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Investigations were conducted to determine the effect of prerigor

pressurization (15,000 psi, 37°C, 2 min.) of beef muscle on the

subsequent retail/case-life characteristics of the treated meat. In

addition, the activity of the calcium activated factor (CAF) of pre-

rigor pressurized (PRP) muscle was also investigated.

For fresh beef samples, PRP significantly (P<0.05) improved the

lean color of steaks and also showed less discoloration than those of

the control (CON). However, the PRP and CON steaks had similar values

for off-odor, bacterial counts and weight loss. No significant differ-

ences were observed in any of the above traits for the ground beef

samples. For beef samples stored at -1.6±1°C for 0, 3, 5, and 7 weeks,

lean color scores of the PRP steaks were consistently higher than the

CON at all storage intervals. PRP steaks also showed less discoloration

and had higher overall desirability ratings at all storage intervals.

Although PRP and CON steaks had similar microbial counts after 0 and 3

weeks of storage, the CON steaks had higher microbial counts after 5

and 7 weeks of storage. PRP had no apparant detrimental effects on the

storage or case-life characteristics of meat, but rather it beneficially

influenced most of the parameters examined.



The effect of PRP on CAF activity was studied to further elucidate

the mechanism of meat tenderization by PRP. Crude CAF was prepared

from PRP and CON muscles at 0, 1, and 3 days of postmortem storage.

Throughout these periods, PRP samples had consistently lower total CAF

activity than CON, yet, it seems likely that PRP caused a transient

increase in Ca
++

sufficient to activate CAF for an initial brief period

of time, because 1) early postmortem, PRP muscle showed detectable

levels of a 95,000-dalton component presumably produced by CAF;

2) Z-lines from at-death PRP muscles were highly degraded; and 3)

during very early postmortem storage, the SDS-electrophoretic patterns

of PRP myofibrils resembled those of CAF-treated myofibrils. CAF auto-

lysis may account for the low CAF activity observed in PRP muscles at

later postmortem storage times.
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APPLIED AND BASIC ASPECTS OF PRERIGOR PRESSURIZATION OF BOVINE

SKELETAL MUSCLE

I. EFFECT OF PRE-RIGOR PRESSURIZATION ON THE RETAIL CHARACTERISTICS

OF BEEF

ABSTRACT

Loin steaks were obtained from eight utility cows and ground

beef from the bottom round of four choice steers. One side was

randomly assigned to be pre-rigor pressurized (PRP) and the other

side served as control (CON). Steaks and ground beef were displayed

under simulated retail conditions for 5 and 3 days, respectively.

PRP significantly improved lean color of the steaks for the first 4

days of display period. PRP steaks were significantly less discolored

at the 5th day. No significant difference for any of the measured

traits was observed for samples of ground beef. PRP had no detrimental

effect on the case-life of steaks or ground beef.



2

INTRODUCTION

Consumer studies have indicated that the most important factor

which will determine selection of a retail cut in the display case is

its physical appearance (Dunsing, 1959a, b). Seltzer (1955) reported

that consumers select meat cuts primarily for leanness and then for

appearance and freshness, with judgements for the latter two attributes

being based primarily on the brightness of color.

Since 1973, numerous investigators have reported the beneficial

effects of pre-rigor pressurization on meat (Macfarlane, 1973; Bouton

et al., 1977a, b; Elgasim, 1977; Kennick et al., 1980; Elgasim et al.,

1982; Schumann, 1982). According to Jeremiah et al. (1971) the length

of time that retail cuts remain acceptable to the consumer is a major

factor in determining profitability. If pre-rigor pressurization of

meat is to be adopted by the meat industry, it is necessary to deter-

mine the characteristics of the pre-rigor pressurized meat at the

retail level. The present study was conducted to determine the effects

of pre-rigor pressurization on lean color, lean surface discoloration,

overall appearance, off-odor, weight loss, and the growth of mesophilic

and psychrotrophic bacteria.



MATERIALS AND METHODS

Carcass Fabrication
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Eight head of utility cows (353-538 kg live wt) and four head of

choice steers (422-496 kg live wt) were conventionally slaughtered at

the Clark Meat Science Laboratory, Oregon State University. One side

of each carcass was randomly assigned to the control (CON) and the

other to pre-rigor pressurized (PRP) groups. The loin (I.M.P.S. #174)

and bottom round (I.M.P.S. # 170 A) were removed from PRP sides (hot-

boned within 1 hr of slaughter), vacuum packaged (Cryovac Model 8200)

and pressure treated according to Kennick et al. (1980). PRP samples

and CON sides were chilled at 1±1°C until they were sampled for eval-

uation at the appropriate postmortem time.

Manufacturing

At 48 hr postmortem, two 2.54 cm thick boneless steaks were

removed from the loin from both control and PRP sides (fabrication of

steaks was done under strict sanitation procedures which consisted of

continuous cleaning of hands; rinsing off table tops and other equip-

ment involved with hot water (ti88°C); knives were kept in hot water

(ti88°C) for about 15 min prior to use). Each steak was placed on an

individual plastic foam tray; weighed and overwrapped with a commercial

polyvinyl chloride retail film. Ground beef was prepared from bottom

round using a Hobart grinder. Each sample of ground beef was placed

on an individual plastic foam tray and overwrapped with a commercial

polyvinyl chloride retail film.
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Retail Display

Boneless steaks and ground beef were displayed for 5 and 3 days,

respectively, in a retail display case at 1-3°C and 100 footcandle of

flourescent light. Lights were kept on for 12 hrs and off for 12 hrs.

At 24 hr intervals, a four member trained panel examined the steaks

and ground beef for lean color (8 = very light cherry red; 1 = very

dark purple), lean surface discoloration (8 = no surface discoloration;

1 = >90% surface discoloration) and overall appearance (8 = extremely

desirable; 1 = extremely undesirable). The presence of off-odor was

scored at the end of the 5-day display period (4 = no off-odor; 1 =

extreme off-odor). Weight loss was measured by re-weighing each steak

(blotted wt) at the end of the display period and determining the per-

centage of weight loss.

Bacterial Counts

Samples for bacterial counts were take from the lean surface of

the displayed steaks at the beginning and end of retail display using

moist cotton swab technique (Lazarus et al., 1977). One set of plates

was incubated at 5°C for 10 days for psychrotrophic count and another

set at 32°C for 48 hrs for mesophilic counts.

