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      Abstract 
 Muscle biopsy plays an integral role in the evaluation of 

patients with neuromuscular disease. Optimal interpretation 
requires adequate preservation of both morphology and 
enzymatic activity of the tissue. Ideally, fresh tissue should 
be transported immediately to a specialized neuromuscular 
laboratory, where a portion of the biopsy is frozen for the 
evaluation of labile sarcoplasmic enzymes. This is not 
always possible, and problems associated with on-site freez-
ing and transport of frozen tissue may arise. When performed 
improperly, freezing muscle introduces ice crystal artifacts 
that distort the aqueous sarcoplasm, which potentially limits 
recognition of underlying pathology. The authors describe a 
new method to transport muscle biopsies in Aedesta™-cell/
tissue preservation (ACTP) media. Our results indicate that 
skeletal muscle transported in ACTP is better preserved and 
exhibits fewer artifacts than muscle transported via conven-
tional methods. In addition, the immersion in ACTP of pre-
viously frozen muscle with extensive artifacts significantly 
reduces ice crystal artifacts and restores original sarcoplas-
mic morphology and enzymatic activity. ( The J Histotechnol  
32(2):49–53, 2009)   
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    Introduction 
 Muscle biopsy has evolved as the cornerstone in the diag-

nosis of neuromuscular diseases. If performed properly, this 
procedure can yield information that guides treatment, genetic 
counseling, and prognosis. Although the preferred method 

of sampling and processing tissue may vary among medical 
centers, the typical muscle biopsy consists of 2 specimens, 
one frozen and another fixed in formalin. The frozen 
specimen is used for histological, immunohistochemical, 
enzyme histochemical studies, and immunofluorescence in 
selected patients (1–4); the formalin-fixed specimen is used 
for histochemical and immunohistochemical evaluation. 
Improper handling, especially of the frozen specimen, may 
introduce artifacts that limit interpretation and may even 
lead to misdiagnosis. 

 Ideally, the fresh specimen is rapidly transported to a 
specialized neuromuscular laboratory for immediate pro-
cessing to prevent loss of labile sarcoplasmic enzyme activ-
ity and immunogenicity. Transport of this specimen must 
also be accomplished within a couple of hours to maximize 
adequate interpretation (5). Alternatively, a portion of the 
muscle specimen can be snap frozen at the location of the 
procedure, typically in isopentane that is cooled in a bath 
of liquid nitrogen to −160°C (6). During this procedure, ice 
crystals easily form in the sarcoplasm if the tissue freezes 
too slowly, partially thaws, or passes through a temperature 
of –10°C or greater, or if sections are cut with a warm micro-
tome knife or warm antiroll plate. Ice crystals also can arise 
when frozen tissue is allowed to thaw again during transport or 
during the embedding stage. Ice crystals disrupt and separate 
myofibrils and appear as tiny holes or microvacuoles. In more 
severe examples, one or two large holes may appear in the 
center of each fiber, with the muscle fiber resembling a donut. 
Endomysial and perimysial connective tissue is particularly 
vulnerable to fracturing and expanding when the temperature 
during sectioning is too low, either in the cryostat or within 
the tissue block itself. These conditions cause muscle fibers to 
become separated within the fascicles without altering myofi-
ber architecture. Recent advances in organ preservation, how-
ever, have made available new storage solutions that maintain 
tissue viability for longer periods (7–10). In addition to pre-
venting the formation of ice crystals, these new agents have 
yielded promising results in repairing artifacts and restoring 
morphologic integrity to improperly frozen specimens. 
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 This study aims to investigate the utility of Aedesta™ 
cell/tissue pres ervation medium (ACTP, Liforlab™, trade-
mark of Lifeblood Medical, Inc., Adelphia, NJ) for the non-
frozen processing of muscle biopsy specimens. Specifically, 
the goal is to determine whether this novel, high-oxygen-
capacity transport medium adequately preserves fresh tissue 
for investigation of routine enzyme histochemistry, immu-
nohistochemistry and other methodologies. 

