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Abstract

Introduction—Regional variability in interstitial fluid pressure confounds use of intramuscular 

pressure measurement to assess muscle force. It is hypothesized that interstitial flow is dependent 

on intramuscular pressure. The goal of this study was to assess the feasibility of using fluorescent 

microspheres to evaluate movement of interstitial fluid in skeletal muscle.

Methods—Two diameters of fluorescent microspheres were injected into the rat tibialis anterior 

during both static (n=6) and passively lengthened (10% strain) experimental conditions (n=6). 

Microsphere dispersion was evaluated using confocal imaging of transverse muscle sections.

Results—Confocal microscopy fluorescent microspheres tracked interstitial fluid while not 

penetrating the muscle fiber. When compared to the static condition, significantly greater 

dispersion (P=0.003) was seen with passively lengthened conditions (17±9% vs 31±7%, 

respectively). Dispersion did not differ for the 2 microsphere sizes (P=0.811).

Discussion—Fluorescent microspheres track movement of interstitial fluid, and dispersion is 

dependent on passive lengthening.
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INTRODUCTION

Muscle weakness is common in the progression of many diseases and disorders. The 

weakness can be apparent, as in neuromuscular transmission disorders1 where the decrease 

in force production is due to a lack of innervation as opposed to an issue with skeletal 

muscle properties. Alternatively, it can be a true weakness, as in muscle atrophy, with a 

decline in force production attributed to decreased muscle cross sectional area2,3. Muscle 

strength is, therefore, often evaluated clinically to diagnose and monitor many diseases4,5. 

The use of an ordinal grading system to assess muscle strength dates back to the early 1900s. 

Today, the most commonly used manual muscle testing grading system is that developed by 

the committee of the Medical Research Council (MRC) using a scale from 0 (no 

contraction) to 5 (normal strength)6.

Quantitative techniques have been developed and are available to evaluate muscle strength in 

patients to diagnose and monitor diseases. These techniques include handheld 

dynamometers7, electromyography (EMG)8, EMG-informed neuromusculoskeletal 

modeling9,10, and buckle transducers11-13. Although these tools can be useful in a clinical 

examination, the grading systems and quantitative methods still have some downfalls. EMG-

informed neuromusculoskeletal models rely on indirect validation methods, such as joint 

moments9,10. Moreover, these models have never been directly validated with muscle forces 

measured from in vivo human trials due to a lack of measurement techniques. One limitation 

with dynamometry and the MRC grading scale is these techniques evaluate a group of 

muscles as opposed to a single muscle. Also limiting, the buckle transducer yields a direct 

measure of force, however the assessment is highly invasive, and measurements on a tendon 

with more than one distal insertion will not yield the force production of a single muscle.

Intramuscular pressure (IMP) is correlated with muscle force and therefore may be used as a 

surrogate measurement of force development in individual muscles14. However, there is 

regional variability in IMP15-18 that is likely a reflection of interstitial fluid mechanics 

within the muscle. The connective tissue acts as a heterogeneous structural matrix, and when 

the tissue deforms with passive lengthening, movement of the interstitial fluid is induced. It 

is likely that the connective tissue within skeletal muscle presents an anatomical boundary 

that constrains interstitial fluid movement and thus creates pressure gradients that contribute 

to the regional variability in IMP measurements. Force and IMP increase as a muscle is 

passively lengthened, in part due to the elastic nature of these connective tissues19. Regional 

pressure variability can therefore be investigated using passive lengthening in muscle 

because of the pressure-length relationship.

This study was undertaken to develop a novel technique to evaluate interstitial fluid 

movement in skeletal muscle by injecting fluorescent microspheres. Improved understanding 

of the fluid mechanics within skeletal muscle will improve IMP measurements so that it can 

be used as a tool for assessing force. The use of fluorescent microspheres has become a 

common technique in investigating regional organ perfusion since it was initially introduced 

by Glenny et al. in 199320. Fluorescent microspheres have also been used to identify 

injection sites in rats21 and illuminate flow through the lymphatic system22. The size of the 

fluorescent microspheres was an important consideration in the study; large spheres could 
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cause mechanical interference in the interstitial space, but they would be easiest to visualize 

compared to smaller diameters. We hypothesized that dispersion of fluorescent microspheres 

would be dependent on passive lengthening, and there would be no significant effect of 

microsphere diameter on dispersion.

METHODS

Animals

Six adult male, skeletally mature, Sprague Dawley rats (~300 g), were acquired from 

Charles River Laboratories. Rats were group housed and maintained on a 12 hour light-dark 

schedule under specific pathogen-free conditions with unlimited access to food and water. 

All rats were given at least 2 days to acclimate to the facility prior to experimentation. 