Samples of ground beef were obtained from all displayed packages

at the beginning and the end of retail display according to the pro-

cedure of Raccach and Hendrickson (1978) and treated exactly as steaks

for the remainder of microbial assay.
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Statistical Analysis

Data were analyzed by the paired t-test to determine significance

of difference between the control and PRP samples (Steel and Torrie,

1960).
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RESULTS AND DISCUSSION

Comparisons of retail appearance characteristics for boneless

steaks from PRP and CON are presented in Table I. 1. PRP significantly

improved lean color at 1st (P<0.001), 2nd (P<0.005), 3rd (P<0.05) and

4th (P<0.05) days of display. The difference in the lean surface dis-

coloration of the boneless steaks was not significant (P>0.05) up to

the 4th day of display, while the difference became significant

(P<0.05) at the 5th day of display with PRP steaks being less discol-

ored. Overall appearance scores were significantly higher on days 1,

2, 3 and 5 for the PRP steaks. No significant difference (P>0.05) was

observed for percent weight loss during the display period.

The results of comparison of retail appearance of ground beef

are presented in Table I. 2. Over a 3-day display period no signifi-

cant differences (P>0.05) were observed for lean color lean surface

discoloration or overall appearance between PRP and CON samples. The

lack of the significant differences in lean color between CON and PRP

ground beef as opposed to steaks might be explained by the complete

oxygenation of available myoglobin of both PRP and CON during the

grinding and mixing process, thereby negating any advantage due to

pressure treatment (Hall et al., 1980).

The results of this experiment indicate that both mesophilic and

psychrotrophic counts for boneless steaks or ground beef were not

significantly different (P<0.05) either at the beginning or the end of

the display period. Numerous investigators have reported higher

microbial counts at various times after boning for hot-boned meat as

opposed to cold-boned meat (Sauter et al., 1979; Corte et al., 1980;
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Fung et al., 1980, 1981; Lee et al., 1980). The lack of significant

difference in microbial counts at the beginning or end of display

period in this study could be attributed to a reduction in microbial

population from pre-rigor pressurization. It is possible that PRP

exerts its effect on microbial population by either physical (pressure)

or chemical (pH) means.

It appears that pre-rigor pressurization improves the attractive-

ness of retail cuts of beef to the consumer through its effect on lean

color, surface discoloration and overall appearance of pressure treated

meat.
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Table I. 1 - Comparison of traits for boneless loin steaks from pre-
rigor pressurized and control sides subjected to standard
retail display for 5 days. (mean ± S.D.)

Traits
Days of
Display PRP CON

Level of
Significance

Lean Colora 1 6.81±0.43 6.15±0.32 P<0.001
2 6.70±0.45 5.94±0.94 P<0.005
3 6.27±0.71 5.63±0.64 P<0.05
4 5.95±0.82 5.34±0.68 P<0.05,
5 5.51±0.87 5.02±0.67 N.S.

Lean Surface
b

1 8.00±0.00 8.00±0.00 N.S.
Discoloration 2 8.00±0.00 7.96±0.16 N.S.

3 7.94±0.19 7.79±0.35 N.S.
4 7.58±0.57 7.11±0.82 N.S.
5 7.38±0.66 6.43±0.84 P<0.05

Overall 1 7.69±0.44 7.59±0.53 P<0.05
Appearancec 2 7.50±0.50 7.07±0.53 P<0.05

3 7.15±0.56 6.67±0.66 P<0.05
4 6.73±0.80 6.22±0.66 N.S.
5 6.35±0.81 5.79±0.63 P<0.05

Off-odor
d

5 3.94±0.10 3.84±0.26 N.S.

Mesophilic 0 2.86 2.76 N.S.
Counte 5 4.42 3.82 N.S.

Psychrotrophicc 0 1.92 1.35 N.S.
Count' 5 4.62 3.91 N.S.

Weight Loss, 5 2.51±1.10 2.52±0.96 N.S.

(%)

a
8 = very light cherry red; 1 = very dark purple.
8 = no surface discoloration; 1 = >90% surface discoloration.
8 = extremely desirable; 1 = extremely undesirable.
= no off-odor; 1 = extreme off-odor.
logio bacterial count/12.3 cm2.

g N.S. = nonsignificant (P>0.05).
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Table I. 2 - Comparison of traits for ground beef from pre-rigor pres-
surized and control sides subjected to standard retail
display for 3 days. (mean ± S.D.)

Days of
Traits Display PRP CON

Level of
Significance

Lean Colora 1 6.44±0.35 6.26±0.47 N.S.
f

2 6.24±0.32 6.05±0.51 N.S.
3 5.76±0.23 5.70±0.37 N.S.

Lean Surface 1 8.00±0.00 8.00±0.00 N.S.
Discoloration 2 7.70±0.30 7.60±0.39 N.S.

3 6.64±0.69 6.65±0.85 N.S.

Overall 1 7.70±0.47 7.67±0.48 N.S.
Appearance' 2 7.35±0.49 7.17±0.53 N.S.

3 6.14±0.74 6.29±0.53 N.S.

Mesophilic,4 0 3.33 3.04 N.S.
Count" 3 5.01 4.63 N.S.

Psychrotrophic,
Count`

0

3

2.94
4.88

3.11
4.66

M.S.

N.S.

a
8 = very light cherry red; 1 = very dark purple.
8 = no surface discoloration; 1 = >90% surface discoloration.

df ,e
8 extremely desirable; 1 = extremely undesirable.
log10 bacterial count/gram.
N.S. = nonsignificant (P>0.05).
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APPLIED AND BASIC ASPECTS OF PRERIGOR PRESSURIZATION OF BOVINE

SKELETAL MUSCLE

II. STORAGE AND DISPLAY-LIFE CHARACTERISTICS OF BEEF AS AFFECTED BY

PRE-RIGOR PRESSURIZATION

ABSTRACT

Top round cuts were obtained from sixteen sides of utility cows.