   Material and Methods 
  Animal Specimens 

 In the current study, 10 open biopsies were obtained from 
the quadriceps muscle of pigs killed according to an approved 
Madigan Army Medical Center (Ft. Lewis, WA) protocol. 
One set ( n  = 3) of specimens was immersed directly into 
ACTP solution and shipped at ambient temperature. A sec-
ond set of ( n  = 3) of specimens was immersed directly in 
ACTP enriched with 100% oxygen (blown into the container 
at the setting of 6L oxygen for about 30 s) and shipped at 
ambient temperature. A control set ( n  = 1) was frozen in 
isopentane (2-methylbutane, Sigma-Aldrich Co., St. Louis, 
MO), cooled in liquid nitrogen, and shipped on dry ice; 
another control specimen ( n  = 1) was fixed in formalin and 
shipped without dry ice. All containers were shipped on the 
collection day to the AFIP Neuromuscular Laboratory, where 
a portion of each specimen was frozen for standard enzyme 
histochemistry and another portion was fixed in glutaralde-
hyde for electron microscopy at set intervals after specimen 
collection (24 h, 48 h, and 72+ [144 h]). 

 The formalin-fixed portion of the muscle biopsy was 
stained with hematoxylin and eosin (H&E) and Masson 
trichrome. Cryosections were stained with H&E and a routine 
panel of 8 enzyme histochemical stains ( Table 1          ) according to 
methods described elsewhere (11–16). Immunohistochemical 
stains for major histocompatibility complex class I (MHC-
class 1) antigen and an extended dystrophy panel were also 
performed ( Table 2           ) according to the manufacturer’s instruc-
tions (17,18). For electron microscopy, portions of the speci-
mens were fixed in 3% glutaraldehyde, postfixed in osmium 
tetroxide, and embedded in plastic (19, 20). One-micron-thick 
sections were stained with toluidine blue and areas of inter-
est were determined and sectioned for evaluation on a Zeiss 
109 transmission electron microscope. 

   Human Specimens 
 We also studied 5 human muscle biopsy specimens that 

exhibited marked freezing artifacts. The frozen tissue from 
these specimens, which were stored under deep freeze con-
ditions at –70°C, was gradually defrosted from –70° to 4°C. 
More specifically, the tissue initially was kept at –30°C for 

2 h, then at –20°C (cryostate temperature) for 2 h, and finally 
at 4–7°C in the refrigerator for another 2 h. Once each speci-
men reached the refrigerator temperature, it was immersed 
in ACTP solution for approximately 2–3 h (depending on 
the sample size). Frozen slides were cut in the cryostat 
(–20°C), and enzyme histochemical staining using standard 
protocols was performed. 

 All histology sections and electron microscopic prepara-
tions were examined independently and in a blinded fash-
ion by 3 neuropathologists. Evaluation criteria included the 
overall quality of the light and electron microscopic sections, 
presence of artifacts, and quality of the enzyme histochemi-
cal stains. A semiquantitative scoring system was devised 
that assigned a numeral value based on overall quality (1–5), 
degree of artifactual change (1–5), and staining quality (1–3) 
( Table 3          ). For comparison purposes, these scores were added 
together, with the lowest score representing the best overall 
quality with the least number of artifacts. 

    Results 
 The results are summarized in  Table 4                  . On the basis of 

our observations, ACTP preserved enzymatic activity and 

 Table 1.    Routine enzyme histochemical stains used to 
evaluate muscle specimens at the AFIP 

Enzyme 
histochemical stain Source

NADH Sigma
ADENOSINE TRIPHOSPHATASE Sigma
NONSPECIFIC ESTERASE Sigma
PAS Surgipath
ALKALINE PHOSPHATASE Sigma
GOMORI TRICHROME Fisher Scientific 

 and Sigma

 Table 2.    Dystrophy panel 

 Dystrophy panel (AFIP)  Novacastra  NCL-SPEC11 
Dysferlin Novacastra NCL-SPEC10
DystrophinEpitope I Novacastra NCL-SPEC9
DystrophinEpitope II Novacastra NCL-SPEC8
DystrophinEpitope III Novacastra NCL-SPEC7
Emerin Novacastra NCL-SPEC6
Merosin Novacastra NCL-SPEC5
MHC Class I Novacastra NCL-SPEC4
Sarcoglycan Alpha Novacastra NCL -SPEC3
Sarcoglycan Beta Novacastra NCL -SPEC2
Sarcoglycan Delta Novacastra NCL -SPEC1
Sarcoglycan Gamma Novacastra NCL -SPEC0
Novacastra, NCL-SPEC0 Novacastra NCL-SPEC1

