EDL).  Stimulation frequency was increased every 2 min (soleus) or 1 min (EDL) in 204 

a progressive manner (from a contraction every 8 to 4 to 3 to 2 to 1 sec). Time to fatigue 205 

was measured at the time it took each muscle to reach 60% of the maximal developed 206 

force for that muscle. When all testing was finished Lo was measured using a reticle with 207 

a surgical microscope (Zeiss OPMI, Thornwood, NY), tendons were removed and the 208 

muscles were blotted and weighed.  Cross sectional area (CSA) was calculated as 209 

previously described (9) and the maximal isometric tetanic force (Po) was expressed as 210 

N/cm2. 211 

 212 

In situ skeletal muscle fatigue: Mice were anesthetized with ketamine: xylazine (10 213 

mg:1 mg/Kg), and a saline filled PEO8 catheter was inserted into the left carotid artery 214 

and advanced into the aortic arch to allow measurement of blood pressure (VEGF+/+ 215 



 

 

 

9

 

64.7 ± 8.0 mmHg, skmVEGF-/- 63 ± 2.3 mmHg). The sciatic nerve was exposed and 216 

connected to electrodes. The gastrocnemius complex was then separated from the bone 217 

and the tendons connected with a suture to a force transducer. The gastrocnemius 218 

complex was contracted with a single pulse (10 volts, 200 ms duration electrical 219 

stimulation) via the sciatic. The force generated by the contraction was recorded and then 220 

the resting tension of the muscle was slightly increased. This was repeated until the 221 

contraction generated a maximum amount of force. The gastrocnemius complex was then 222 

stimulated to contract with 10 volts at a rate of 0.25 tps until the force generated fell to 223 

50% of the initial force output and the time was recorded. 224 

 225 

 Real time imaging of contraction-induced muscle perfusion. Contraction-induced 226 

muscle perfusion was measured in situ at the 21-day post-tamoxifen time point. Mice 227 

were anesthetized with ketamine: xylazine.  A catheter (MTV-03, Braintree Scientific) 228 

connected to a 1 ml syringe was filled with 40 ul of 20 nm near-infrared spheres 229 

(Qtracker 800 non-targeted quantum dots, Q21071MP, Invitrogen, Molecular Probes) in 230 

200 ul of saline.  The dead space in the syringe was filled with perfluorcarbon (FC-75 231 

perfluoro-compound, Acros Organics).   The nanosphere-loaded catheter was then 232 

inserted into the tail vein and glued into place. The sciatic nerve of one hind limb was 233 

connected to an electrode to allow the gastrocnemius complex to be stimulated to 234 

contract (ES).  The contralateral sciatic nerve was severed and a ground connected to the 235 

mouse. The mouse was then placed into an optical imaging chamber (IVIS Spectrum, 236 

Caliper Life Sciences) pre-warmed to 37° C and anesthesia was switched over to 237 

isoflurane (1.5%) to maintain a constant level during the ES period.  Nanospheres were 238 

delivered at a constant rate over 2 minutes.  Thirty seconds into the delivery one 239 

gastrocnemius complex was electrically stimulated to contract (6 V, 0.25 tps, 200 ms 240 

duration) using a GRASS S88X Stimulator (Astro-Med, Inc.).  Images were collected 241 

every 5 seconds (0.5 second image capture time, excitation 710, emission 800) for 30 242 

second pre-ES period, 3-minute ES period and 3 minutes post-ES period. Images were 243 

background corrected by subtracting the autofluorescence from a pre-image (before Qdot 244 

delivery) from each of the subsequent 80 images captured using Live Image 3.2 software 245 
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(Caliper Life Sciences).  Fluorescent signals, simultaneously collected from the ES and 246 

REST gastrocnemius complexes in the same mouse, were measured and graphed as the 247 

average ES/REST ratio over time.   The use of a nano-sized fluorescent sphere allowed 248 

the tracer to pass through the lung and the accumulation of signal in the muscle to be 249 

detected by optical imaging and reflect active perfusion of the microvascular system. . 250 

 251 

Statistical analyses.  All data are presented as mean ± SEM.  Separate repeated measures 252 

ANOVA 2 (group: VEGF+/+ or skmVEGF-/-) × 2 (time: pre- and post-tamoxifen) were 253 

conducted for the dependent variables (maximum running speed and time to exhaustion).  254 

