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Abstract 

Single intact frog skeletal muscle fibers quick
frozen after known time intervals following electrical 
stimulation are examined electron microscopically in 
thin sections, after freeze -s ubstitution , in freeze
fracture/etch preparations, and in cryosections 
prepared for x-ray microprobe analysis. Techniques 
are described to perform thes e operations on a single 
fiber. Notable morphological differences between 
conventionally fixed and cryopreserved muscle fibers, 
and between fibers quick - frozen at different post
stimulation intervals are demonstrated . 
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Introduction 

Recent advances in quick - freezing procedures 
and technology (5,8,9,10,40) suggest approaches for 
es tablishing a direct correlation in a single cell 
between ultrastructural and microchemical alte
rations on the one hand, and corresponding phy
siological eve nts on the other, even as such events 
proceed at very fast rates , as for example in 
excitation -c ontraction-coupling ( ECC) in muscle. 

Here, we describe our first findings concerning 
the ultr as tructure of single intact frog skeletal 
muscle fibers that were quick-frozen at various 
known tim e intervals after e lectrical stimulation, 
and then further processed by freeze -s ubstitution 
and freeze-fracture/etching. We also give an 
accoun t of the techniques and instrumentation which 
we developed for this purpose , including techniques 
th at make it possible to cut cryosections for energy 
dispersive X-ray microanalysis on the same specimen 
from which thin sections and freeze-fracture/etch 
preparations are obtained. In all, our efforts show 
that it is possible to stop and then correlate certain 
ultrastructural and functional events at any chosen 
tim e within a single muscle twitch . 

Materials and Methods 

Definitions, Criteria and Dimensions 
The anatomical nomenclature we employ has 

been published (27). The following abbreviations are 
used: JSR= Junctional sarcoplasmic reticulum . JGs = 
Junctional granules. JPs = Junctional processes. T = 
Transverse tubules. JPits = Junctional pits. SR = 
Sarcoplasmic reticulum. CC = Core cylinder. JM = 
Junctional membrane proper; it is apposed to the T, 
is covered on the outside by JPs and, on the inside 
of the JSR, by the coextensive line= CL (41) which 
is composed of a row of electron densities attached 
to the inside of the J M and staggered with the 
position of the JPs on the outside of the JM, in 
both ske letal (41) and cardiac muscle (12,43). EPMA 
= Electron Probe Microanalysis. QFFsub = Quick
freezing with subsequent freeze-substitution, and 
QFFe = quick-freezing with subsequent freeze 
etching . PS = time interval between the beginning 
of the e lectrical stimulus and the impact of the 
ad vancing edge of the specimen on the copper 
block. Cryoartifacts are thought to be absent when 
the single fibers show none of the features de
scribed in detail be low (see "Cryoartifacts"). 
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Magnifications of the electron micrographs are 
approximations derived from measurements taken 
from 8x10 prints of negatives obtained from a 
routinely calibrated Zeiss l0A electron microscope. 
The Specimen 

Single intact skeletal muscle fibers (between 30 
and 80 micrometers in diameter) are isolated from 
frogs (R. temporaria) obtained from Charles Sullivan 
and Co., Nashville, TN, and kept at 6 °c until used. 
The frogs are double pithed and the ventral belly of 
each semitendinosus muscle is removed, with black 
7-0 silk attached to each tendon on either end. The 
muscle bundles are stored in Ringer's solution at 
least overnight in a refrigerator; such storage seems 
to facilitate isolation of single fibers the next day. 
The muscle is observed with dark field illumination 
under a dissecting microscope. The single fibers are 
isolated by sharp dissection with 1 - 3 mm steel 
knives broken from hard surgical "Prep Blades" 
(Edward Weck & Co. Inc., Research Triangle Park, 
N.C., 27709; cat.# 450205). The knives are either 
glued to wooden handles or fastened in the chuck of 
a mechanical pencil (0. 5 Pen tel), and are dipped in 
melted dental wax (to keep them from rusting during 
storage and to cover all rough edges). During the 
dissection, the emerging single fibers are repeatedly 
monitored for viability by electrical stimulation, and 
the Ringer's solution is frequently changed. A slot is 
cut into each tendon at the fiber's ends. Although 
many are used within hours of their isolation, most 
fibers are stored in the refrigerator for one to five 
days. For each experiment, a single fiber is 
transferred under Ringer's solution to the specimen 
holder, and from there to the "Slammer". 
Quic t -freezing 

The physics and experimental conditions 
governing the process of quick - freezing for suitable 
cryopreservation of biological specimens have been 
discussed in detail in the liter a ture (1,2,3,5,6 ,15,18, 
20,21). For our experiments we have chosen van 
Harreveld's cold metal block method (39), because it 
gives better results than other methods on both 
theoretical and empirical grounds, and also because it 
affords a unique opportunity to determine the precise 
time at which a specimen contacts the coolant. In 
addition, uniform timing and cryopreservation can be 
obtained in very long specimens, such as skeletal 
muscle fibers . Many of the techniques we use have 
been adapted, and then modified, from others 
described in the literature (3,7,9,19,20,21,39) . 
The Quick-freezing Device 

We are using the "Slammer" (Polaron 
Instruments Inc., Hatfield, PA.) (Fig. 1), which is a 
commercial modification of the device described by 
Heuser et al. (10). For our purposes, the electronics 
of the "Slammer" were modified (see below). We have 
retained the mechanical components and the dif
ferential thermometer, the latter providing a rather 
reproducible endpoint, if not absolute temperature, at 
which to release the specimen for its descent toward 
the copper block. At that point the last-second 
twitch-response test (Fig.I) (30) is performed. During 
the copper block's cool-down time (usually about 
three minutes), the specimen is shielded against cold 
He vapors emanating from the copper block by a 
Styrofoam box (Fig.1) which is quickly withdrawn be
fore dropping the specimen. 
The Specimen Holder 

The purpose of the specimen holder (Figs.1 -5 ) is 
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to permit electrical stimulation at known time 
intervals before quick - freezing, and processing of 
the quick-frozen single muscle fibers for a) ultra 
structural analysis following freeze-substitution, b) 
freeze-fracture/etching and, c) EPMA following cry
osectioning. The specimen holder is the same for 
each of these operations, all of which can be per
formed on a single muscle fiber (Fig .4); it consists 
of a Delrin base (Fig. 2) with stimulation and retai
ning wires, a removable aluminum disc with filter 
paper and 20% gelatin (Fig. 3), and a spacer ring. 
After quick-freezing, the stimulation wires are cut, 
the spacer ring is removed, and the aluminum disc 
is pried from the Delrin base. For freeze-substitu
tion, the muscle fiber is separated from the 
aluminum disc by sharp dissection; for 
freeze-fracture/ etching, the aluminum disc with the 
frozen muscle fiber is transferred to a holder that 
fits the Balzers freeze - fracture device, and for 
cryosections to a holder designed to fit the 
Reichert cryoultramicrotome (Fig .4) (25,36). Transfers 
are all performed under liquid nitrogen. 

The Delrin base (Figs.2,5) fits the head piece 
of the "Slammer" . The specimen holder itself must 
be put together with different glues in different 
combinations depending on the nature of the experi
ment. As a general rule: cyanoacrylic glues tend to 
shatter at low temperatures whereas epoxy glues do 
not. 

The aluminum disc (Polaron Instruments Inc.) 
can be clamped on the Delrin base (Figs.2,3) and 
the specimen holders for the Balzers freeze -e tch 
device and the Reichert cryoultramicrotome. It is 
also part of the electrical circuit that records the 
time of impact of the specimen holder on the cold 
copper block (Fig. 5). The aluminum disc is cut to a 
dumbbell geometry to keep it from touching the 
stimulating wires as they emerge from hol es in the 
Delrin base (Fig.3). 

The filter paper (polypropylene filter, Gelman 
Sciences, Ann Arbor, Mich.), rough side up, is 
attached with epoxy glue to the top of the 
aluminum disc. The threads of the fabric from the 
rough side project into the gelatin and, when 
frozen, form a very tough combination that virtually 
eliminates shattering of the muscle fibers later, 
notably when cryosections or freeze-fractures are 
prepared. It is even possible to trim a muscle fiber 
together with the filter paper and frozen gelatin 
(under liquid N2), turn it and clamp it directly into 
the chuck of a Reichert Cryoultramicrotome for 
transverse sections without having to resort to 
c ryoglues (13) . 