Eight sides were randomly assigned as control (CON) and the remainders

were pre-rigor pressurized (PRP) at 15,000 psi for 2 min. The top round

from each side was divided into 4 wholesale cuts, vacuum packaged, heat-

shrunk and randomly assigned to 0, 3, 5 or 7 weeks of storage at

-1.6±1°C. Upon completion of each storage interval, wholesale cuts

were removed from the storage area, purge losses determined and samples

for microbial counts obtained. Two boneless steaks were prepared from

each wholesale cut and displayed for 5 days at 1-3°C with 100 foot-

candle fluorescent lighting for 12 hrs each day. Purge loss differed

(P<0.05) only for the 5th week of storage. Wholesale cuts from PRP and

CON had similar microbial counts at 0 and 3 weeks, while CON samples

had higher microbial counts at 5 and 7 weeks. For all storage intervals,

muscle color of the displayed steaks was improved (P<0.05) for the

first 4 days of the diplay period by the PRP treatment. PRP steaks

were consistently less discolored for all storage intervals. PRP

improved the overall desirability of the displayed steaks throughout

the experiment. Steaks prepared from PRP and CON wholesale cuts had

high and in most cases significantly higher microbial counts for 5 and

7 weeks. PRP had no apparant detrimental effects on the storage or
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display-life characteristics of meat, instead it beneficially influenced

most of the parameters that were examined in this experiment.
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INTRODUCTION

During the past decade, the U.S. meat industry has witnessed a

dramatic change in the distribution of fresh beef. In 1973, an esti-

mated 43% of the fresh beef was shipped as refrigerated vacuum packaged

primal and subprimal cuts (Seideman et al., 1976c). By 1977, this

perCentage reached 70%, and it is expected to reach 73% by the mid-

1980s (Knutson, 1982).

In the meantime, reports have been accumulating on the beneficial

effect of pre-rigor pressurization (PRP) of meat (Bouton et al., 1977a,

1977b; Elgasim, 1977; Elgasim et al., 1982; Kennick et al., 1980; Kooh-

maraie et al., 1983; Macfarlane, 1973; Schumann et al., 1982). In a

previous study (Koohmaraie et al., 1983) the effect of pre-rigor pres-

surization on the display-life characteristics of fresh boneless loin

steaks and ground beef was examined. It was found that pre-rigor pres-

surization improved muscle color, lean surface discoloration and over-

all desirability of the displayed meat.

Prior to adoption of pre-rigor pressurization by the meat industry,

it is necessary to determine the effect of pre-rigor pressurization on

the long term storage of meat at refrigerated temperature. The present

study was conducted to measure the effect of PRP on purge loss and

microbial counts of vacuum packaged meat after 0, 3, 5 and 7 weeks of

storage at -1.6±1°C and also to determine the display-life character-

istics of the steaks prepared from such meat.
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Carcass Fabrication
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Eight utility cows (353-538 kg live wt) were conventionally

slaughtered at the Clark Meat Science Laboratory, Oregon State Univer-

sity. One side of each carcass was randomly assigned as the control

(CON) and the other as pre-rigor pressurized (PRP). The top (inside)

round cut (I.M.P.S. #168) was removed form the PRP side (hot-boned with-

in 1 hr of slaughter), divided into 4 pieces (thereafter referred to as

wholesale cut), vacuum packaged (Cryovac Model 8200) in Cryovac B-620

bags (specifications: Shrink Temperature - Water/190-200°F; Water

Vapor Transmission @ 100°F 100% R.H./0.5-0.6gms/(0.0645m2, 24hr); Oxygen

Transmission @ 73°F/30-40cc/(m2, 24hr, 1 atm)) and pressure treated.

After treatment the bags were-heat-shrunk (ti94°C) and randomly assigned

to 0, 3, 5 and 7 weeks of storage at -1.6±1°C. Top round samples were

removed from the CON side at 48 hr postmortem and similarly treated

with the exception of pressure application.

Pressure Treatment

The pressure treatment consisted of placing the vacuum packaged

samples in a preheated (37°C), water-filled pressure chamber (30.48 cm

in diameter and 60.96 cm long) and a pressure of 103.5 MNm2 (15,000

lb/in2) was applied and maintained for 2 min.

Purge Study

At the end of each storage interval (with the exception of 0-week),

both the CON and PRP samples were removed from storage and weighed
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(bagged wt). Samples were then removed from the barrier bags, blotted

dry and weighed (blotted wt). The barrier bags were washed, air-dried

and weighed (dry bag wt), and percentage purge was determined by the

following formula:

purge
(bagged wt - blotted wt) - dry bag wt

X 100%
bagged wt - dry bag wt

Manufacturing

At the end of each storage period, two 2.54 cm thick boneless

steaks were removed from each wholesale cut for both CON and PRP (fab-

rication of steaks was done under strict sanitation procedures which

consisted of frequent cleansing of hands, rinsing table tops and other

equipment involved with hot water (q,88°C); knives were kept in hot water

(A,88°C) for about 15 min prior to use). Each steak was placed on an

individual plastic foam tray, weighed and overwrapped with commercial

polyvinylchloride retail film (specifications: water vapor transmission

rate 20 g/0.645 m2/24 hr/atm; CO2 transmission rate: 16,000-18,000 cc/

0.0645 m2/24 hr/atm).

Retail Display

Boneless steaks were displayed for 5 days at 1-3°C and 100 foot-

candle of fluorescent light. Lights were kept on for 12 hrs and off

for 12 hrs. At 24 hr intervals, a four member trained panel scored the

steaks for muscle color (8 = very light cherry red; 1 = very dark

purple), lean surface discoloration (8 = no surface discoloration;

1 = >90% surface discoloration) and overall desirability (8 = extremely

desirable; 1 = extremely undesirable). The presence of off-odor was
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scored at the end of the display period (4 = no off-odor; 1 = extreme

off-odor). Weight loss was measured by weighing each steak (blot dry)

at the end of the display period and determining the percentage of

weight loss.

Bacterial Counts

Upon completion of each storage treatment, wholesale cuts were

removed from the storage area, opened with a sterile knife and sampled

for surface bacterial counts. Samples for microbial counts of displayed

steaks were take at the end of the display period. Sampling and incu-

bation procedures were done according to Koohmaraie et al. (1983).

Statistical Analysis

Data were analyzed using paired t-test (Steele and Torrie, 1960).
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RESULTS AND DISCUSSION

Display-life Characteristics

Comparison of retail characteristics for boneless steaks prepared

(from stored wholesale cuts of meat) from PRP and CON are presented in

Tables II. 1, II. 2, II. 3 and II. 4. Throughout the experiment a

definite pattern was observed for comparison of the lean color between

PRP and CON samples. There was a difference (P<0.05) between the PRP

and CON samples at the beginning days of the display period for all

storage intervals. However, as the end of the display period approached,

PRP and CON became similar (P>0.05), except at 3 weeks. Koohmaraie et

al. (1983) observed the same pattern for the display-life of fresh

boneless PRP and CON loin steaks. Nawfor (1983) also reported a similar

pattern for the semitendinosus muscle using a Hunter Color Difference

Meter. Therefore, it appears that PRP has the same effect on different

muscles.