The muscle perfusion data was averaged over 30 second intervals. A 2-Way ANOVA 255 

was used to detect a difference between the experimental groups and time.  For force 256 

generated by the EDL muscle, a 2 (group: VEGF+/+ or skmVEGF-/-) × 10 (frequency: 1, 257 

10, 15, 30, 45, 60, 75, 90, 120 and 150 Hz) mixed factorial ANOVA was performed. 258 

Similarly, for soleus muscle force, a 2 (group: VEGF +/+ or skmVEGF -/-) × 7 259 

(frequency: 1, 15, 30, 50, 80, 100 and 120 Hz) mixed factorial ANOVA was performed. 260 

Specific dfferences were identified with Bonferroni’s post-hoc tests.  Pairwise 261 

comparisons for body and muscle weights, VEGF protein levels, capillary to fiber ratios, 262 

maximal isometric tetanic force, and time to fatigue were made with the use of Student’s 263 

t test. P ≤ 0.05 was considered significant.  264 

 265 

Results 266 

 267 

VEGF protein levels.  On day 21 post-tamoxifen administration, > 40% gene deletion 268 

efficiency was confirmed by real-time PCR using DNA isolated from the tibialis anterior 269 

(T.A.) from skmVEGF-/- mice (n=5-7, P < 0.05).  On day 23 post-tamoxifen, VEGF 270 

protein in the gastrocnemius, soleus and EDL muscles were 94, 97 and 91%, 271 

respectively, lower in skmVEGF-/- mice than the control, VEGF+/+ group (Figure 1A).  272 

Similarly, on day 58 post-tamoxifen, VEGF levels were reduced by 92 and 97% in the 273 

gastrocnemius and soleus, respectively (Figure 1B).  VEGF protein levels in skmVEGF-274 



 

 

 

11

 

/- EDL were below detection levels in some samples (Figure 1B). VEGF+/+ and pre-275 

mutant skmVEGF-/- mice that were not given tamoxifen showed no reduction in skeletal 276 

muscle VEGF protein levels (see Supplement Figure S1). VEGF levels in the heart, lung, 277 

kidney and brain from skmVEGF-/- mice were normal (Figure 2).   278 

Exercise limitation.  On day 21 post-tamoxifen administration the maximum running 279 

speed of skmVEGF-/- mice was 10% (P < 0.05) lower than the control group (Figure 3).  280 

Maximum running speed was not significantly different between the groups 56 days post-281 

tamoxifen treatment.  On day 22 following tamoxifen delivery skmVEGF-/- mice 282 

exhibited a 47% decrease (P < 0.05) in time to exhaustion.  At 57 days following 283 

tamoxifen treatment, endurance capacity was no longer different between the genotypes 284 

(Figure 4).   285 

Body mass and muscle size.  Body weights were not different between VEGF+/+ and 286 

skmVEGF-/- groups before tamoxifen (see Supplement Table S1) or at 21 and 56 days 287 

post-tamoxifen (Table 1). Muscle mass and cross-sectional areas of the gastrocnemius, 288 

soleus and EDL  in the skmVEGF-/- mice were also not different than the control group 289 

(Table 1). 290 

 291 

Capillary/ fiber ratio.  SkmVEGF-/- mice did not reveal a change in the capillary to 292 

fiber ratio in the gastrocnemius or soleus 23 days post-tamoxifen or in the gastrocnemius, 293 

soleus or EDL 58 days post-tamoxifen (Figure 5).  EDL sections at the 23-day time point 294 

were not analyzed due to freezing artifacts. Neither increased apoptosis (caspase 3 295 

positive cells) nor histological evidence of muscle damage (necrotic fibers and 296 

regenerating fibers with central nuclei) were observed in gastrocnemius and soleus 297 

muscle sections from skmVEGF-/- 24 hours following an endurance run to exhaustion 298 

(see Supplement Figure S2). 299 

 300 

Skeletal muscle function in vitro and in situ.  At 21 and 56 days after the initial 301 

tamoxifen administration, there were no differences in maximal isometric tetanic force or 302 

time to fatigue in the soleus or EDL muscles between skmVEGF-/- and VEGF+/+ mice 303 
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(Table 2).  At 21 days post-tamoxifen, soleus and EDL force frequency curves also 304 

showed no difference between groups.  At 56 days post-tamoxifen soleus force frequency 305 

curves were normal in skmVEGF-/- mice, however the EDL force-frequency relationship 306 

in skmVEGF-/- mice revealed a small but significantly right-shifted curve (P < 0.05) 307 

(Figure 6).   In situ time to fatigue of the gastrocnemius complex was 71% lower (P = 308 