 Table 3.    Evaluation criteria for microscopy studies 

Score
Overall quality

1 Intact myofibers and interstitium, no edema
2 Intact myofibers and almost intact interstitium, 

with minimal edge edema
3 Most of the myofibers intact, moderate interstitial 

edema
4 Occasional disrupted myofibers and interstitium, 

severe edema
5 Severe changes involving most of the myofibers 

and interstitium
Presence of artifacts

1 No artifact
2 Minimal artifacts in the interstitium
3 Mild-to-moderate artifacts involving one third of 

the specimen
4 Mild-to-moderate artifacts involving half of the 

specimen
5 Severe and extended artifacts

Enzyme histochemical staining quality
1 Adequate, good staining
2 Partially good staining with focal nonstaining areas
3 Extensive, multifocal, nonstaining areas
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 Table 4.    Summary of the results of the evaluation of the muscle biopsy specimens: Optimal quality is represented by 
the lowest score (1), and the worst quality by the highest score (5) 

Standard freeze Ambient temperature
O 2 -enriched ambient 

temperature
Histology sections 24 h 4 8h 72+ h 24 h 48 h 72+ h 24 h 48 h 72+ h
Overall quality 3 4 4 2 3 4 3 3 4
Presence of artifacts 4 5 5 2 3 4 3 3 4
Enzyme histochemical staining 1 1 1 1 1 2 1 2 2
H&E staining 1 1 1 1 1 1 1 1 1
Total 9 11 11 6 8 11 8 9 11
Total 31 25 28
EM sections
Overall quality 2 2 3 1 2 3 1 2 2
Presence of artifacts 2 3 4 1 2 4 2 3 3
Total 4 5 7 2 4 7 3 5 5
Total 16 13 13

immunoreactivity in all muscle biopsy tissues up to 144 h. 
Compared with standard frozen biopsy specimens, biopsies 
processed with this agent contained significantly fewer arti-
facts, with minimal deterioration over the course of 144 h. 
In addition, human muscle specimens that harbored exten-
sive frozen artifacts were restored with robust immuno-
histochemical staining and devoid of significant freezing 
artifacts ( Figures 1–4     ). 

 Light microscopic examination of the porcine specimens 
maintained in ACTP (with or without O 

2
 -enrichment) at 

ambient temperature after 144 h demonstrated only mild-to-
moderate interstitial edema and minimal myofiber tearing, 
mainly along the edge of the tissues, and predominately in 
the O 

2
 -enriched specimens ( Figure 5A   and B). 

 Electron microscopic studies of ACTP-treated specimens 
(with or without O 

2
  enrichment) compared with the standard 

  Figure 1.     Frozen tissue of the human muscle biopsy specimen before (A) 
and after (B) ACTP treatment (H&E staining).    

  Figure 2.     Frozen tissue of the human muscle biopsy specimen before (A) 
and after (B) ACTP treatment. (H&E staining).    

  Figure 3.     ATPase (pH 10.4) staining before (A) and after (B) ACTP 
treatment.    

  Figure 4.     NADH staining before (A) and after (B) ACTP treatment.    
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frozen specimens revealed normal skeletal muscle ultra-
structural architectural features. The overall quality appears 
better with fewer artifacts ( Figure 6  ). 

   Discussion 
 The study of skeletal muscle has been documented as 

early as the second century B.C. It wasn’t until the 17th century 
that the histology and physiology of muscle were thoroughly 
investigated, with detailed studies of muscle contraction and 
microscopic methods. In 1849, Duchenne was the first to 
describe the pathologic features encountered in skeletal 
muscle. During the second half of the 19th century, many 
muscular disorders were described and published. Subse-
quently, new histologic techniques including enzyme his-
tochemical stains were introduced to refine the diagnostic 
classification of these disorders (21). 