It is possible that PRP exerts its effect on lean color by either

physical (pressure) and/or chemical (pH) means. Marshland (1944) and

Johnson (1954) found that pressure in excess of 7000 psi causes pigment

granules to expand and reach a certain equilibrium of brightness.

Therefore, it is possible that PRP causes expansion of the muscle

pigments, theregy increasing the perceptability of the bright red oxy-

myoglobin color of the muscle, both subjectively and objectively. On

the other hand, PRP may exert its effect through rapid production of

lactic acid (Kennick et al., 1980), which causes the enhancement of

muscle color (Seideman et al., 1976a). The latter explanation, of

course, cannot be used to explain the observed difference between PRP
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and CON for 3, 5 and 7 weeks of storage. It has been reported that PRP

and CON muscle would have the same pH values after 4 - 5 days of stor-

age at 4°C (Nawfor, 1983).

Comparison of the extent of lean surface discoloration of the

displayed steaks from stored wholesale cuts between PRP and CON indi-

cated an opposite pattern to the one that was observed for the compar-

ison of muscle color (Table II. 2). That is, the difference between

PRP and CON became larger as the days of display increased. Koohmaraie

et al. (1983) reported the same pattern for the lean surface discolor-

ation of fresh meat. PRP and CON steaks had similar (P>0.05) discolor-

ation ratings after 0 and 5 weeks of storage. However, the PRP steaks

were less discolored (P<0.05) than the CON steaks after 3 and 7 weeks

of storage.

Overall desirability takes into consideration all other character-

istics of the displayed steaks, i.e. muscle color, lean surface dis-

coloration and off-odor. The overall desirability of the PRP and CON

steaks were not different (P>0.05) at 0-week of storage for all days of

the display. However, with further prolongation of the storage period,

the positive effect of PRP became apparant, particularly after 7-weeks

of storage (Table 111.3) where there was a difference (P<0.05) for all

days of display, with the exception of the 1st day.

Purge and Weight Loss

Reduction of weight in extended storage is a major concern of the

meat industry. In this experiment, reduction in weight was measured as

the amount of weight lost during the storage (purge) and during the

display (wt loss) periods. Kennick et al. (1980) reported that PRP
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results in supercontraction of the muscle (48-50% of its on-carcass

length), thus, a significant purge loss is expected (Marsh, 1977).

However,'with the exception of 5-weeks of storage, this was not the

case (Table II. 5). No difference (P>0.05) for percent weight loss of

the displayed steaks was found throughout the experiment (Table II. 4).

These results are in agreement with Koohmaraie et al. (1983) and

Schumann et al. (1982).

Microbiological Study

Samples for microbiological study were taken from the surface of

the wholesale cuts upon completion of each storage interval and from

the surface of the displayed steaks from each storage interval (Fig.

II. 1, Tables II. 4 and II. 5). Psychrotrophic and mesophilic counts

from the wholesale cuts of meat taken from CON samples are in general

agreement with those reported by Beebe et al. (1976) and Seideman et al.

(1976a, c).

Wholesale and retail cuts from both PRP and CON had relatively low

microbial counts due to strict sanitation procedures employed through-

out the experiment, and also due to low temperature (1.6±1°C) of stor-

age. Extensive thermal injury and/or destruction of some species of

bacteria has been reported following thermal stress achieved during

heat shrinking (Gray et al., 1973; Vanderzant and Matthys, 1965).

A very interesting pattern for microbial counts was observed for

both wholesale and retail cuts between PRP and CON (Fig. II. 1). In

all cases, PRP and CON had similar microbial counts at 0 and 3 weeks of

storage. At the end of the 5th week of storage, CON samples had higher

microbial counts than PRP. From 5 to 7 weeks of storage microbial
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counts continued to increase for both the PRP and CON samples, but the

increase in microbial counts was lower for PRP. The differences between

PRP and CON were significant (P<0.05) for mesophilic counts of the dis-

played steaks after 7 weeks of storage and psychrotrophic counts of

the displayed steaks after 5 and 7 weeks of storage.

The consistent pattern observed between PRP and CON for all of the

microbiological studies indicated that PRP had an inhibitory effect on

the microbial population of the meat. Koohmaraie et al. (1983) sug-

gested that PRP exerts its effect through a physical (pressure) and/or

chemical (pH) means. It is possible that one, or a combination of

these two factors causes extensive damage to initial microflora of meat

and low temperature of storage prevents the recovery of these organisms.

Ray and Speck (1972) reported that recovery of injured E. Coli was

maximum between 25 to 35°C and least at 0 and 45°C.
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Table II. 1 - Effect of PRP on the muscle colora of the displayed
steaks prepared from wholesale cuts subjected to
different storage intervals at -1.6±1°C (mean ± S.D.)

Storage Difference
Days of Period between PRP
Display (Weeks) PRP CON and CON

0

0

3

7.12±0.18

6.79±0.48

6.33±0.20

6.42±0.54

P<0.05

P<0.05

5 6.72±0.35 6.29±0.32 P<0.05

7 6.68±0.38 6.33±0.25 P<0.05

0 6.77±0.14 5.86±0.18 P<0.05

1
3 6.53±0.54 6.11±0.40 P<0.05

5 6.28±0.50 6.02±0.38 P<0.05

7 6.26±0.41 6.05±0.20 P<0.05

0 5.74±0.12 4.98±0.25 P<0.05

2
3 6.00±0.65 5.68±0.54 P<0.05

5 5.62±0.50 5.56±0.47 N.S.
b

7 5.45±0.43 5.07±0.76 P<0.05

0 5.32±0.45 4.90±0.75 N.S.

3
3 5.41±0.70 5.19±0.64 P<0.05

5 4.24±0.85 4.59±0.78 P<0.05

7 4.72±0.74 4.26±0.76 P<0.05

0 4.52±0.69 4.52±0.49 N.S.

4
3 4.84±0.70 4.62±0.64 P<0.05

5 3.65±0.86 3.82±0.88 N.S.