During the experiment, rats were anesthetized with an intramuscular injection of ketamine 

(90 mg/kg) and xylazine (10 mg/kg) and euthanized following tissue harvest. Harvested 

tibialis anterior (TA) muscles were stored at −80°C until further analysis. All protocols were 

approved by the Institutional Animal Care and Use Committee at the Mayo Clinic, in 

compliance with National Institute of Health guidelines.

Fluorescent microsphere injection

Two diameters of fluorescent microspheres, 0.1 μm Fluorescent Sky Blue (Spherotech 

FP-00570-2, Lake Forest, IL) and 0.2 μm Fluoresbrite Yellow Green (Poly Science, Inc. 

21636, Warrington, PA) were used to evaluate the fluid dispersion's dependence on 

fluorescent microsphere size. We identified an acceptable range of diameters for the 

fluorescent microspheres by taking into consideration the hypothesized interstitial space and 

past perfusion studies. The final diameters were determined by the availability from 

manufacturers. Fluorescent microspheres were prepared in a 1:10 volume solution in 

phosphate buffered saline before injection. The fluorescent microsphere solution was 

injected at room temperature into the mid-belly of the rat TA using a Hamilton syringe with 

a 30G needle. The injection rate was approximately 2 μL/sec for the 10 μL solution. The 

muscle was stabilized by minutien pins, and the injection site was marked by placing a pin 

adjacent to the tissue.

Experimental design

In each animal, 2 experimental conditions were used to examine interstitial fluid dispersion 

within the right and left TA muscles: static (n=6) and passively lengthened (n=6). Use of the 

right versus left limb was alternated between static and passively lengthened conditions 

across animals. The knee and ankle were fixed at 90°, a common lower limb position used in 

rats23,24. The distance from origin to insertion of the distal tendon of the TA was measured 

with digital calipers. This reference position was defined as the in vivo resting length. 

Olesen et al. showed the optimal length in the calf muscles of rats to be at lengths just 

slightly longer than the reference length23. The muscle was excised, and the subsequent 

experimental steps varied depending on the condition. For the static condition, the muscle 

was stretched manually and pinned on cork with 10% strain before injecting fluorescent 

microspheres <1 minute after pinning to assess the control baseline dispersion due to the 

injection pressure alone. For the passively lengthened condition, fluorescent microspheres 
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were injected at the in vivo resting length, and then the muscle was subjected to 10% strain 

before pinning on cork (dispersion influenced by the combined effects of injection pressure 

plus IMP). Since the force (or pressure)-length curve is fairly constant until it begins to 

increase beyond optimal length, only positive strain was evaluated for this initial study. In 

both conditions, the muscle was frozen in melting isopentane cooled by liquid nitrogen <1 

minute after microsphere injections.

Tissue sample preparation

Each sample was transected at the location of the injection site to form 2 subsets for 

sectioning, proximal and distal. Samples were sectioned (20 μm transverse) in a 

stereological fashion moving away from the injection site. Each muscle section was labeled 

with wheat germ agglutinin conjugated with Alexa Fluor 594 (Molecular Probes W11262; 1 

mg/mL) following previously described methods25 in order to visualize the interstitial space.

Confocal microscopy and image analysis

A confocal microscopy system (Nikon Instruments Inc., Melville NY) equipped with Argon 

(488 nm) and solid state (405 and 561 nm) lasers capable of simultaneous multi-label 

fluorescence imaging was used to evaluate the axial dispersion of fluorescent microspheres. 

A 20× objective lens (Plan Fluor, 0.75NA) was used to image the sections containing 

fluorescent microspheres. All imaging and quantification were done by an investigator 

blinded to the experimental condition. Imaging began at the injection site and progressed 

using an iterative method until the last section with fluorescent microspheres in the 

interstitial space was identified for the proximal and distal subsets. The samples from a 

single subset were evaluated for fluorescent microspheres, starting with a section at the 

midpoint between the injection site and end of the subset. The presence or absence of 

fluorescent microspheres determined if evaluation would continue on the group of samples 

closest to the injection site or on the opposite group toward the end of the subset.

The distal and proximal dispersion range of the fluorescent microspheres was defined by the 

section with the last visible fluorescent microsphere in the interstitial space. The distance 

from the injection site was calculated for each subset of muscle and combined to determine 

the overall dispersion of fluorescent microspheres as a percent of the in vivo length (Figure 

1). Confocal images were saved separately for each fluorescence channel using Nikon C1 

software as 8-bit grayscale-TIFF files. All images were pseudo-colored and merged in NIS-

Elements software (Nikon Instruments Inc., Melville NY) for analysis.

Each section was evaluated for the presence of: 1) 0.1 μm (Sky Blue); 2) 0.2 μm (Yellow 

Green); or 3) both fluorescent microspheres in 8 of the samples. These data were used to 

determine whether there was dependence on fluorescent microsphere diameter for the 

overall axial dispersion by performing statistics on the totals in 1 and 2 (as described above). 