0.02) in the skmVEGF-/- group than the VEGF+/+ group at the 21-day post-tamoxifen 309 

time point (Figure 7A).   310 

 311 

Contraction-induced muscle perfusion.   At 21 days following tamoxifen induction, 312 

perfusion to the gastrocnemius complex, measured both during (3 minutes) and after (3 313 

minutes) the ES period, was greater in the control, VEGF+/+ mice than the skmVEGF-/- 314 

mice (P < 0.0001).  In skmVEGF-/- muscle the average perfusion over the 3 minutes 315 

following the ES-period was 23% higher in the ES gastrocnemius than the resting 316 

muscle.  During this same period the average perfusion to the control, VEGF+/+ 317 

stimulated muscle was 151% above resting values (Figure 7B). 318 

Discussion 319 

 320 

Major Findings. The major findings of this study are 1) myofiber expressed VEGF is 321 

necessary for regulating the acute increase in perfusion to contracting muscle; and 2) 322 

conformation that myofiber-expressed VEGF is not necessary to maintain the capillary 323 

bed (at least over the 8 week time period studied in these mice); 3) that whole body 324 

exercise performance was acutely impaired in skeletal myofiber VEGF-deficient mice. 325 

Furthermore, inhibition of VEGF expression in the myofiber did not appear to exhibit an 326 

autocrine role in slow-twitch muscle as intrinsic myofiber contractile properties were 327 

unaffected in the soleus. The small right shift in the force-frequency relationship of EDL 328 

observed at the 56-day post-tamoxifen time point indicates a reduction in contractility in 329 

the skeletal myofiber VEGF-deficient fast twitch muscle.  However this small change is 330 

not expected to impair whole body exercise performance.  These data suggest that in 331 
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mice VEGF-dependent vascular reactivity is required to provide adequate oxygen supply 332 

to mitochondria during treadmill running exercise. 333 

 334 

Myofiber VEGF and capillary maintenance.  Similar to our recent study to evaluate 335 

the angiogenic response to exercise training (13), deletion of the VEGF gene, exclusively 336 

from skeletal myofibers in cage-confined adult mice, does not affect skeletal muscle 337 

capillarity.   This finding is surprising given that greater than 90% of muscle VEGF 338 

comes from the myofiber.  In a previous study, in which the VEGF gene was deleted 339 

from all cell types within a small region of adult gastrocnemius, we reported a substantial 340 

capillary loss (37).  The contrasting results found between the study of Tang (37) and the 341 

current model lead us to suggest that other cellular sources of VEGF in skeletal muscle 342 

are important for the stability of the adult capillary network. It is important to note that in 343 

the present study we intentionally did not inhibit VEGF expression in all cell types 344 

present in skeletal muscle. The remaining ~10-20% of VEGF produced could have been 345 

expressed by endothelial cells, satellite cells, muscle derived stem cells (MDSC), 346 

pericytes, macrophages, and fibroblasts (6, 7, 12, 17, 25).  For instance, endothelial cell 347 

targeted VEGF deletion has been reported to result in endothelial apoptosis and unstable 348 

vascular structures that eventually lead to hemorrhage and sudden death in greater then 349 

50% of VE-cadherin-Cre/VEGFlox/lox mice (25).  Interestingly, lifelong deletion of VEGF 350 

in endothelial cells alone does not reduce capillary density in the heart, but lifelong 351 

global myofiber VEGF gene deletion leads to a 50% reduction in cardiac capillarity (25, 352 

30).  In our skeletal myofiber-specific VEGF deletion model, we assume that VEGF 353 

production by cells other than the myofibers was not affected and, therefore, could 354 

support the survival of the endothelial cells in mature capillaries. While VEGF-dependent 355 

cell-cell interactions in vivo will require further investigation, it appears that once the 356 

skeletal muscle capillary bed has matured in an adult mouse, VEGF expression solely in 357 

the myofiber is not required for capillary maintenance in skeletal muscle. 358 

VEGF signaling from the myofiber and regulation of muscle perfusion.   Aerobic 359 

exercise capacity is dependent on oxygen delivery being able to meet the metabolic 360 
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demands of active muscle groups (32).  In addition to maintaining the number of 361 

capillaries that interface with each myofiber (20) the ability to direct oxygenated blood to 362 

contracting muscles during periods of intense exercise is a key factor in achieving 363 

maximal exercise capacity (8, 26).  In the present study a more rapid time to fatigue using 364 