7 3.45±0.35 3.38±0.73 N.S.

a
On an 8 point scale: 8 = very light cherry red; 1 = very dark purple.

b
N.S. = nonsignificant (P>0.05).
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Table II. 2 - Effect of PRP on the lean surface discolorationa of the
displayed steaks prepared from wholesale cuts subjected
to different storage intervals at -1.6±1°C (mean ± S.D.)

Days of
Display

Storage
Period
(Weeks) PRP CON

Difference
between PRP
and CON

0 8.00±0.00 8.00±0.00 N.S.b

0
3 7.99±0.05 7.87±0.18 N.S.

5 8.00±0.00 7.69±0.34 N.S.

7 7.99±0.00 7.74±0.21 N.S.

0 8.00±0.00 7.86±0.27 N.S.

1
3 7.96±0.09 7.73±0.20 N.S.

5 7.76±0.41 7.28±0.68 N.S.

7 7.73±0.55 7.09±0.65 P<0.05

0 7.44±0.23 6.63±0.14 N.S.

2
3 6.90±0.13 7.09±0.30 P<0.05

5 6.96±1.16 6.44±1.06 N.S.

7 6.11±0.98 5.66±0.15 P<0.05

0 6.88±0.57 6.22±0.83 N.S.

3
3 7.27±0.75 6.37±0.38 P<0.05

5 5.42±1.45 4.99±1.37 N.S.

7 5.10±0.94 4.55±1.15 P<0.05

0 5.87±0.63 5.42±1.26 N.S.

4
3 6.79±0.83 5.53±0.70 P<0.05

5 3.65±1.74 3.88±1.23 N.S.

7 4.15±0.74 3.07±0.98 P<0.05

a
On an 8 point scale: 8 = no surface discoloration; 1 = >90% surface
discoloration.

b
N.S. = nonsignificant (P>0.05).
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Table II. 3 - Effect of PRP on the overall desirabilitya of the dis-
played steaks prepared from wholesale cuts subjected to
different storage intervals at -1.6±1°C (mean ± S.D.)

Days of
Display

Storage
Period
(Weeks) PRP CON

Difference
between PRP
and CON

0

0

3

7.75±0.00

7.48±0.49

7.10±0.21

7.09±0.41

N.S.

N.S.

5 7.53±0.40 7.10±0.33 N.S.

7 7.32±0.36 6.98±0.29 N.S.

0 7.31±0.13 6.50±0.58 N.S.

1
3 7.26±0.41 6.70±0.33 N.S.

5 7.19±0.71 6.48±0.70 P<0.05

7 7.02±0.49 6.37±0.41 P<0.05

0 6.17±0.19 5.33±0.77 N.S.

2
3 7.02±0.56 6.31±0.49 P<0.05

5 6.05±1.17 5.75±1.16 N.S.

7 6.09±0.33 4.70±1.06 P<0.05

0 5.86±0.39 5.00±0.87 N.S.

3
3 6.02±0.89 5.40±0.76 P<0.05

5 3.94±1.45 4.09±1.18 N.S.

7 4.69±0.80 3.35±1.28 P<0.05

0 4.50±1.17 4.59±1.07 N.S.

4
3 5.30±0.88 4.33±0.76 P<0.05

5 2.62±1.54 3.01±1.16 N.S.

7 3.11±0.82 2.18±0.87 P<0.05

a
On an 8 point scale: 8 = extremely desirable; 1 = extremely un-
desirable.

b
N.S. = nonsignificant (P>0.05).
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Table II. 4 - Effect of PRP on mesophilic count, psychrotrophic count,
off-odor, and weight loss of the displayed steaks prepared
from wholesale cuts subjected to different storage inter-
vals at -1.6±1°C (mean ± S.D.)

Storage
Period
(Weeks) PRP CON

Difference
between PRP
and CON

0 3.69 3.98 N.S.c

Mesophilic
a 3 3.37 3.28 N.S.

5 3.46 4.13 N.S.

7 4.80 6.41 P<0.05

0 3.82 3.81 N.S.

Psychro-a
3 3.36 3.21 N.S.

trophic 5 3.78 4.89 P<0.05

7 4.64 6.85 P<0.05

0 3.89±0.20 3.86±0.38 N.S.

Off-odorb
3 3.78 ±0.22 3.26±0.57 P<0.05

5 3.50±0.30 3.46±0.26 N.S.

7 3.28±0.49 2.59±0.80 P<0.05

0 3.05±0.66 2.99±0.25 N.S.

Wt Loss (%) 3
3.19±0.66 3.30±1.21 N.S.

5 2.80±0.68 3.26±1.18 N.S.

7 3.12±1.10 3.71±1.18 N.S.

a
loglo bacterial counts/12.3 cm2.

b
On a 4 point scale: 4 = no off-odor; 1 = extreme off-odor.

N.S. = nonsignificant (P>0.05).
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Table II. 5 Effect of PRP on the mesophilic count, psychrotrophic
count and purge loss of the wholesale cuts subjected to
different storage intervals at -1.6±1°C.

Weeks PRP CON

Level of
Significance

0 1.77 1.42 N.S.
b

Mesophilica
3 4.34 4.32 N.S.

5 4.48 4.29 N.S.

7 5.19 5.90 N.S.

0 1.35 1.20 N.S.

Psychrotrophica 3 3.26 3.41 N.S.

5 4.37 4.34 N.S.

7 5.14 5.95 N.S.

3 2.11±1.04c 1.58±0.47 N.S.

Purge (%) 5 3.54±1.18 1.95±0.79 P<0.05

7 4.44±1.18 3.63±1.49 N.S.

a
logio bacterial counts/12.3 cm2.

b N.S. = nonsignificant (P>0.05).

cmean ±S.D.
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Figure II. 1: Graphic representation of the bacterial counts
of the wholesale cuts subjected to different
storage intervals at -1.6±1°C and steaks displayed
for 5 days. (A---A = CON; o - - -o = PRP).

A = Mesophilic count of wholesale cuts.

B = Psychrotrophic counts of wholesale cuts.

C = Mesophilic counts of displayed steaks.