Equal dispersion was defined in a muscle section when both diameters of fluorescent 

microspheres were present.

Evertz et al. Page 4

Muscle Nerve. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Statistical Analysis

All data were analyzed using JMP (JMP version 10.0; SAS Institute Inc., Cary NC). The 2 

hypotheses, the effect of experimental condition and the effect of fluorescent microsphere on 

axial dispersion, were evaluated using a 2-way ANOVA. Unless otherwise specified, all data 

are reported as mean ± standard error. Significance was accepted at the α<0.05 level.

RESULTS

In total, 12 rat TA muscles were used to understand the fluid flow in skeletal muscle 

following a 10 μL injection of fluorescent microspheres. A dependence on passive 

lengthening and fluorescent diameter was evaluated. The injection site was clearly evident, 

and the dispersion of the fluorescent microspheres could be readily visualized (Figure 2a). 

Fluorescent microspheres stayed in the interstitial space and did not penetrate the muscle 

fibers (Figure 2). Fluorescent microspheres were most abundant in the larger interstitial 

spaces between fascicles, but they could also be seen in the much smaller interstitial space 

between muscle fibers (Figure 3). There was not a significant interaction between 

lengthening conditions and microsphere size (P=0.979).

Effect of passive lengthening

Passive lengthening of the rat TA increased the dispersion of fluorescent microspheres (main 

effect, P=0.003; Figure 4). Recall for the static condition, the sample was pinned with 10% 

strain and injected after it was secured in place. Dispersion of microspheres in the axial 

direction for the static condition was 17 ± 9%. For the samples in the passively lengthened 

condition, injected and then secured in place, the axial dispersion was 31 ± 7%. Data were 

normally distributed.

Diameter of fluorescent microspheres

There was no effect of microsphere diameter on dispersion under either static or passively 

lengthened conditions. In the majority of sections imaged (78 ± 5%), dispersion was 

equivalent for the 2 diameters of fluorescent microspheres. Both microsphere diameters 

were seen near the injection site (Figure 3a) and distal from the injection (Figure 3b). 

Statistical analysis of sections yielded no significant difference between the 2 diameters 

(main effect, P=0.811). Thus, dispersion of the 2 fluorescent microspheres was not 

dependent on diameter.

DISCUSSION

This study introduced a novel technique of using fluorescent microspheres to evaluate 

intramuscular interstitial fluid movement. Our findings support the hypothesis that 

dispersion of fluorescent microspheres will vary with passive lengthening and that there is 

no dependence on diameter for fluorescent microsphere dispersion. Typically, flow studies 

are used to evaluate perfusion through vessels26,27 as opposed to flow in the interstitium. 

Past studies involving fluid dynamics of interstitial tissue evaluated changes in chemical 

composition after exertion or altered gravity conditions to assess movement of fluid from 
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extracellular to/from intracellular compartments28-31, whereas the use of fluorescent 

microspheres offers direct observation in the interstitial space.

Our results confirm that the dispersion of fluorescent microspheres follows interstitial fluid 

movement. Dispersion was greater during the passively lengthened condition, which is an 

indication of increased interstitial fluid movement. When a muscle contracts or is passively 

lengthened, there is deformation of the fibers and connective tissue32. This deformation 

causes fluid movement, which we could track spatially with the injected fluorescent 

microspheres. The variations in IMP may result from regional variations in the interstitial 

fluid, and this technique provides a way to investigate such fluid movement with skeletal 

muscles.

There was no effect of fluorescent microsphere diameter on their dispersion, although it can 

be affected by osmotic pressure driven by mass. The mass is a function of radius cubed, and 

our 2 sizes of fluorescent microspheres differed by a factor of 2, resulting in an 8-fold 

increase in mass. We expected larger particles to experience greater osmotic effects and thus 

result in greater overall dispersion. However, since there was no difference in dispersion for 

the 2 diameters, the effect of osmotic pressure is assumed to be minimal. The effects of 

diffusion were minimized in the experimental design by freezing the tissue <1 min after 

microsphere injections.

This study demonstrates a method to assess fluid movement in skeletal muscle, though 

limitations were present. We assumed the dispersion of fluorescent microspheres was 

dependent only on fluid flow. However, charge interaction, spatial interference, and injection 

pressure effects may also have played a role in the dispersion. The use of uncharged 

polystyrene microspheres eliminated concerns of charge interactions with the surrounding 

tissue reducing dispersion. The dispersion of particles may have been due to a primary 

mechanism of mechanical interaction with surrounding tissue rather than a secondary 

mechanism of deformed tissue initiating interstitial fluid movement, which in turn would 

cause the displacement. By evaluating 2 diameters we were able to show that larger 

microspheres dispersed the same distance as the smaller diameter microspheres, which 

indicates little spatial interference in the interstitial space. Additionally, the larger of the 2 

diameters, 0.2 μm, was an order of magnitude below the interstitial space (a range of 2-40 

μm) we observed in the confocal images. Thus, we assumed little mechanical/spatial 

interference was present to alter the flow of the particles together with the interstitial fluid. 