 Freezing damages tissues by causing mechanical injury 
through the formation of ice crystals and osmotic injury by 
the water remaining in the interstitium between the crystals. 
In the past, various strategies have been developed to dimin-
ish tissue damage associated with the freezing process. 
Among these strategies are agents known as cryoprotectants 
(7,8). Although the protective mechanisms are not completely 
understood, cryoprotectants are chemicals that dissolve in 
water and lower the melting point, thereby reducing the injury 
of cells during freezing and thawing. These agents are usually 
separated into 2 broad classes based on their ability to diffuse 
across cell membranes. The best-characterized and most 
widely used agents are the penetrating cryoprotectants, small 
molecules that are able to move across cell membranes, 
whereas the large size of nonpenetrating agents limits entry. 
For example, dimethyl sulfoxide is a penetrating cryopro-
tectant that reduces ice crystal growth and decreases cell 
dehydration during the freezing process (7–9). Similarly, 
ACTP, another penetrating cryoprotectant, originally was 
developed as a tissue transport solution for organ preserva-
tion. This agent contains inorganic salts, amino acids, vitamins, 

  Figure 5.     (A) ACTP-treated pig muscle biopsy specimens in ambient tem-
perature, O 

2
 -enriched ambient temperature compared with the standard 

freeze specimen; 48 h after specimen collection. (B) ACTP-treated pig 
muscle biopsy specimens in ambient temperature, O 

2
 -enriched ambient 

temperature compared with the standard freeze specimen; 72+ h (144 h) 
after specimen collection.     Magnification ×20.

  Figure 6.     Electron microscopic studies of ACTP-treated specimens in ambient temperature, O 
2
 -enriched ambient temperature compared with the standard 

freeze specimen; 24 and 72+ h after specimen collection.    
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adenosine, cholesterol, glucose, coconut extract, yeast ex-
tract, and small amounts of proteins. Among these ingredi-
ents are substances that protect biostructure-like proteins 
and phospholipid-based liposomes during freezing and dry-
ing conditions. These protective properties can be enhanced 
by the addition of oxygen (personal communication ). 

   Conclusion 
 In this study, we describe a simple and reliable method for 

preserving and restoring skeletal muscle morphology, immu-
nogenicity, and enzyme activity. This method facilitates opti-
mal processing of muscle biopsy specimens without the need 
to transfer the patient to a major medical center or to outsource 
the specimen, resulting in improved patient care and signifi-
cant cost savings. Furthermore, improved histology may end 
the need for additional biopsy in cases that were uninterpre-
table because of frozen artifacts. Equally important, the sig-
nificant reduction in the vacuolar change associated with ice 
crystals eliminates the potential of misinterpreting this artifact 
as a vacuolar myopathy or other pathologic process. 

 In this project, we have demonstrated that ACTP is a 
promising transport agent for muscle that requires further 
evaluation in human biopsy specimens. More specifically, 
the results of this pilot study can be used to make informed 
selections with regard to optimal physicochemical condi-
tions for muscle preservation and perhaps as the basis for 
exploring additional applications for ACTP 
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Introduction Materials & Methods
Although the use of Non-Heart-Beating Donors has the

potential to increase the number of available organs, livers
are used only very scarcely because of the risk of primary

non-function. There is evidence that machine perfusion
(MP) is able to improve the preservation of marginal

organs. The aim of this study was to evaluate the influence
of the perfusate temperature during oxygenated MP on

graft function.

Livers from male wister rats (250g) were harvested after 60

minutes of warm ischemia. The portal vein was
cannulated, and the liver flushed with Lifor® organ

preservation solution (oncoscience AG/Lifeblood, Inc.) for
oxygenated MP at 4˚, 12˚ or 21˚C. Other livers were

flushed with HTK and stored at 4˚C by static cold storage
(CS). After 6 hours all livers were isolated reperfused using

Krebs- Henseleit Buffer and functional as well as structural
data were collected.

Results

Results
During machine perfusion livers perfused at 21˚C had a significant lower portal venous resistance and higher bile production 

compared to livers perfused at 4˚C and 12˚C. Although not significant an increased leakage of ALT was observed at higher 
temperatures.

Upon reperfusion all machine perfused livers had a higher metabolic activity and reduced liberation of transaminases 
compared to livers stored by simple cold storage. MP improved the preservation of livers from NHBD. It seems that perfusion 

at mild hypothermia of 21˚C has positive effects on the portal venous resistance and metabolic activity, but this has to be 
balanced with an increased risk of parenchymal damage. Moreover, Lifor® organ preservation solution, containing 

microencapsulated hem as oxygen carrier, has proven to be effective in preserving livers at elevated temperatures.

Lifor® is now manufactured and sold under the Detraxi family of solutions.
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