D = Psychrotrophic counts of displayed steaks.
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APPLIED AND BASIC ASPECTS OF PRERIGOR PRESSURIZATION OF BOVINE

SKELETAL MUSCLE

III. EFFECT OF PRE-RIGOR PRESSURIZATION ON THE ACTIVITY OF CALCIUM-

ACTIVATED FACTOR

ABSTRACT

Bovine semitendinosus (ST) and supraspinatus (SP) muscles were

pre-rigor pressurized (PRP) at 15,000 psi at 37°C for 2 min. The same

muscles from the other side of each carcass were designated as control

(CON). Crude calcium-activated factor (CAF) was prepared from ST and

SP muscles from both PRP and CON at 0 (at-death), 1, and 3 days of

postmortem storage at 2°C. Total CAF activity for the CON samples was

highest in at-death muscles and its activity decreased with postmortem

storage. Total CAF activity of PRP samples was consistently lower than

that of CON samples and did not change during postmortem storage. Myo-

fibrils isolated from at-death ST muscles and at 1, 3, 7 and 10 days of

storage at 2°C were analyzed with sodium dodecyl sulfate polyacrylamide

gel electrophoresis (SDS-PAGE). Myofibrils isolated from PRP at-death

muscles contained a few more bands with a higher intensity than the CON

samples, especially a 95,000-dalton component. After 10 days of post-

mortem storage the 95,000-dalton component appeared in CON samples.

The gradual disappearance of troponin-T and appearance of a 30,000-dalton

component was observed in both CON and PRP samples after postmortem

storage. The rate of these changes was higher in CON samples than PRP.

Although PRP samples have consistently lower CAF activity than CON

samples, it seems probable that PRP caused a transient increase in Ca++
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sufficient to activate CAF for a brief period of time because: 1) PRP

muscle had quantities of a 95,000-dalton polypeptide presumably produced

by CAF very early postmortem; 2) Z-lines were more highly degraded in

PRP than in CON muscle; and 3) the SDS-electrophoretic patterns of

PRP muscle very early in postmortem storage resembled that of CAF-

treated muscle. The low CAF activity in PRP muscle at later times of

postmortem storage may have resulted from autolysis of CAF during the

transient increase in Ca
++

caused by PRP.
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INTRODUCTION

In recent years, due to the increasing pressure of world population

and demand for grain as human food, interest in finishing beef cattle

on forage has dramatically increased. It is generally believed that

forage feeding of cattle will produce meat that has less eating quality,

especially tenderness, than that produced by grain-fed cattle (Bowling

et al., 1977; Smith et al., 1977; Williams et al., 1979). Such a reduc-

tion in eating quality of meat will necessitate introduction of new

tenderizing techniques capable of maintaining tenderness at an accept-

able level to the consumer.

Since 1973, numerous investigators have reported the beneficial

effect of pre-rigor pressurization of meat (Macfarlane, 1973; Elgasim,

1977; Kennick et al., 1980; Schumann, 1982; Koohmaraie et al., 1983a;

Koohmaraie et al., 1983b), especially on meat tenderness (Macfarlane,

1973; Elgasim, 1977; Kennick et al., 1980). However, the mechanism by

which pre-rigor pressurization increases meat tenderness has not been

established conclusively.

Busch et al. (1972) isolated a calcium-activated factor (CAF)

which was purified by Dayton et al. (1976a). CAF selectively removes

Z-lines of myofibrils (Busch et al., 1962; Suzuki and Goll, 1974; Olson

et al., 1977), degrades M-lines (Dayton et al., 1976b, Henderson et al.,

1970) and certain myofibrillar proteins (Dayton et al., 1974, 1975).

Dayton et al. (1976b) reported that CAF requires 1.0 mM Ca++ concen-

tration for optimum activity.

Evidence indicating the possible activation of CAF by pressure

treatment have been reported (Macfarlane and Morton, 1978; Elgasim and
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Kennick, 1982). These include: (1) release of Cale+ (Elgasim and

Kennick, 1982); (2) weakening of Z-lines (Elgasim and Kennick, 1982)

and (3) removal of M-lines (Macfarlane and Morton, 1978; Elgasim and

Kennick, 1982). The current study was therefore conducted to examine

the effect of pre-rigor pressurization on CAF activity and to further

elucidate the mechanism of meat tenderization by pre-rigor pressuriza-

tion.
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MATERIALS AND METHODS

Sample Preparation and Treatment

Samples were obtained from 5 grain-fed steers (525-570 kg live wt)

and 5 utility cows (470-510 kg live wt) slaughtered at the Clark Meat

Science Laboratory, Oregon State University. Supraspinatus (SP) and

semitendinosus (ST) muscles from one side of each carcass were excised

(approx. 35 min. after slaughter), vacuum sealed in Cryovac bags, and

pressure treated at 15,000 psi at 37°C for 2 min. (Kennick et al., 1980).

Matching muscles were left on the other side of each carcass until they

were sampled at appropriate times.

Preparation and Assay of Crude CAF

Crude CAF was prepared from 100 g of at-death muscle and from 100 g

of muscles after 1 and 3 days postmortem storage at 2°C from both

control (CON) and pre-rigor pressurized (PRP) sides according to the

procedure described by Busch et al. (1972) with some modifications.

The muscles were immediately taken to a cold (2°C) room, trimmed free

of fat and connective tissue, chilled in ice, and ground immediatley in

a pre-chilled meat grinder. The ground muscle prepared from CON (at-

death) was suspended in 2.5 volumes of 4 mM EDTA, pH 7.6. For the

ground muscle from the PRP at-death and both CON and PRP days 1 and 3,

a different suspension medium, consisting of 0.17 M Tris-HC1, 4 mM EDTA,

pH 7.9, was used. The suspended muscles were then homogenized in a

Waring blender using three bursts of homogenization, each 30 sec. long.

The suspension was then centrifuged at 6000 Xgmax for 40 min., and the

pH of supernatant was adjusted to 6.1-6.2 with 1 N acetic acid, left at
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0°C for 20 min. and then recentrifuged at 6000 Xgmax for 30 minutes.

The pH of the resulting supernatant was adjusted to pH 4.9-5.0 (iso-

electric precipitation) with 1 N acetic acid and left at 0°C for 20

minutes. The protein obtained after isoelectric precipitation and

clarification (Busch et al., 1972) was dialyzed against 1 mM KHCO3,

5 mM EDTA, 5 mM 2-mercaptoethanol for 18-24 hr. Following dialysis,

the solution was clarified at 105,000 Xgmax for 60 minutes. The super-

natant from this clarification was designated crude CAF.