an in situ perfused preparation, with no reduction in capillarity and no evidence of muscle 365 

contractile or metabolic dysfunction studied in vitro, points to a VEGF-dependent change 366 

in vascular reactivity and/or perfusion of the capillaries.  In vivo, real time monitoring of 367 

the delivery of near infrared fluorescent nanospheres to hind limb muscles, both during 368 

and after periods of electrically stimulated muscle contraction, allowed us to assess the 369 

level of muscle perfusion.  The lower fluorescent signal in the VEGF-deficient 370 

gastrocnemius complex in response to repetitive contractions suggests VEGF may play a 371 

role in regulating O2 or nutrient delivery to the muscle. 372 

 373 

Potential mediators of VEGF-dependent muscle perfusion.  A reduction in exercise-374 

induced hyperemia or perfusion could be due limited nitric oxide (NO) bioavailability 375 

secondary to the decrease in VEGF levels in the skeletal muscles. VEGF has been shown 376 

to upregulate the expression of endothelial nitric oxide synthase (eNOS) mRNA and 377 

protein and induce nitric oxide (NO) release from endothelial cells through Flk-378 

1/VEGFR2 (1).  Furthermore, mice or rats treated with N(omega)-nitro-L-arginine  (L-379 

NNA), a universal nitric oxide synthase inhibitor, or s-methyl-l-thiocitrulline (SMTC) a 380 

more specific inhibitor of nNOS, experience a reduction in limb blood flow during 381 

intense exercise accompanied by decreased maximal oxygen consumption and aerobic 382 

work (11, 26).  However, NO is not the only mediator of vasodilation and blood flow 383 

during exercise.  Prostaglandins, endothelium-derived hyperpolarizing factor (EDHF) and 384 

AMPK are all examples of additional factors that may compensate for the loss of VEGF 385 

and NO to maintain perfusion during periods of aerobic exercise (4, 22, 36). Uncovering 386 

the mechanism of the impaired vascular perfusion response to exercise is well beyond the 387 

scope of the present study, and further work is needed to determine if VEGF-dependent 388 

NO bioavailability and potential arterial remodeling contribute to skeletal muscle blood 389 

flow during exercise.  Of note is the observation of a lower force-frequency relationship 390 
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in the glycolytic, EDL muscle measured ex vivo than the more oxidative soleus, 391 

suggesting that the glycolytic muscles may be preferentially altered in the skeletal 392 

myofiber VEGF-deficient mice.  Previous studies have demonstrated that blood flow is 393 

diverted to glycolytic fibers during exercise performed above critical speed (10).  Thus, it 394 

is possible that muscle containing more glycolytic fibers may preferentially adapt to an 395 

impairment in contraction-induced perfusion.  Further studies are required to directly 396 

address this possibility that VEGF-dependent microvascular perfusion occurs in 397 

glycolytic fibers during very strenuous exercise. 398 

 399 

 Limitations and future directions.  While the present study has focused on 400 

microvascular-myofiber interactions in limb muscle, several compensatory changes in the 401 

overall oxygen transport system could come into play to restore exercise tolerance.  This 402 

is especially true if O2 available to the myofiber mitochondria reaches low enough levels 403 

to activate hypoxia-responsive genes.  For example an upregulation of HIF-1α and down 404 

stream glycolytic enzyme targets could contribute to a switch in substrate utilization.  405 

This type of compensatory mechanism has been reported in myoglobin gene ablated mice 406 

along with an increase in nitric oxide dependent vasodilation, type I to type II fiber type 407 

transition, and increased expression of stress proteins (16, 27, 33).  Future experiments to 408 

look at substrate utilization and glycogen stores, vasodilator mechanism and regulation of 409 

hemoglobin and myoglobin levels could provide insight into the potential compensatory 410 

mechanisms that allow mice with deficient skeletal myofiber VEGF expression to restore 411 

exercise tolerance.  412 

 413 

Conclusion.  Using an inducible, skeletal myofiber VEGF knockout mouse, this 414 

study has revealed that, in the adult mouse, myofiber-expressed VEGF is important in 415 

acutely regulating muscle perfusion and exercise capacity.  However, VEGF expressed 416 

by the myofiber alone is not critical for maintaining skeletal muscle capillarity or 417 

contractile function.  The compensatory mechanisms that act to restore the transient 418 

decline in exercise endurance capacity remain to be elucidated.  Taken together with 419 

results from our previous studies, the present findings suggest that cells within skeletal 420 
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muscle other than or in addition to the myofiber, are critical to adult skeletal muscle 421 