The gelatin cushions the muscle fiber against 
being crushed when it slams into the copper block. 
It also covers all potential rough spots on the 
specimen holder with a very smooth and highly 
hydrated surface necessary to keep the fiber alive. 
A few drops of a warm 20% gelatin solution (Gelatin 
Powder, J .T. Baker Chemical Co., Phillipsburg, NJ) 
in distilled water are put on the filter paper on top 
of the aluminum disc. After setting, the apogee of 
the gelatin mound with the muscle fiber should be 
about I mm above the level of the spacer ring that 
will be added later (see below). The gelatin solution 
also contains 2 to 3 drops of carbon black (Carbon 
Black Dispersion #8, Faber Castell Corp., Newark, 
NJ) per 20 ml to provide contrast for better 
visibility of the single muscle fiber. We have 
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Fig. 1: The "Slammer" with binocular swung in for 
last-second twitch - response test, fiber optics for 
illumination (arrow) , dental mirror (arrowhead), and 
Styrofoam shield. 
Fig. 2: Delrin base of specimen ho! der with wires for 
stimulating (arrowheads), holding (arrows), and timing 
(curved arrow). 
Fig. 3: Specimen holder with single muscle fib er 
ready to be dropped for quick-freezing. Gelatin: G. 
Aluminum disc: A. Note meniscus of Ringer's solution 
around stimulating wires and single fiber. 

abandoned agarose as a hydrated fiber cushion (31) 
because it shatters prohibitively when frozen. 

The stimulating wires are Teflon-coated Pt 
wires O .005" m diameter ( Medwire Corp , , Mt. Vernon, 
NY) (Figs.2,3,5). The insulation is removed where the 
wires are coextensive with the muscle fiber. The 
wires are threaded through two very small opposing 
holes in the top part of the Delrin base (Figs. 2, 3) 
and pulled just taut over the gelatin, but without 
cutting into it. They are held in their final position 
by sharply bending them against the outside of the 
Delrin base. For reasons of precise timing, the 
stimulating wires lie a fraction of a millimeter lower 
than the advancing edge of the muscle fiber on the 
gelatin mound. One end of each stimulating wire is 
connected to an appropria t e electrical terminal when 
the specimen head is finally put on the "Slammer". 

The spacer ring (Pol aron Instruments Inc.; 
actua lly , two stuck tog ether) (Fig. 5) is glued with a 
cyanoacry l ate glue (e.g., Crazyglue, Superglue) onto 
the specimen holder last, with a viable single muscle 
fiber already in place. Care must be taken lest the 
glue spread over the wet muscle fiber and destroy it. 
The spacer ring prevents th e muscle fiber from being 
crus hed on impact with the cold copper block, and 
provides enough height for the specimen to clear th e 
screw cap that holds the aluminum disc in th e 
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Fig. 4: Specimen holder fitting the Reichert Cryo 
ultramicrotome. The ridge faced from the frozen 
gelatin contains the single muscle fiber (arrow), 
parts of which can be processed in three different 
ways. The fiber portion underneath the last frozen 
section (arrowhead) is also processed for freeze
substitution. 
Fig. 5: Specimen holder with wiring for electrical 
stimulation a nd registering impact on copper block. 
a) Delrin base, b) timing wire, c) aluminum disc, d) 
filter paper, e) gelatin, f) stimulation wires, g) 
muscle fiber, h) copper block, i) spacer ring. 

Balzers device and the cryoultramicrotome. 
Attaching the Single Fiber to Specimen Holder 

Each isolated single skeletal muscle fiber is 
carefully floated in a dish with Ringer's solution 
onto the gelatin mound of the specimen holder. 
Together, they are lifted from the dish and placed 
under a dissecting microscope. Thin Pt wires 
( 0. 003 "diameter, uncoated Pt wire, Medwire Corp., 
Mt. Vernon, NY), permanently attached to the 
Delrin base (Fig.2) are threaded through slots in th e 
tendons of the muscle fiber. The wires are bent 
over to retain the muscle fiber on the holder in a 
just t aut position (Fig. 3). For technical reasons, no 
attemp ts were made to determine the precise 
sarcomere length. After the single fiber is tested 
for viability, the spacer ring is glued on, and the 
copper block is cooled down. The head piece holding 
the specimen holder with th e specimen is then put 
on the carriage of the "Slammer", upside down, and 
the electrical connections are made (Fig.1). At this 
point, the muscle fiber is covered by a large 
hanging drop of Ringer's solution which is 
frequently replenished. 
Testing Fiber Viability 

With a h and-he ld probe, the viability of the 
single intact skeletal muscle fibers is repeatedly 
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tested during the isolation procedure and, later, at 
every transfer step, by observing that a vigorous all
or-none twitch occurs in response to an electrical 
stimulus applied at any point along the entire length 
of the muscle fiber. Once the specimen has been 
mounted on the holder, field stimulation is 
accomplished through the Pt wires running parallel to 
the fiber, and the threshold voltage is found. A last
second twitch-response test is performed within T1o 
5 seconds of freezing when the copper block has just 
reached operating temperature (30): a dental mirror 
attached to the front of a binocular dissecting 
microscope head is swung beneath the muscle fiber 
(Fig.1) covered by a large hanging drop of Ringer's 
solution. Under direct observation, the Ringer's 
solution is removed with a Pasteur pipette so that 
only a minute amount remains: not enough to 
prohibitively retard the freezing rate, but sufficient 
to sustain an effective electric field for stimulation. 
Ideally, a barely visible meniscus remains around the 
single fiber and the stimulating wires (Fig .3). The 
fiber is then given a final test by stimulating it at 
1.5x threshold voltage. If a vigorous twitch is obser
ved, the binocular is instantly swung out of the way 
and the specimen dropped on the cold copper block. 
We have made no attempt to design instrumentation 
for recording the twitch just prior to impact because 
of the unsuitable geometry of the "Slammer" and the 
magnitude of its mechanical noise as compared with 
the force developed by a single skeletal muscle fiber. 
Electrical Stimulation 

The muscle fiber is stimulated with a Grass 
Instruments Model S48 Stimulator through an 
isolating transformer, using two platinum wires (see 
above) placed 2 mm parallel on either side of the 
muscle fiber. The stimulator is externally triggered 
by the control box (see below). Single twitches are 
elicited by electrical impulses of O. 5 ms duration at 
1.5 x threshold potential. For tetanus, the stimulator 
delivers 50 Hz pulses at 1.5 x threshold potential for 
one second, enough to cover the programmed 
stimulus-to-freezing interval set at O. 9 sec. 

Control box. The specially-built control box is 
used to relate the release of the specimen carriage 
of the "Slammer" to the time of application of the 
electrical stimulus to the muscle fiber, allowing a 
wide range of stimulation-to-freezing intervals to be 
studied. It also provides a means of measuring those 
intervals accurately. 

The stimulus-to-freezing interval is measured 
using a digital timer (Heath Co. Model SM-4100). The 
digital timer is started by the pulse from the control 
box that also stimulates the fiber, and is stopped by 
the pulse generated by a comparator circuit upon 
impact of the specimen on the copper block. The 
sensitivity of the circuit is adjusted such that the 
current passing on closing the circuit is less than 10 
.uA. Any variation in the operating time of the 
release solenoid and in the time taken for the 
specimen carrier to drop (time between release and 
impact) will be included in the measurement given by 
the digital timer: thus, whereas with a constant dial 
setting the stimulus-to-freezing interval may vary 
slightly between successive experiments, in each 
experiment the actual stimulus-to-impact time is 
recorded. The only significant error remaining is the 
possible time difference caused by fortuitous eleva
tions on the gelatin mound that might make contact 
with the copper block and, thus, stop the digital 

timer before the muscle fiber touches the block. 
This possibility is minimized by proper positioning 
of the fiber before quick-freezing. The control box 
itself consists of circuits using type 555 timers. 
There are two basic modes: in mode I (long times 
between stimulation and freezing) pushing the 
START button begins the timing of a "preset inter
val" before the release solenoid is activated. The 
setting of the stimulus-to-freezing interval dial 
determines the time of application of the stimulus 
during the "preset interval". This mode allows the 
stimulus-to-freezing interval chosen to be longer 
than the time between release of the specimen 
carriage and impact with the copper block. 