Crude CAF activity was assayed at 25°C for 30 min. in 100 mM KC1,

100 mM Tris acetate (pH 7.5), 10 mM 2-mercaptoethanol, 1 mM NaN3, 0.1

mM EDTA, 5 mM CaC12, 5 mg/ml casein and 0.25 mg/ml crude CAF (CAF to

casein ratio 1:20). Total reaction volume was 2 ml. Control for enzyme

and substrate accompanied each assay. The reaction was started by

addition of crude CAF, and stopped by addition of 2 ml of 5% trichloro-

acetic acid (Dayton et al., 1976a).

The assay tubes were then centrifuged at 1000 Xg
max

for 30 min. and

the absorbance of the supernatant was measured at 278. Total CAF

activity was calculated as total absorbance units per 100 g of muscle.

Myofibril Isolation

Myofibrils were prepared from CON and PRP ST muscles of 5 utility

cows at 0, 1, 3, 7 and 10 days postmortem according to the procedure

described by Busch et al. (1972) with some modification. After removal

of connective tissue, the myofibrils were washed twice with standard

salt solution (100 mM KC1, 50 mM Tris-HC1, pH 7.6, 5 mM EDTA) plus 1%

(v/w) of Triton X-100 (Goll et al., 1974). Protein concentrations were

determined by the biuret method (Gornall et al., 1949).
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Incubation of Myofibrils with Purified CAF

Myofibrils isolated from at-death ST from CON and PRP samples were

incubated with purified CAF (which was kindly provided by Dr. D.E. Goll,

Muscle Biology Group, University of Arizona) at the ratio of 1:200 (CAF:

myofibril) according to the procedure described previously for measuring

the activity of crude CAF with the exception that casein was replaced

by myofibrils. As before, reaction was started by the addition of CAF

fraction and stopped by the addition of enough 100 mM EDTA to make final

EDTA concentration in each assay tube 10 mM. Myofibrils were incubated

with CAF up to 150 min. at 25°C, and samples were taken for examination

by phase microscopy. Another set of tubes was prepared to be run on

SDS-polyacrylamide gel electrophoresis (SDS-PAGE). In this case, after

incubation with CAF, myofibrils were sedimented at 2000 Xgmax at 2°C.

Sedimented myofibrils were washed three times at 4°C by suspension in

2 ml of 100 mM NaC1 and sedimented at 2000 Xgmax. The sedimented myo-

fibrils were then dissolved by adding 2 ml of 1% SDS and placing in

boiling water bath for 15 min. (Dayton et al., 1974).

Electron Microscopy

Samples for electron microscopy examination were removed from CON

and PRP within 90 min. postmortem and fixed immediately in 3% glutar-

aldehyde in 0.2 M phosphate buffer, pH 7.2, for 4 hr. Samples were then

transferred to fresh phosphate buffer and left overnight. The samples

were then osmofied in 1% osmium tetroxide in 0.1 M phosphate buffer,

dehydrated in 50, 70, 90 and 100% acetone solution and stained with a

saturated solution of uranyl acetate. Specimens were infiltrated,
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embedded in Spur's epoxy formulation and cured overnight at 70°C.

Silver-grey sections were cut, using a diamond knife on a Porter-Blum

MT-2 ultramicrotome, stained with Reynold's lead citrate and examined

with a Philip EM-300 transmission microscope.

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)

SDS-PAGE was conducted according to the procedure described by

Porzio and Pearson (1977).
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RESULTS AND DISCUSSION

The results of total CAF activity for PRP and CON samples are

presented in Fig. III. 1. Total CAF activity for the CON samples was

highest in at-death muscles and its activity decreased with postmortem

storage at 2°C. These results are in agreement with those of Olson et

al. (1977). The CAF activity of the PRP samples did not change with

postmortem storage. CON samples had consistently higher CAF activity

than PRP samples throughout the experiment.

During the past few years the relationship between native CAF and

Ca
++

concentration has been extensively studied (Hathaway et al., 1982;

Mellgren et al., 1981; Suzuki et al., 1981a; Suzuki et al., 1981b).

Suzuki et al. (1981b) reported that Ca
++

concentration of 100 1M, which

is much higher than the physiological concentration of Ca
++

, causes a

rapid autolysis of native CAF which results in the conversion of mM CAF

(native CAF or active at mM order of Ca
++

concentration) to pM CAF

(active at pM Ca++ concentration). However, prolonged autolysis causes

gradual inactivation of pM CAF. Based on these findings, it was sus-

pected that the relatively low level of CAF activity of PRP samples

(Fig. III. 1) could be due to prolonged autolysis of CAF in the presence

of Ca++. Elgasim and Kennick (1982) reported that PRP causes the

release of Ca
++
not only from sarcoplasmic reticulum but also from mito-

chondria. Therefore, it seems probable that at some point during

pressure treatment, Ca++ concentration is within the range of and perhaps

at the optimum level for activation of CAF through conversion of mM CAF

to uM CAF. To test this hypothesis, myofibrils from PRP and CON muscles

were isolated at different days of postmortem storage and analyzed by
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SDS-PAGE (Fig. III. 2). Comparisons of the electrophoretic patterns

of PRP and CON muscles indicate that PRP and CON have similar patterns,

except that PRP muscle contains a few more bands with higher intensity

than CON samples, especially a 95,000-dalton component. After 10 days

of postmortem storage at 2°C, although fainter, the 95,000-dalton com-

ponent does appear in CON samples. A 30,000-dalton component also

appears in CON muscle while troponin-T has disappeared. This gradual

disappearance of troponin-T and appearance of a 30,000-dalton component

is considered as the major change in myofibrillar protein and that CAF

could be responsible for these changes (Olson et al., 1977). The rate

of this change was much slower in PRP muscles as indicated by the much

fainter appearance of 30,000-dalton component which correlates well with

the CAF activity in PRP (Fig. III. 2). With this exception no other

changes took place in PRP samples during postmortem storage at 2°C.

Lack of the 30,000-dalton component in at-death PRP muscle cannot be

interpreted as the lack of involvement of CAF with the tenderizing

effect of PRP treatment. At the present time we have no knowledge

about the 95,000-dalton component (Fig. III. 2). Therefore, it cannot

be concluded whether or not this component originated from a-actinin.

Since the intensity of the a-actinin band remained the same during

postmortem storage, Olson et al. (1977) and Penny (1980) concluded that

postmortem storage had no effect on a-actinin. Results of this exper-

iment indicate that, although the intensity of the a-actinin band

remained the same, a 95,000- dalton component appeared in control samples

with postmortem storage.