capillary maintenance. However, myofiber-expressed VEGF does play an important role 422 

in capillary perfusion and may thus contribute to the impaired exercise performance that 423 

occurs in older sedentary individuals or patients with chronic diseases accompanied by 424 

low skeletal muscle VEGF.  425 

 426 

  427 
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Appendix 428 

 429 
Figure S1.  Gastrocenmius VEGF levels are not altered by administration of the inducing agent, 430 
tamoxifen.  A) The effects of tamoxifen were tested by comparing VEGF levels in VEGFLoxP mice 431 
(without the cre transgene) treated with vehicle or tamoxifen (i.p., 1 mg) for 5 consecutive days 432 
(D0-D4). VEGF levels in the gastrocnemius were measured on D21. n=3, mean +/- SD (B) To test 433 
for non-specific Cre expression, VEGFLoxP mice, that were positive (Cre+) or negative (Cre-) for 434 
HSA-Cre-ERT2, were treated with vehicle for 5 consecutive days (D0-D4) and VEGF levels in the 435 
gastrocnemius measured on D21.  n=3, mean +/- SD.  436 

 437 

Table S1. Body weights before and after tamoxifen administration. 438 

Values are in grams, mean ± SE.  N = number of mice per group. 439 

 440 

 441 

 VEGF +/+ skmVEGF -/- VEGF +/+ skmVEGF -/- 

Weeks post-
tamoxifen 

2 2 7 7 

Pre-
tamoxifen 

23.9 ± .4 23.7 ± .5 23.5 ± .4 23.3 ± .4 

Post-
tamoxifen 

24.8  ± .3 25.0 ± .3 26.4  ± .3 25.7 ± .4 

N 16 9 14 15 
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 442 

Active caspase -3 immunohistochemistry    443 

 Frozen hind limb sections were cut at 10µm thickness and air dried onto slides.  444 

Slides were fixed in 4% paraformaldehyde on ice for 10 min and then washed.  Slides 445 

were blocked for 1 hr (1X phosphate buffered saline, 0.3% Triton-X 100, 5% normal goat 446 

serum) at room temperature and then incubated overnight at 4° with anti-cleaved caspase-447 

3 (Asp175) (Cell Signaling, Danvers, MA) diluted in blocking buffer (1:200) followed by 448 

anti-rabbit biotinylated secondary antibody for 1 hr at room temperature.  Signal was 449 

detected using Vectastain ABC reagent (30 min) and DAB (brown) substrate (8 min).    450 

Skeletal muscle morphology 451 

 Gastrocnemius and soleus muscle sections (10µm) from mice 24 hours after their 452 

run to exhaustion were stained with hematoxylin and eosin to evaluate skeletal muscle 453 

damage. Slides were viewed by light microscopy (40x magnification) and evaluated for 454 

necrotic fibers, phagocyte infiltration and fibers with central nuclei. 455 

  456 
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 593 

Figure Captions 594 

Figure 1.  VEGF protein levels in hind limb skeletal muscles.  VEGF levels were 595 
measured by ELISA in muscles collected from skmVEGF-/- and VEGF+/+ mice.  A.) 23 596 
days post-tamoxifen.  B.) 58 days post-tamoxifen. Mean ± SE, n=11-16 for 597 
gastrocnemius, n=5-6 for soleus and n=3-6 for EDL.  * indicates a significant difference 598 
compared to VEGF+/+ mice (P<0.001). 599 