The effect of hydrostatic pressure from the injection was accounted for by using the static 

condition as a baseline control. The larger dispersion in the passively lengthened condition 

was due entirely to bulk fluid flow initiated by increased IMP from tissue deformation. 

Additional concern arose with regard to varied injection pressure of fluorescent 

microspheres; localized pressure from the injection was likely to alter the dispersion. In an 

attempt to decrease variance from these effects, the injection was performed with the same 

volume and rate for all samples.

The primary motivation of this study was to provide a proof-of-concept and investigate if 

fluorescent microspheres could be used to track fluid movement within the interstitial space 

of skeletal muscle. Our confirmed hypothesis (dispersion of fluorescent microspheres has a 
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dependence on passive length change) yields support to pursue more in-depth studies into 

the relationship between fluid movement and pressure variations within skeletal muscle. In 

future studies, an automated syringe should be used for injections to ensure that a constant 
injection rate is achieved. The effects of injection volume were not evaluated; increasing the 

volume greatly could change the hydrodynamics within the muscle tissue. Previously 

reported concentration and volume values could be determined from a study using 

fluorescent microspheres to identify gene transfer injection sites in skeletal muscle of rats 

for any future experiments21. Future studies can use 0.2 μm fluorescent microspheres since 

no mechanical interference with the tissue was seen, and the larger diameter is easier to 

locate in the interstitial space. Additional studies evaluating a larger variation in microsphere 

diameter (e.g. 0.2 and 2 μm) would also be beneficial. The static and passively lengthened 

conditions could be controlled with the use of an apparatus to ensure that any displacement 

of the fluorescent microspheres is due to deformations during lengthening at a controlled 

rate. Additional perturbations of length changes should be evaluated for better comparison to 

previous IMP studies. These perturbations should include both lengthening and shortening 

of the muscle. In addition, the use of an external pressure cuff would help to evaluate any 

relationship between pressure and microsphere dispersion.

There is still much to learn about how the interstitial space changes when the muscle 

contracts and causes deformations to tissues to induce fluid flow. This study introduced a 

technique that would allow the interstitial space to be studied through injection of 

fluorescent microspheres. This technique has the potential to be employed for evaluating 

changes in extracellular space that would expand the knowledge of the basic interactions in 

skeletal muscle. Gaining a better understanding of interstitial fluid movement would help 

improve and define appropriate applications of the IMP sensor in the clinic. Increased 

knowledge regarding pressure variation within muscle (identified by uniform dispersion of 

microspheres) will help to enhance measurements of IMP used to assess force in a single 

muscle. The IMP sensor will aid physicians in diagnosing and monitoring disease conditions 

that affect muscle strength and improve surgical procedures with outcomes that rely on 

knowledge of individual muscle force, such as tendon transfer surgeries.
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EMG electromyography

FM fluorescent microsphere

IMP intramuscular pressure

MRC Muscle Research Council
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TA tibialis anterior
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Figure 1. 
The distance from the injection site to the last section with fluorescent microspheres visible 

in the interstitial space is calculated for each muscle to determine the dispersion length as a 

percent of the in vivo length. The time of injection was varied to evaluate 2 groups, static 

and passively lengthened, each with a strain of 10% (110% in vivo length).
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Figure 2. 
a) Representative TA muscle cross-section at the injection site with the fluorescent 

microspheres (FM) (green) in the extracellular space (red). Fluorescent microspheres 

dispersed at a depth of 2.3 mm into the tissue, remaining in the interstitial space. Scale is 1 

mm. b) Transverse section of TA taken about 5 mm away from the injection site. The 0.2 μm 

fluorescent microspheres (green) stay within the interstitial space (red) and do not penetrate 

the muscle fiber. Scale bar is 200 μm.
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Figure 3. 
Representative transverse sections of the TA muscle with fluorescent microspheres (FM) of 

2 sizes (0.1 μm in blue and 0.2 μm in yellow-green) in the extracellular space (red) at 

varying distances from the injection site. Dispersion of the 2 microsphere diameters is 

similar at both a) the injection site and b) 4.4 mm from the injection site. Statistical analysis 

of sections yielded no significant difference between the 2 diameters (main effect, P=0.811). 

Scale bars are 100 μm.
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Figure 4. 
The 0.2 μm fluorescent microsphere dispersion in the static (n=6) and passively lengthened 

(n=6) conditions. There was a significant difference (main effect, P=0.003) of the 

fluorescent microsphere dispersion in the passively lengthened group compared to the static 

group. Gray lines represent the quartiles.
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