Dayton et al. (1975) reported that after 1 min. of incubation of

myofibrils with CAF, 50% of the a-actinin was removed, while 5 min. of
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incubation was required for degradation of C-protein, troponin-I and

troponin-T. As mentioned before, it is possible that at some point

during PRP treatment, Ca++ concentration was at or near optimum level,

which resulted in momentary activation of CAF and brought about the

observed changes in PRP muscle. This possibility was further substan-

tiated when PRP and CON myofibrils were incubated with purified CAF

(Fig. III. 3). The close similarities between electrophoretic patterns

of PRP myofibrils and the CAF-treated myofibrils at the a-actinin level

clearly suggests CAF as the causal factor producing the 95,000-dalton

component in the at-death PRP muscle and also in CON muscles during post-

mortem storage. GAF treatment of myofibrils resulted in similar changes

in both PRP and CON at-death myofibrils. In addition to degradation of

troponin-T by CAF, Dayton et al. (1975) reported that incubation of

myofibrils with purified CAF resulted in removal of a-actinin, C-protein

and to a lesser extent, troponin-I. The results of this experiment

(Fig. III. 3) indicate that CAF also degrades titin (Zeece et al., 1983).

In addition to the above changes an 80,000-dalton component appears in

the CAF treated myofibrils which is absent in untreated myofibrils.

This could be the result of proteolytic effect of CAF on myofibril

proteins with subunit molecular weight larger than 100,000. Although

the effect of CAF on troponin-T is well documented (Dayton et al., 1975;

Olson et al., 1977; Penny, 1980), it has not been reported that

prolonged incubation of myofibrils with CAF results in further degrada-

tion of the 30,000-dalton component (Fig. III. 3).

The ability of CAF to remove Z-lines is well documented (Busch et

al., 1972; Dayton et al., 1974, 1975; Suziki and Goll, 1974; Olson et

al., 1977). Suzuki and Goll (1974) reported that 6 hrs of incubation
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of myofibrils with CAF was required for removal of 85-90% of the Z-

lines. However, ZLlines remaining in the myofibrils after shorter

periods of CAF treatment always appeared fainter than Z-lines before

their complete removal. In order to examine the effect of PRP on the

appearance of Z-lines, phase micrographs of at-death PRP myofibrils,

before and after CAF treatment, were prepared (Fig. III. 4 and 5). CAF

completely removed the Z-lines from both PRP and CON myofibrils. How-

ever, careful examination indicates that PRP myofibrils have Z-lines

which are considerably fainter than those of CON myofibrils. When the

same myofibril preparations were examined by electron microscopy (Fig.

III. 6), Z-lines of myofibrils were found to be considerably degraded

as compared to those of CON.
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CONCLUSIONS

Throughout this experiment evidence was presented which indicates

the possible activation of CAF by pressure treatment. However, PRP

muscles had consistently lower CAF activity than CON muscles. This

could be due to high levels of Ca++ which inhibits CAF activity (Dayton

et al., 1976b). This Ca++ originates from both sarcoplasmic reticulum

and mitochondria (Elgasim and Kennick, 1982). The low level of CAF

activity at the end of treatment is not a true reflection of CAF

activity during the treatment. Evidence is presented of the weakening

of Z-lines by PRP treatment which is the main action of CAF. The close

similarities between electrophoretic patterns of CAF-treated myofibrils

(Fig. III. 3) and myofibrils from PRP at-death muscle (Fig. III. 2) also

indicate the possible activation of CAF by PRP treatment. However,

other evidence which would show the involvement of CAF, such as 30,000-

dalton component, cannot be seen in PRP muscles. Therefore, it is

possible that CAF may not be the mechanism through which PRP enhances

meat quality. PRP may impart its effect upon meat quality through some

other protease(s) or possibly some entirely different mechanism.
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Fig. III. 1: Effect of PRP and postmortem storage at 2°C on total CAF
activity in bovine semitendinosus (ST) and supraspinatus
(SP) muscles (mean ± S.D.). Conditions of PRP treatment:

15,000 psi at 37°C for 2 min.
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Fig. III. 2: SDS-PAGE of CON and PRP bovine semitendinosus muscle
stored at 2°C up to 10 days, using 10% polyacrylamide gel
with 0.1% bisacrylamide (100:1) at 400 mM Tris-glycine,
pH 8.80, 5% glycerol, and 0.10% SDS. Gels 1, 2, 3, 4 and
5 represent CON muscles at 0, 1, 3, 7 and 10 days post-
mortem storage. Gels 6, 7, 8, 9 and 10 represent PRP
muscles at 0, 1, 3, 7 and 10 days postmortem storage.
Note: 1) the presence of the 95,000-dalton component in
the PRP samples from the beginning of the postmortem
storage and its gradual appearance in CON samples (arrow
a); 2) gradual disappearance of tromponin-T (arrow b); and
3) gradual appearance of the 30,000-dalton component
(arrow c).
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Fig. III. 3: SDS-PAGE of CAF treated and untreated isolated myofibrils
from at-death bovine semitendinosus muscle using 10%
acrylamide gel with 0.10% bisacrylamide (100:1) at 400 mM
Tris-glycine, pH 8.80, 5% glycerol and 0.10% SDS. 1 =

untreated CON myofibrils; 2 = CAF-treated myofibrils (15
min. incubation); 3 = CAF-treated myofibrils (150 min. in-
cubation); 4 = untreated PRP myofibrils; 5 = CAF-treated
PRP myofibrils (15 min. incubation); 6 = CAF-treated PRP
myofibrils (150 min. incubation). Note the similarities
between effects of purified CAF and PRP on a-actinin.
Note: 1) degradation of connectin (arrow a); 2) removal
of a-actinin and appearance of the 95,000-dalton component
(arrow b); 3) degradation of troponin-T (arrow c); and
4) appearance of the 30,000-dalton component (arrow d).
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Fig. III. 4: Phase micrographs of myofibrils isolated from at-death
bovine semitendinosus (X2000). a = CON; b = PRP. Note

the faint Z-lines in PRP myofibrils.
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Fig. III. 5: Phase micrographs of CAF-treated myofibrils isolated from

at-death bovine semitendinosus (X2000). a = CON; b = PRP.

Note the disappearance of Z-lines in both.
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Fig. III. 6: Transmission electron micrographs of bovine semitendinosus
muscle sampled and fixed 11/2 hr postmortem. a = longi-

tudinal section from CON; b = longitudinal section from
PRP. Note the disintegrated Z-lines in PRP myofibrils.
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