Figure 2.  Post-tamoxifen VEGF protein levels in heart, lung, kidney and brain.  As expected, 600 
there were no differences in VEGF levels between the two groups in heart, lung, kidney or brain.  601 
Mean ± SE, n=6. 602 
 603 
Figure 3. Pre- and post-tamoxifen maximum running speeds, showing a small but significant 604 
reduction after VEGF gene deletion.  A.) 21 days post-tamoxifen. B.) 56 days post-605 
tamoxifen.  Mean ± SE, n=6-10.   * Significant difference between VEGF+/+ and skmVEGF-/- 606 
at the post-tamoxifen time point (P<0.01).  607 
 608 
Figure 4. Impaired endurance exercise capacity in skeletal myofiber VEGF gene deleted 609 
mice.  A.) 22 days following tamoxifen. B.) 57 days following tamoxifen. Mean ± SE, n=6-10.  * 610 
Significant difference between VEGF+/+ and skmVEGF-/- at the post-tamoxifen time point 611 
(P<0.05).  612 
 613 
 614 
Figure 5.  Loss of myofiber VEGF does not alter the skeletal muscle capillary to fiber ratio. A.) 615 
23 days post-tamoxifen. B.) 58 days post-tamoxifen. Mean ± SE, n=4-6.  No differences were 616 
found in any muscle at either time.  617 
 618 
Figure 6. Contractile properties in isolated EDL and soleus muscles from skeletal myofiber 619 
specific gene ablated mice.  Force was measured as a function of stimulation frequency in order 620 
to assess the contractile function of each muscle.  A.) Soleus 21 days following tamoxifen (n=4-6 621 
muscles per group).  B.) EDL 21 days following tamoxifen (n=5-6 muscles per group). C.) 622 
Soleus 56 days following tamoxifen (n=5-7 muscles per group).  D.) EDL 56 days following 623 
tamoxifen (n=6-7 muscles per group).  The EDL muscle, 56 days after tamoxifen delivery, 624 
showed a significant right shift in the force frequency curve.  There were no significant 625 
differences in any other muscle between skmVEGF -/- and VEGF +/+.  Values are mean ± 626 
SE.  *Significant difference (P<0.05) between skmVEGF -/-  and VEGF +/+ muscles.  627 
 628 
Figure 7. Gastrocnemius complex fatigue and perfusion monitored in situ is inhibited in mice 629 
with skeletal myofiber targeted VEGF gene deletion. A) The time to fatigue was measured in the 630 
gastrocnemius complex electrically stimulated to contract via the sciatic nerve. Mean + SE, n=5-631 
6. * P<0.02. B) Real time measurements of muscle perfusion were collected by simultaneously, 632 
optically imaging ES and REST gastrocnemius complexes in mice delivered NIR nanospheres 633 
during (ES) and after (Post-ES) periods of muscle contraction. Nanospheres were delivered at a 634 
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constant rate over the first 2 minutes.  The muscle was stimulated to contract 30 seconds into the 635 
delivery period (arrow). Data are represented as the average over 30 second intervals of the ratio 636 
of fluorescence in the stimulated (ES) hind limb muscles to the non-stimulated (REST) in the 637 
same mouse over time. Mean ± SD, n=5 VEGF+/+ mice, n=5 skmVEGF-/- mice.   638 
P<0.0001 between geneotypes.  639 
  640 
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Tables. 641 

 642 

643 Table 1.  Body Mass, Muscle Weight and Muscle Cross-sectional Area 644 

Values are mean ± SE.  EDL = Extensor Digitorum Longus. CSA = Cross-sectional Area.  No 645 

significant differences between groups were found for any variable at either time. 646 

 647 

 648 

 649 

 650 

  651 

 VEGF+/+ skmVEGF VEGF +/+ skmVEGF 

Days post-tamoxifen 21 21 56 56 

Body Mass, g 24.8 ±.3 25.0 ± .3 26.4 ±.3 25.7 ± .4 

Gastrocnemius 

weight, mg 
116 ± 3 116 ± 4 123 ± 3 117 ± 4 

Soleus weight, mg 8.8 ± .2 8.7 ± .2 9.1 ± .4 9.0 ± .4 

Soleus CSA, mm2 0.78±.01 0.76 ±.02 0.76±.04 0.79 ± .05 

EDL weight, mg 10.5 ± .6 9.2 ± .4 10.4 ± .7 10.1 ± .3 

EDL CSA, mm2 0.87±.05 0.73 ±.03 0.87±.08 0.83 ± .03 
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Table 2.  Isolated Soleus and EDL Maximal Isometric Tetanic Force and Time to Fatigue  652 

Values are mean ± SE.  Po = Maximal Isometric Tetanic Force. No significant differences 653 

between groups were found for any variable at either time. 654 

 655 

 VEGF+/+ skmVEGF-/- VEGF+/+ skmVEGF-/- 

Days post-tamoxifen 21 21 56 56 

Soleus 

Po, N/cm2 

 

10.9 ± 2.0 

 

9.3 ± 2.9 

 

14.4 ± 2.5 

 

12.1 ± 1.9 

Time to Fatigue, secs 444 ± 21 441 ± 28 435 ± 35 415 ± 16 

EDL 

Po, N/cm2 

 

18.4 ± 3.4 

 

23.5 ± 2.5 

 

18.0 ± 2.8 

 

20.7 ± 2.4 

Time to Fatigue, secs 165 ± 8 151 ± 10  148 ± 11 152 ± 5 
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