For stimulus-to-freezing intervals shorter than 
the dropping time of the specimen carriage, the 
control tox is switched to the medium or short 
interval range, Mode II. In this mode the START 
button releases the specimen carriage. A Hall effect 
digital switch activated by a magnet fixed to the 
carriage starts a timing circuit in the control box 
as soon as the carriage begins to move. After an 
interval, preset by the timing dial, the fiber is 
stimulated and, simultaneously, the digital timer is 
started. The timer is stopped by a pulse generated 
when the specimen hits the cold copper block. In 
mode II, the operation of the device excludes any 
variable delays caused by the operation of the re
lease solenoid but would still include variation in 
the time taken for the carriage to drop (e.g., due 
to variation in frictional force). This variation, as 
in mode I, will affect the reproducibility obtainable 
with any given setting of the timing dial but, again, 
since the stimulus-to-impact interval is measured 
independently, does not affect the accuracy of the 
interval measured by the digital timer. 
Processing After Quick-freezing 

Following quick-freezing per se, the specimen 
is transferred to a container of liquid nitrogen. 
Under a dissecting microscope, the spacer ring is 
pried off and the stimulating wires are cut and 
pulled off from the ice. Then, the aluminum disc 
carrying the frozen muscle fiber is transferred to a 
weighted plastic scintillation vial with multiple per
forations for storage in liquid nitrogen. 

For definitive processing, the aluminum disc is 
first moved under liquid nitrogen to the specimen 
holder designed to fit the Reichert cryoultra
microtome (Fig.4) (36). The holder is put into the 
chuck of the microtome at -135°C, and a ridge con
taining the single muscle fiber in its center is faced 
from the frozen gelatin with a glass knife. The 
ridge is divided roughly into three parts (Fig. 4). 
One way of proceeding is to cut cryosections from 
one third of the fiber, then carefully remove the 
adjacent third for freeze-substifution ( see below), 
returning the last third remaining attached to the 
aluminum disc to storage in liquid nitrogen for 
freeze-fracture/etching at a later time. In other 
cases the entire length of the quick-frozen muscle 
fiber is processed in one way only: There are many 
options, due to the relatively great length of 
well-frozen fiber obtainable (up to 8 mm). 

Freeze-substitution. For freeze-substitution 
(31) the frozen muscle fibers are removed from the 
aluminum disc under liquid nitrogen by sharp dis
section with a minute steel knife, and then trans
ferred into a scintillation vial containing about 1 ml 
of a frozen solution of 1% osmium tetroxide in 
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ace ton e beneath a layer of liquid nitrog en. The 
specimens are placed in a - 80°C fr eezer for at least 
24 hours but no longer than 3 days. There after, the 
ace ton e/ OsO4 solution containing on e single fiber is 
poured into a small petri dish insid e a fume hood at 
room temperature. Under a dissecting microscope the 
tissu e is tr ansferred as quickly as possibl e to an 
aqueou s solution of 2% osmium tetroxid e in 0.1 M 
cac odyl ate buffer at 0 - 6 °c, and post-fixed for 1 
1/2 hours, followed by staining in block with 4% 
aqu eous uranyl acetate, dehydr a tion in ascending 
ethanol concentrations, rinsing in propylene oxide, 
and embed ding in Epon 812. The muscl e fiber is cut 
into fragments which are oriented such th at sections 
cover the muscle fiber's entir e thickn ess from th e 
advan c ing to the trailing edge ( See la t er, e .g. fig .15). 
Sections ar e cut with diamond kniv es on a Reichert 
OMU III ultramicrotome and stained on the grid with 
l ea d c itr at e. The fiber portion remaining beneath th e 
l as t cryosection is also process e d for freeze 
sub s titution followed by thin sectioning. 

In a few cases, th e muscle fib e rs wer e 
transferred from a mixture of ace ton e a nd 1% osmium 
tetroxide at -8 o0 c to acetone at 0 to 4°C for a few 
minutes and then embedded in Epon 812 directly 
from th e ace ton e. 

Freeze-fracture/etching. The aluminum dis c with 
the single muscle fib er, or portions th ereof (s ee 
Fig.4), is tr ansf e rred und er liquid nitrog en onto a 
Balzers fourfold specimen tabl e whi ch is then pl ace d 
in th e Balzers BAF 301 freeze-etch device. Th e 
freeze-fracture plane must be within th e u ppermos t 5 
micrometers of th e musc le fib er. All freeze-fracturing 
is performed at - 100°c (as measured by a 
thermocouple on to p of a specimen holder), including 
etching for th ree min ut es followed by Pt/C repli
cation. Pt is evapora t ed with an electron gun. The 
thickness of the film is con t rolled by a quartz mo
n itor . In order to minimize th ermal exposure prior to 
actua l Pt evaporat ion , th e specimen is covered by 
the co ld knife while th e gun is heating. The carbon 
is evapora t ed by resistive hea t ing of carbon rods 
(Balzers Graph it -E lectrod en). When muscle fib ers are 
warmed up af t e r quick-fre ez ing and Pt/C replication, 
ac tomyo sin interaction results in a con tr ac tur e th at 
destroys th e r ep li cas. This is avoid ed by tr ansf e rring 
the still frozen fiber qui ck ly to a bath of partly 
frozen eth ano l (acetone is not effec tiv e) which is 
then allo wed to warm to room t empera tur e in about 
15 minu t es . During that tim e, th e muscle fiber can 
be peeled off from the ge la tin on th e aluminum disc. 
After an additional 15 minut es in ethanol at room 
t empera tur e, which stiffens th e fiber, the replica is 
covered by co llodion and processed as described ear
li er (28). In most specimens, the entir e replica over 
th e tis sue is preserved this way. Sinc e th e fiber is 
rar e ly oriented exactly p ara ll el to the fracturing 
knife, the fr ac ture plane displays a gradient of 
d ep ths within the fiber from which areas fractured 
more superficially can be chosen for analysis. 

Cryosectioning is condicio sine qua non for 
EPMA. The sections are cut from either end of the 
ridg e faced from the gelatin (Fig.4) at - 100°c, and 
as thin as possible (about 200 nm). They are picked 
up by pr essing them between the carbon film of a 
150 or 200 mesh grid and the glass knife, or between 
two cold grids. The sections are numbered as they 
come off the knife, and immediately put into a small 
container made of solid copper which rests in the 
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Fig. 6: Freezing curve (tim e constant: 6.8 ms) from 
th ermoco uple descending and impacting (v e rti ca l 
ar row) on co ld copper block. Hori zont al arrow = 
ooc. There is some bouncing of th e specimen hold er 
after th e initial impact (s ee lower trace). Pr ecoo ling 
is neg! igible. 

well of th e Reichert cryo ultr amicrotome and is kept 
at abo ut -18ooc . After approximately t en numbered 
sec tion s have been cut , th e copper co nt ai ner with 
its lid is transferred to a l ar ge copper co ntainer ( 6 
kg) coo led to, and held a t , liquid nitrog en temper a
ture. This con t ai ner, its lid kept open b y a wooden 
app li ca tor stick, is tr ansferred to a Denton Vacuum 
Evaporator with a vacuum of at least 10-3 mbar. 
The cryosec tion s in the conta in er are freeze-dried 
until th e copper container has warmed up to room 
temperature. The vacuum is broken and the sec tion s, 
with or without an addi tion al carbon coat,are very 
quick ly put into a vacuum for storage. From there, 
individua l sections are t ransferred to, and th en 
viewed and photographed with eit her a JEOL 1200 
EX or a Zeiss l0A elec t ron microscope. The images 
from the cryosec tion s are then compared with ad
jacent thin sections from freeze -s ubstituted fib er 
seg men ts. E P MA on th ese same preparations will be 
th e subj ec t of future communi ca tions. 
Temperature Measurements 

For th e ge neral operation the empirica l 
readings of th e differential th ermome t er are used: 
the specimen is dropped when the th ermome t er is 
close to (but not at) th e NULL position (about 10 -
30K). The wetting by liquid He of th e polished 
copper surface must be av ert ed . 

Measur eme nts were performed to determine 
both ac tu al t emperatur es and rates of precooling 
and freezing. Temperature c hang es ar e meas ur ed in 
a moving thermocouple along its descent up to and 
including its impact on th e polish ed c old copper 
block (Fig. 6) . Copper -co nstant an ( 25 .,um"('.)) ther 
moco uples (Omega Engineering , In c., Stamford,CT) 
connected to a Tektronix 5115 Storag e oscilloscope 
with a Dual Differential Amplifier are pl ace d, just 
lik e the single muscl e fibers, on the gelatin mound 
of a specimen holder attached to th e specimen head 
of th e "Slammer". When the app ropri ate operating 
temp er atur e of the copper block is reached, the 
specimen carriage is dropped . The voltage output of 
the thermocouple is recorded photographically from 
th e oscilloscope, which also displays the impact of 
th e thermocouple on the copper block (Fig.6). It 
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should be emphasized th at it is not possible to 
implant a thermocouple into a living muscl e fiber. 
\Yater-loss Measurements 

There is danger of loss of water from, and 
thus, increase of solute concentration in , the film of 
Ringer's solution covering the muscle fiber prior to 
quick-freezing. In order to gauge the magnitude of 
this possible concentration increase, we measured 
with a microbalance (Cahn 27 Electrobalance) the 
time course of water loss from a specimen holder. A 
droplet of Ringer's solution is put on the gelatin 
mound of an inverted specimen holder, equilibrated 
with the gelatin matrix, and then the excess is 
withdrawn with a Pasteur pipette. The water evapo
ration, expressed in loss of weight, is recorded every 
5 seconds for three minutes. After measuring the 
residual amount of water, the resulting percentag e 
increase in solute concentration per second is cal
culated. 
Conventional Fixation and Processing 

For purposes of comparison, single intact 
skeletal muscle fibers, and minute bundles thereof, 
were processed conventionally also. They were put 
into 3 % glutaraldehyde in 0 .1 M cacodylate buffer 
for three to five hours at room temperature, and 
th en washed in 0 .1 M cacodylate buffer or distilled 
water at 0 to 6 °c overnight, followed the next day 
by dehydration in ascending concentrations of 
e thanol and embedding in Epon 812 or Spurr's resin. 
Sections were cut on a Reichert OM Ill 
ultr amicrotome and viewed with a Zeis s Electron 
microscope EM l0A at 80 kV. 

Results 

General 
Our results are based on the quick -freezing of 

almo s t 500 muscle preparations of which abo ut 350 
were single fibers. Of these about 250 were suitable 
for evaluation. Both t ec hnic al mishaps that precluded 
accura te timing and poor cryoprese rvation accounted 
for experimental failures. The most likely causes for 
poor cryopreservation were: a ) indeterminate and 
unavoidable variations in the size of the water 
jacket remaining around the muscle fibers at the 
time of freezing, b) possible variations in the actual 
temperature of the copper block, c) variations in the 
precise placement of the fibers on top of the gelatin 
mound and, d) frosting of the copper block. Small 
amplitude bouncing of the spring-loaded specimen 
holder on impact with the copper block, which was 
observed on almost every oscillographic record during 
the temperature measurements (see below), had no 
notable effect on cryopreservation ( Fig .6). Cryo
preservation turned out to be excellent even in some 
cases in which the specimen head had come loose 
from its magnetic attachment in a bounce following 
the first impact. 

Temperature measurements show that precooling 
was not a major problem and that freezing rates 
were sufficiently high to account for the superior 
cryopreservation that we obtained. Figure 6 shows a 
temperature record obtained from a 25 .Alm Copper
Const antan thermocouple. It shows that the 
thermocouple temperature remained above freezing 
until the moment of impact with the copper block: 
after impact, the thermocouple voltage dropped with 
a time constant of 6.8 ms (initial cooling rate 39,000 
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0 c Is), the average cooling rate from room tempe
rature to - 100 °c being about 17,000 °cts. 

Water-loss measurements indicate the average 
loss to be 5 micrograms/sec. For the critical holding 
time (up to 5 sec) just before quick-freezing, this 
corresponds to less than a 0 .5 % increase in solute 
concentration, given a residual water jacket around 
the fiber proper of 1 mg. Most actual measurements 
were well above 1 mg, with a mean of 5. 3 and a 
r ange of 0 .8 to 10. 7 mg. These data agree with the 
observation that in most of our muscle preparations, 
transverse tubules, which act as osmometers, were 
not dilated. 
Ultrastructure 

Thin sections after glutaraldehyde fixation 
showed the usual ultrastructure of frog skeletal 
muscle fibers (Figs .7, 9,13) (17,27). The granular 
material inside the JSR and free SR had a random 
distribution. It was not as electron-dense as that in 
quick-frozen muscle fibers and, occasionally, 
revealed cribriform substructures (11,14). CCs (22, 
29), first described in frog seletal muscle fibers 
treated with ruthenium red and other cationic 
substances (23,27,42), were ill defined. The JPs were 
prominent and, under favorable conditions, showed 
their typical substructures. 

Quick-freeze preparations. Freeze-substitution 
followed by thm sectioning yielded electron 
microscopic images within the upper 5 micrometers 
of the fiber almost indistinguishable from those ob 
tained after conventional fixation of muscle fibers 
(Figs. 7- 14). The co ntrast of the stained cell 
components was always uniform throughout the 
thickness of th e fibers. Unit membranes of differ ent 
organelles were well resolved in regions without 
cryoartifacts. 

Cryoartifacts appeared in a gradient of 
increasing severity star ting at the advancing surfa ce 
of the cell, which contacts the copper block 
(Figs.10,12 , 15-18 ). This gradient was helpful in iden 
tifying the nature of the observed structural altera
tions. Cryoartifacts manifested themselves usually 
by the disruption of the orderly geometry of the 
cell constituents, notably the contractile materi al, 
and conisted of clefts of increasing size, usually 
oriented along th e longitudinal cell axis (Figs.12, 
15). Myofilaments and the granular material in the 
SR tended to clump together. Even in regions of 
the cell that were markedly distorted by cryoar
tifacts, the CCs (see below) and the surrounding 
JGs remained visible. Th e JSR appeared hydropic. 
The SR and mitochondrial membranes became an
gular . In the nuclei, the nucleoplasm became foamy 
in appearance. 

Minimal cryoartifacts were very difficult to 
define. The most subtle morphological changes that 
we could detect consisted of alterations in the ar
chitecture of the Z line (Figs.10,16,19) (21). How
ever, we were able to accept this criterion as valid 
only in the face of its total absence in regions in 
which perfect cryopreservation could in fact be 
demonstrated (Figs.10 , 12,16,18) . Next in sensitivity, 
another change occurred in the alignment of the 
myosin filaments, especially at the A/ I junction 
(Figs.12, 15,17 , 29). We judged, as one must, the 
quality of cryopreservation electron microscopically 
at high power as can be appreciated in Figs. 17 and 
18. Although the low power picture of fig .17 would 
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Fig. 7: Conventional glutaraldehyde fixation. Both the 
junctional (arrowheads) and the free SR (arrow) have 
a fluffy, granular content of low electron -density. 
Bar: 0.5µm. 

Fig. 8: Quick - frozen freeze-substituted (QFFsub) 
unstimulated muscle fiber with very electron-dense 
granular contents and prominent septate CCs 
(arrows) .Bar:0 .5µm. 

Fig. 9: Conventional glutaraldehyde fixation showing 
JSR with JPs (arrowheads), as well as Z-line 
architecture (Z); cf. Fig.10. Bar: 0.2 .,um. 

3 15 

Fig. 10 : QFFsub.10.5ms post -s timulation (PS). CC 
(arrowheads) connecting with peripheral halo 
(slanting arrow), JGs (asterisk), CL (between 
opposing arrows), and earliest cryodamage in Z line 
(arrows in bracket). Bar: 0.2 pm . 

Fig. 11: QFFsub. 0.47 ms PS. CC (arrow) in JSR and 
JPs (arrowheads). Inside the JSR, the JPs that 
define the JM proper of the JSR, are matched by 
the CL, a staggered row of similar densities 
(between opposing arrows). Bar: 0.2µm. 
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Fig. 12 : QFFsub . 15.5 ms PS. Excellent cryo
preservation over unusual distanc e ( from top of 
picture to abo ut th e row of mitochondria, see in se t) . 
The CCs in th e JSR are very prominent. Bar : 1 ,um . 
Inset: High e r magnification t o show CCs (a rrow) , 
grad ient of Z lin e alterations, and occasiona l SR 
co ll apse ( arrow head ) , which also occurs in th e tot al 
absence of cryoartifac t s ( not show). Bar : 1 ,um . 

sugg es t superb cryopreserva tion throughout th e 
thi ck ness of th e fiber, th e preservation, ac tuall y, 
l eaves much to be desired when viewed with high er 
power (Fig .18). Most of our prepar ations had a zone 
of from 1 to 5 and, rarely, up to 10 micrometers 
( Fig .1 2) without Z lin e or myosin filament 
alterat ion s . 

In some instances, ther e were focal, sharply 
c ircumscribed accumulations of rather l arge cryo
art ifac t s at the impact surfa ce of the fiber with 
exce ll ent cryopreservation undern ea th and next t o 
them. Other fibers ha d such accumu l ations deeper 
inside th e ce ll . In neither instanc e did we find the 
ca u se for it. 

The sarcoplasmic reticulum ( SR) was essen ti all y 
simi l ar to the corresponding images from 
co nv e ntion all y fixed muscle fibers (Figs. 7- 11). As 
with co nv en tion al fixation, both JSR and free SR 
con t ained large amount s of el ectron-dense granular 
ma t eria l (Figs. 7 - 16) . In th e JSR of quick-frozen fibers, 
how ever, thi s material (th e JGs; ref.27) was arranged 
in a c harac t eris ti c pattern: it often formed a rosette 
(Figs.19-22) with an electron-lucent halo just 
underneath the SR membrane, and an el ectron -lu cen t 
reg ion in the shape of an eccen tri c, round or flat
t en ed cy lind er (CC,Figs.8,10,12,19,21,24) (29) in th e 
co r e of th e JSR near th e jun ction al membrane (JM) 
proper , i.e. where the JSR abut s th e transv erse 
tubule (Figs.10,11,24). CCs were an invari ant featur e 
of the JSR in the abs en ce of any evidence of 
cryoartifacts eith e r in th e JSR or in ad j acen t struc -
tures. At its ends, the CC appeared co ntinuous with 
the peripher al halo (Fig s.1 0,21,24) surrounding th e 
e lectron - dens e granular material in th e JSR (29) . In 
cr oss sections, th e CCs displ ayed either a ci rcular 
( Figs . 19, 21) or a fl ared (Figs .10, 21, 24 ) profile . In 
longitudinal sections th e CCs were segmented (Figs. 
8,16,24). Overall , there was c onsid era bl e variation in 
the geometric expression of th e CCs . The perimet er 
of the CCs inside th e JSR co rrespond ed, roughly, to 
the lo ca tion of th e JPits on th e E faces of the JSR 
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Fig. 13: Conv entional glutaraldehyde fix ation. Not e 
loo se granular materi al in SR. Cf. Fig .14 . 
Bar: 0 .5 ,um. 

Fig. 14: QFFsub. Unstimulated. Very dense granular 
materia l in the SR. Note typic al Z lin e arc hitectur e 
excep t for so me di s tortion s ( as t er isk) perhaps du e 
to fiber impact on copper block. Bar: 0.5 ,um. 

as seen af t er freeze-fracture (cf.Figs.2 3,25,2 6, 31) 
(29). The JPs (Figs.11,19, 20) co uld not be distin 
guished from those observed aft er glutaraldehyde 
fixation (Fi g .9) . They were often co nic al in shape, 
and occasionally tou c hed th e cy topl asm ic surfa ce of 
th e plasma membrane, which sometimes showed 
dimples in register with the JPs. Several of th e JPs 
were found to have elec t ron-l u cent cores (17). 

Collapse of th e SR (34) was found foca ll y and 
random ly distributed m intact unstimu l ated fibers 
(Fig.12) as well as after various time intervals 
following stimu l ation , including t e t anus, i.e. it was 
unre l at ed to th e ti me course of ECC (24) . In intact 
fibers such foci were very few in number and very 
sma ll in s iz e; in dam aged fibers th ey were l a rge and 
common . 

The co ntra c til e mat erial was very well 
resolved, in c luding the cross bridges and their pe
riodicit ies, eve n in fairly thi ck sec tion s th at were 
not especia lly designed to s tudy cross bridges in 
detail (F igs. 27,28 ). Although we made an ef fort to 
posi ti on th e fib ers straight and just t aut, in many 
cases they emerge d curv ed af t er th e imp ac t on the 
copper block (Fig.1 2). Whereas su c h curv ature did 
lead to loss of resolution , preliminary optical dif 
fraction studies hold great promise for th e futur e 
elucida tion of changes in cross bridge geometry at 
known time points during a single twit c h (cf. Figs. 
12,27,28) (cf.32, 38). 

The Z lin e geometry depend ed on the plane of 
sec tioning but was, in aggregate views, 
indistinguishable from its ap pe a rance in 
conven tionally fixed materi al (e .g . , Figs. 9, 10, 12, 
14, 27, 28, 29). The significance of slight distortions 
in th e structure of the Z lin es has be en mentioned 
above . 

Oth er organelles did not show morphological 
differences from those in c onvention ally prepared 
muscle fibers . The c lumping of the nuclear hete
ro chrom atin and th e l amellar whorls of bits of 
membranes that are often seen in glutar aldehyde 
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Fig. 15: QFFsub. 3.7 ms PS . In creasing cryoartifacts 
starting at the advancing surface of the fiber 
(asterisk). Only the upper two micrometers are free 
of any cryoartifacts (cf. Fig. 16). Bracket: see Fig . 
16. Bar: 5,um 

Fig. 16 : Higher power of region marked in Fig. 15. 
Note earliest cryoartifacts (arrows) . Bar: 0 .5 .,um. 

Fig. 17: QFFsub.11.7msPS. "Excellent" (cf. Fig.18) 
cryopreservation in low power from the advancing 
(bacteria) to the far surface. Bar: 5 ..um. 

Fig. 18 : High power of advancing surface in Fig. 17 
showing early cryoartifacts (arrowheads). Bar: 
0.5 ,um. 

Fig. 19: QFFsub. Unstimulated. A triad with JGs 
delineating rosettes, CCs (arrows) and a peripheral 
halo (arrowhead). Transverse tubule: T. Bar: 0.2).lm . 

Fig. 20: QFFsub. l0ms PS. Tri ad . Prominent rosette 
formation of JGs. JPs: arrowheads. CL: arrow. Bar: 
0.2 ,um. 

Fig. 21: QFFsub. Unstimulated . Note CCs and rosettes 
of JGs. One CC flares into the peripheral halo 
(arrow). Bar: 0.2 µm. 
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Fig. 22 : QFFe. 0.5ms PS. Note rosette formation. 
Bar: 0.2 ).lm. 

Fig. 23: QFF-fracture. Unstimulated. Note JPits 
(arrows). Transverse tubule: T. Bar: 0 .2 ,um. 

Fig. 24: QFFsub. 1.5 ms PS. CC: arrows. Note that 
the topography of the CC roughly matches that of 
the JPits (cf. Fig. 23). The JGs show a cribriform 
pattern (c-with arrow). Bar: 0.2pm. 

Fig. 25 : QFFe. 0.6 ms PS. Triad with transverse 
tubule (T), JSR and its JM (arrow) with periodic 
connec tions (arrowhead) to T. The CL has a 
periodic architecture (bracket) with connections 
(thin arrows) to luminal face of the JM proper that 
are staggered with the JPs on the outside 
(cf.Fig .2 6). The JM also shows a peculiar square 
array of pits, particles and ridges just above and to 
the rightofthethinarrows (cf.Fig.26). Bar: 0.2µm. 

Fig. 26: Higher power of array of pits, particles and 
ridges (arrows) above and to the right of thin 
arrows in Fig.25. The array appears to be part of 
the luminal portion of the J M, immediately adjacent 
to the JPs and subjacent to the JP its. Bar: 0 .2 pm. 



R. Nassar et al. 

320 



To Quick -F reeze Stimulated Frog Skel etal Muscle 

Fig. 27 : High power of a region of Fig. 12 . Brackets 
s how myofilaments with cross bridges in this routine 
sec tion. Bar: 0.5 ,um. 

Fig. 28 : QFFe. 0.5 ms PS. Note myosin filaments 
showing lateral extensions suggesting cross bridges 
(brackets). Z line Z. Glycogen asterisk. 
Bar:0.5pm. 

Fig. 29: QFFsub. Tetanus. Note low contrast, fluffy 
granular material in JSR and free SR. CCs and CL 
hardly visible. Note the detailed rendition of actin 
and myosin filaments. Bar : 0.5µm . 

Fig. 30 : QFFsub . 6 ms PS. Note highly electron-dense 
material in JSR and free SR. CC and CL prominent 
at arrows. Bar : 0.5 ,um . 

fixed tissue were absent in quick-frozen freeze
substituted muscle fibers. 

Myo-neural junctions were well preserved in 
several preparations. The junctional gap was uniform 
in width, which did not differ from that observed 
after conventional fixation. There were not enough 
samples to study differences in the geometry of the 
myo - neural junction following different time intervals 
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a fter stimulation. 
Freeze-fracture preparations after 

quick-freezing, with some notable exce ptions , were 
essentially indistinguishable from those performed 
af t er slow freezing in the presence of 
cryoprotectants. We hav e not as yet obtained 
fractures that provided face views of the JPs as 
shown, for example, in isolat ed triads, especially 
a fter rotary shadowing ( 4). 

In the sarcoplasmic reticulum , in both the 
tubular and c1sternal forms (35), the intra
membranous particle distribution in both JSR and 
free SR matched that found in conventional pre
parations: the P faces were densely studded with 
particles and the E faces were smooth. The JPits on 
the JSR were not seen very often but were promi
nent when present, especially in tetanus. 

The contractile material was well delineated 
and the pattern of the various bands could be 
distinguished clearly. Cross bridges were suggested 
by some sculptured extensions of the myosin fi
laments. 

Freeze-etching after quick-freezing produced 
replicas that revealed considerably more detail than 
those obtained from conventional cryoprotected 
freeze - fracture or unetched quick -freeze prep a -
rations (Figs.28,31,32). 
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Fig. 31: Quick-frozen freeze-etched single fiber 
( QFFe). Tetanus. Note staggered row of JP its 
(arrows) and moderate cryoartifacts at Z lines (Z) 
and A/I junctions. Bar: 0.5 )Jm. 

Fig. 32: QFFe. Unstimulated. Superb cryopreservation, 
including the Z lines, A /I junctions and actomyosin 
with the cross bridges. A few deep pits in the JSR 
and free SR (arrows) and a rosette in the JSR 
(arrowhead). M lines: M. Bar: 0.5 ,um. 

Fig. 33: QFFsub. Unstimulated. Junction from which 
frozen sections (Fig .34) were cut (arrows). Bar: 1,um. 

Fig. 34: One (the fourth) out of nine consecutive 
c ryosections from the same fiber. Bar: 1 ,um. 

In the sarcoplasmic reticulum , the E faces 
showed a few randomly distributed deep pits of 
approximately 13 nm diameter, especially over the 
JSR . Significantly, a few pits were also seen on the 
E faces of the free SR (Fig .32). JPits in their usual 
geometry and location were seen infrequently but 
more often than in freeze-fracture (i.e., unetched) 
preparations (Fig.31). 

In one case (Figs.25,26), interesting sub
structures in a triad were exposed by freeze - etching 
(unidirectional shadow) following quick-freezing. In 
addition to sculptured images corresponding to the 
coextensive line with its extensions toward the 
luminal side of the JM (12, 41,43), there was a faint 
square lattice close to the JPs, consisting of 
particles, ridges and pits. The lattice was part of the 
luminal portion (i.e. part of an E face) of the JSR 
envelope and was apparently confined to the JM 
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proper. 
The contractile material, in short stretches , 

showed striking three - dimensional representations of 
th e g eometry of act in and myosin filaments, 
including the cross bridges (Figs.28,32). In some 
ar eas, surface features sugg·esting a helical architec 
ture were observed. Elsewhere, the interfilamentous 
spac e c ontained structures reminiscent of chevrons 
that emerged more clearly after rotary shadowing 
(not shown). Often there was excellent replication 
of the Z line architecture. A, I and H bands as well 
as M lines could be identified (Figs.28 , 31,32) . In 
contrast to conventional freeze-etch preparations, 
after quick - freezing followed by etching, intracel 
lular glycogen was very prominent (Figs. 28,31,32). 
Minimal cryoartifacts were difficult to evaluate in 
freeze-fracture preparations, although the Z line 
changes seen in freeze-substituted material could 
also be identified in freeze-etch preparations 
(Fig .31). 
Stimulated vs. Unstimulated Fibers. 

There were a few striking differences between 
stimulated and non-stimulated muscle fibers after 
freeze - substitution and freeze-etching, respectively. 

1. Freeze-substituted muscle fibers frozen 
during tetanus displayed much less electron-density 
in their JGs than was observed in fibers that 
received a single electrical stimulus or in 
unstimulated fibers (cf.Figs.29,30) (24). This faint, 
foamy material was very prominent also in the free 
SR of tetanized fibers. The CCs were difficult to 
make out, perhaps because of the reduced contrast 
overall (24). A similar consistent pattern was not 
discernible when comparing unstimulated fibers with 
others frozen after different time intervals 
following a single stimulus. Although under the 
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l att er conditions there were some notable differences 
in the electron - density of the SR contents from one 
experiment to the next, the absence of X-ray mi
c roprobe data and rigorous contro l of section 
thickness and staining procedures makes any 
interpretation, however t anta lizin g, inappropriate at 
thi s time. 

2. Freeze-etching following quick-freezing after 
s timul ation revealed the E faces of the JSR and free 
SR to have a few prominent pits of about 13 nm 
diameter. Such pits are only rarely seen on the JSR, 
and never on the free SR, in either unetched or 
conventional, cryo-protected (e.g. glycerol) 
preparations. The pits seem to be increased in muscle 
fibers frozen during th e first ms, especially in one 
case in which the SR was studded with pits of about 
13 nm in diameter ( 3 3) . There were differences in 
the number of pits in the JSR and free SR within 
different regions of one fiber and from one equi
valent fiber to the next. The P faces were occupied 
by a dense population of particles, but devoid of lar
ge, or aggregates of small complementary particles 
th at might match the E face pits mentioned above. 
Cryosectioning 

Cryosectioning was achieved adjacent to 
freeze-substituted portions of the muscle fibers 
(Figs.33,34). The relative position of th e cryosections 
with respect to the advancing edge of the fiber was 
gauged by numbering the sections consecutively and, 
in some instances, by the fortuitous, if unsanitary, 
display of contaminating bacteria marking the surface 
of both thin sections and the adjacent cryosections 
(not shown). The high-resolution freeze-substituted 
thin sections provided a highly sensitive criterion for 
gauging the state of cryopreservation in adjacent 
cryosections that by their nature permit only low 
resolution. 

Discussion 

Our experiments have shown that isolated single 
intact skeletal muscle fibers can be quick-frozen 
with excellent cryopreservation at specific time 
intervals following electrical stimulation. Segments of 
each quick-frozen single muscle fiber can be 
investigated by 1) high resolution electron 
microscopy following freeze-substitution, 2) freeze
fracture/etching and, 3) EPMA after cryo-sec t ioning. 
Quick-freezing with freeze-fracture/etching and cry
osectioning is the preparative technique of choice for 
maintaining the morphology of a living cell closest to 
its in vivo state for electron microscopic viewing. 

Single intact skeletal muscle fibers were used 
because they can be identified positively and t ested 
individually for viability seconds before freezing and, 
therefore, give assurance that th e timing of the 
impact of th e fiber on the co ld copper block and all 
subsequent structura l and microchemical examina ti ons 
apply to one particular, sing le, live fiber. 

The superior cryopreservation was accomp lish ed 
by using an optimal quick-freezing method and was 
unr el ated to the size of the specimen. Given, th at 
only a few micrometers of amorphou s ice are formed 
below th e surface, th e diameter of a single skeletal 
muscle fiber is effective ly infinite by comparison. 
The specimen holder was made of Delrin, both for 
e lectrical insulation and th erma l isolation of the very 
small mass of the specimen from a potentially large 
he at sink . The latter may be an important conside-
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ration especially when liquid coolan t s are employed. 
Earlier we had experimen t ed with single fibers and 
obtained good cryopreservation when th ey were sus
pended on wooden app li ca tor sticks and th e n 
manually th rus t into "supercooled" Freon 22 (34). 
However, when in preparation for elec tric al 
stimulation, we suspended single muscle fibers on Pt 
wires instead, cr yop reserva tion was inv aria bly poor. 
We conc lud ed th at this was probably due to th e 
disproportionately large heat sink (represented by 
the Pt wires) in direct therm al contact with the 
sma ll mass of muscle fiber, and to th e related fact 
that the Pt wires, and not the muscle fiber, actually 
made the first contact with the liquid coo lan t. This 
experience led to the successful u se of wooden 
instead of copper specimen holders in a recent 
study (16) . Ideally, th e specimen hold er should be 
very small in mass and of low heat conduc tivity , 
whereas th e coolant must have opposite properties. 
Very high coo ling rates resulting in excellent 
cryopreservation can only be reached when a 
specimen is placed such that its region of interest 
(to the exc lusion of any other structure, e .g. , 
stimulating wires, gelatin mound, etc.) is first to 
make con t act with a coo lant of both large heat 
capacity and high thermal conductivity. A liquid 
He-cooled copper block serves that purpose best in 
addition to allowing precise timing of the impact of 
the muscle fiber after stimulation. By comparison, 
these requirements are difficult to meet with a 
li quid coolant because the geometry of its meniscus 
at first contact with the specimen is a) 
indeterminate and b) prohibitive of a heat 
conductivity comparable to th at of a l arge cold 
copper block at th e instant of con t act. 

Our initial observations reported here clearly 
demonstrate that conven t ional fixatives,glu
taraldehyde in particular, preserve the in vivo 
morphology of skeletal muscle fibers very well as 
judged by comparing freeze-fracture and freeze-etch 
images obtained after quick - freezing and after 
chemical fixation. 

Nevertheless, some striking morphological 
differences were noted between chemic al fixat10n 
and quick -freezing followed by freeze-substitution. 
In most quick-frozen freeze-substituted muscle 
fibers the JGs in both th e JSR and free SR were 
very electron - dense, unveiling consistent sub
structures in the JSR, such as the "CCs", the "pe
ripheral halos", and the "rosettes". Unless 
contras t ed with cer t a in cationic substances 
(23,27,34,42), in conven tion al, chemically fixed 
muscle ce ll s, the JGs appeared more homogeneous 
and were much les s intensely stained . The CCs, 
which are not seen in conven ti ona ll y fixed skeletal 
muscle preparations, can now be recognized as an 
inv arian t ana tomic al feature of normal frog skeletal 
muscle JSR. Although one might disregard th eir ear
li er descriptions because of th e presence in these 
experiments of certain exo ti c cations (23,27,42) or 
cryoartifacts (21), our studies confirm the main 
geometric features of the CCs in the abse nce of 
both, even as they had been established already in 
th e abse nc e of freezing (23,27,42) . The varying pro
minence of th e CCs may reflect 'frozen' manifesta
tion s of a ca tion - lo aded versus a ca tion -de pleted 
state of the JGs which might be obscured by con
ventional c hemica l fixation. Quick-freezing followed 
by freeze-substitution, howev er, and quite apar t 
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from the possible fate of diffusible elements under 
those conditions, might preserve time-dependent, 
cation-induced structural rearrangements that could 
enhance the electron-density of the J Gs. It is inter 
esting to note that whereas the rosettes seen in thin 
sections following freeze-substitution were imaged 
with considerable fidelity in freeze-fracture/ etch 
preparations, the CCs were not. CCs were seen at 
most post-stimulation intervals so far studied. 

Some morphological differences were found also 
in cells quick -frozen at different post-stimulation 
intervals. For example, muscle cells quick-frozen in 
tetanus were commonly distinguishable from unstimu
lated cells or cells that had been quick-frozen at 
various time intervals following electrical stimulation: 
in tetanus, the JGs were significantly less electron 
dense than at most other post-stimulation intervals 
so far tested, and the SR often seemed somewhat 
distended. One might expect to see similar images 
immediately following a single stimulus and before 
calcium returns to the SR. But , although among our 
muscle preparations following a single stimulus there 
were some in which the J Gs looked similar to those 
seen in tetanus, many more experiments at different 
stimulus - to-freezing intervals, controlled by EPMA, 
are needed to strike a persuasive correlation between 
electron-density of the JGs and the timt at which 
calcium is released from, or returned to, them fol 
lowing an electrical stimulus. 

Our quick-freeze preparations after various 
post-stimulation intervals, including tetanus, have 
confirmed the presence of JGs in many regions of 
the free SR (29) as is found in conventionally fixed 
striated muscle cells (23 ,26,27, 34). Evidence exists 
that the JGs in the JSR represent calsequestrin. But 
since, electron microscopically , there is nothing to 
distinguish the J Gs in the JSR from those in the free 
SR, including the cytochemical demonstration that in 
both locations they carry a prominent negative 
charge (23,34), the JGs in the free SR may, in fact, 
be calsequestrin as well. Evidence presented earlier 
(26,34,35) suggests the possibility that the JGs in the 
free SR are actually representative of a substantive 
material, e.g., a protein, which can move freely, if 
randomly, within the lumens of the SR. In the case 
of calsequestrin this would be an interesting property 
in view of its presumed binding (reversible?) to the 
SR wall. As in the case of SR collapse (24), our pre
sent methodology will, eventually , permit the 
correlation of the spatial distribution of J Gs in the 
free SR with the time course of ECC. 

Collapse of small SR segments was occasionally 
found, randomly it seemed, in unstimulated fibers and 
after various post-stimulation intervals, including te
tanus. It was unrelated to the time course of ECC 
and, perhaps, is due to transitory, local osmotic 
gradients. The attending fusion of the opposing inner 
lamellae of the SR envelope's bilayer into one, re
mains a fascinating, unexplained phenomenon 
reflecting some unknown in vivo property of SR 
membranes in general; it is not confined to the 
intermediate cisterna. 

In a few experiments we have processed the 
freeze-substituted quick-frozen muscle fibers from 
cold acetone/ osmium tetroxide directly to Epon em
bedding. Without exception, the resolution of all 
components of subcellular structures, especially their 
membranes at high power, was not as good as with 
our routine procedure. The reason for the excellent 
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rendition of structural detail which we obtained in 
all of our preparations is, perhaps, the fact that 
after freeze-substitution the tissue is effectively 
rehydrated in OsO4 in aqueous cacodylate buffer at 
about 0- 10 °c. Dehydrated proteins are quite 
denatured. Rehydration may restore their secondary 
and higher order geometries and, in addition, 
uncover hydrophilic groups to which osmium tends 
to bind, resulting in added contrast. The 
imperceptible transitions in the continuous gradient 
of increasing sizes of cryoartifacts from the 
advancing to the trailing edges of the single muscle 
fibers mitigate against the possibility that 
rehydration affects the loci of ice crystals in a 
secondary way resulting in their occurrence being 
masked. 

The abundance of pits which we found in a 
few freeze-etch preparations on the E faces of the 
SR in single fibers quick-frozen within the first ms 
following stimulation (36) defies explanation at the 
moment. Many more fibers will have to be studied 
before a final judgment can be made, and before 
artifacts can be ruled out. 

The propagation of excitation along the 
transverse tubules has an important influence on the 
time course of physiological events taking place 
between electrical stimulation and freezing. The 
comparison of frozen sections with the adjacent 
freeze - substituted portion of the muscle fiber will 
provide a reasonable estimate of the distance of 
each processed portion of the fiber from its surface; 
it will be very close given the spatial limits for ex
cellent cryopreservation (1 - 5 micrometers). Such an 
estimate of distance will be facilitated even more by 
tr ansverse frozen sections which are possible 
without the use of cryoglues (see above). We have 
ab andoned using cryoglu e (heptane) since we 
suspected that even at - 100 °c they seemed to alter 
th e intramembranous particle distribution (un 
published observations). The impact of geometry on 
the time resolution of structural events taking place 
ov er distance can be dealt with by changing the 
mode of stimulation, e.g., point vs. field stimulation, 
and then following the spread of excitation at 
different points along the entire length of the 
fiber's surface. The impact on time resolution of 
shortening the duration of the electrical stimulus 
from 0.5 ms, which was used in all present 
experiments, to O .1 ms and below needs to be 
explored. 

The quality of cryopreservation, and precision 
with which freezing following stimulation can be 
timed, offers an opportunity to study acto-myosin 
interactions during a single muscle twitch 
(Figs.12,27-30) (32). One of the difficulties that will 
have to be overcome is the fiber distortions 
occurring at impact with the copper block, as they 
diminish the clarity of signals recorded by optical 
diffraction. This problem may be amenable to 
appropriate computer assisted image processing. 

The present report has described the feasibility 
of a number of techniques and procedures for 
studying the morphology of single intact frog ske
letal muscle fibers at known time intervals after 
electrical stimulation. The proper use of these tech
niques will most likely lead to a description of 
additional anatomical features, including cross bridge 
geometry, that may appear at specific times during 
ECC. Most importantly, with these techniques we 
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shall be able to explore the time course of 
microchemical events during ECC. 

Acknowledgments 

The excellent technical ability of Mrs. Elsa 
Scherer was crucial to the success of our studies. 
The contributions of Dr. Susan Walker and Mrs. Judy 
Orser in the very early stages of the pr ese nt 
investigations are appreciated. We are very grateful 
to Drs. Iwazumi and Gonzalez - Serratos for showing 
one of us (JRS) how to isolate single intact skeletal 
muscle fibers; indeed, we have adopted some of the 
arrangements of the equipment that they use. We are 
most grateful to Dr. Diane and Marion Hatchell for 
the use of their cryoultramicrotome, and we cherish 
the many exchanges of experiences with Drs. Avril 
and Andrew Somlyo. We thank Drs. Clara Franzini
Armstrong and Joe Costello for their generous 
critiques and encouragement at various ph ases of the 
research . Mr. Jesse Shields deserves credit for 
skillfully making and remaking some of the 
equipment, and often adding to its design as we went 
along. We thank Mr. Jay Benbow for having kept the 
electron microscopes in top shape over all those 
years. Finally, we should like to extend our deep 
appreciation to Teres a Sprinkle for th e superb 
photographic, and to Nancy Hall for the superb 
secretarial work. 

We appreciate the permission to reproduce 
figures 2 3 and 33, modified from figures 2 of ref. 2 9 
and 1 of ref. 37, respectively. 

The results of these investigations have been 
reported, in part, at the following occasions: 22nd 
and 23rd Ann. Meeting of the ASCB, 1982 and 1983, 
respectively; 41st, 42nd and 43rd Annual Meeting of 
the EMSA, 1983, 1984, and 1985 , respectively; FASEB 
Meeting, 1985; 13th European Conference on Muscle 
an d Motility, 1984; Biophysical Society Annual 
Meeting, 1986; FASEB 1986. 

This research was supported by NIH grant ## 
HL- 12486, HL-33680 and th e Veterans Administration 
Research Service. 

References 

1. Bald W.B. (1982) Optimizing the cooling block for 
the quick freeze method. J. Microsc. 131,11 -23. 

2. Costello M.J., Fetter R.and Corless J.M. (1984) 
Optimum conditions for the plunge freezing of 
sandwiched samples. In: The Science of Biological 
Specimen Preparation. J. - P. Revel, T. Barnard, and 
G .H. Haggis (eds.). SEM Inc., AMF O'Hare (Chicago), 
IL 60666, pp.105-115. 

3. Escaig J. (1984) Control of different parameters 
for optimal freezing conditions. In: The Science of 
Biological Specimen Preparation, J . - P. Revel, T. 
Barnard, and G.H. Haggis (eds.) , SEM Inc ., AMF 
O'Hare (Chicago), IL 60666, pp.117-122. 

4. Ferguson D.G ., Schwartz H .W. and Franzini-Arm 
strong C. (1984) Subunit structure of junctional feet 
in triads of skeletal muscle: A freeze-drying , 
rotary-shadowing study . J.Cell Biol. 99,1735-1742. 

5. Frederik P.M., Busing W.M. and Persson A. (1982) 
Concerning the nature of the sectioning process. J. 

Microsc.125, 167 - 175. 

6. Frederik P. M., Busing W. M. and Persson A. (1984) 
Surface defects on thin cryosections. Scanning 
Electron Micros c. 1984; II :433- 443. 

7. Hagler H.K., Burton K.P., Greico C.A. and Buja 
L.M. (1980) Techniques for cryosectioning and 
X-ray microanalysis in the study of normal and 
injured myocardium. Sc an ning Electron Microsc. 
1980; II:493-498 . 

8. Heuser J.E. (1978) Quick-freezing to catch the 
membrane changes that occur during exocytosis. 
35th Annual EMSA Meeting, Claitor's Pub!. Div., Ba
ton Rouge, LA, 676-679. 

9. Heuser J., Reese T.S., Dennis M.J., Jan L.Y., 
Evans L. (1979) Synaptic vesicle exocytosis captured 
by quick-freezing and correlated with quanta! trans
mitter release.J .Ce ll Biol. 81,275-300. 

10. Heuser J.E., Reese T.S., Landis, D.M.D. (1976) 
Preservation of synaptic structures by rapid 
freezing. Cold Spring Harbor Symp. Quant. Biol. 40, 
17-24. -

11. Jewett P.H., Sommer J.R., Johnson E.A. (1971) 
Cardiac muscle: Its ultrastructure in th e finch and 
hummingbird with special reference to the sar
coplasmic reticulum. J .Cell Biol. 49,50-69. 

12. Johnson E .A., Sommer J .R . (1967) A strand of 
car di ac muscle: Its ultrastructure and the 
el ec trophy s iologic implications of its geometry. 
J .Cell Biol. 33,103-129. 

13. Karp R.D., Silcox J.C., Somlyo A.V. (1982) 
Cryoultramicrotomy:Evidence agains t melting and the 
use of a low t empera tur e glue. J. Microsc. 125, 
157-165. -

326 

14. Kelly D. (1969) The fine structure of skeletal 
muscle triad junctions. J. Ultrastr. Res. 29,37-49. 

15. Kopstad G., Elgsaeter A. (1982) Theoretical 
analysis of specimen cooling rate during impact 
freezing and liquid -jet-freez ing of freez e-e tch 
specimens. Biophys.J 40, 163 - 170. 

16. Masters S.K., Bell S.W., Ingram P., Adams D.O ., 
Shelburne J .D. (1979) Preparative techniques for 
freezing and freeze -sectioning macrophages for 
energy dispersive X-ray microanalysis . Scanning 
Electron Microsc. 1979; III: 97-102. 

17 . Peache y L., Franzini-Armstrong C. (1984) 
Structure and function of membrane systems of 
skeletal muscle cells. In: Hdb. Physiol., Chpt. 2: 
Skeletal Muscle. Eds. L. Peachey, R. Adrian, S. Gei 
ger . Am. Physiol. Soc., Bethesda, MD, pp. 23-71. 

18. SchwabeK.G.,TerraccioL. (1980) Ultrastructural 
and thermocouple evaluation of rapid freezing 
techniques. Cryobiology 17 ,571 - 584. 

19. Sjostroem M., Thornell L.E. (1974) Preparing 
sections of skeletal muscle for transmission electron 
microscopy (TE M) of diffusible elements. J. Microsc. 



To Quick - Freeze Stimulated Frog Skeletal Muscle 

103, 101 - 112. 

20. Somlyo A .V ., Shuman H., Somlyo A.P (1977) 
Elemental distribution in striated muscle and the 
effects of hypertonicity. Electron probe analysis of 
cryosections. J. Cell Biol.74, 828-857. 

21. Somlyo A.V., Shuman H., Somlyo A.P. (1981) 
Electron probe analysis of cardiac, skeletal and 
vascular smooth muscle. In: Microprobe Analysis of 
Biological Systems. T. Hutchinson, A.P. Somlyo, 
(eds). Academic Press New York, NY , pp. 103-126. 

22. Somlyo A. V., Gonzalez-Serratos H., Shuman H., 
McClellan G., Somlyo A.P. (1981) Calcium release and 
ionic changes in the sarcoplasmic reticulum of teta
nized muscle : An electron-probe study. J .Cell Biol. 
90, 577 - 594. 

23. Sommer J .R. (1982) The anatomy of the 
sarcoplasmic reticulum in vertebrate skeletal muscle: 
Its implications for excitation-contraction-coupling. 
Zeitschr. Naturforschg. 37':_,655-678. 

24 . Sommer J .R. (1983) Collapse of the sarcoplasmic 
reticulum in quick-frozen intact single frog skeletal 
muscle fibers . J .Ce ll Biol. 97 ,262a. 

25. Sommer J .R. (1985) Quick-freezing with high time 
resolution of fast physiological events. Proc. E MSA 
1985, San Francisco Press, CA, pp.6-9. 

26. Sommer J.R., Johnson E. A. (1969) Cardiac 
muscle. A compara tive ultrastructur al study with 
spec ial reference to frog and chicken hearts. 
Z .Ze llfschg. Mikroskop .Anat. 98 ,437-468. 

27. Sommer J.R., Johnson E.A. (1976) The 
ultrastructure of cardiac muscle. In: Hdb. Physiol., 
Sect. 2. The cardiovascular System. Vol I, The Heart , 
(ed.) R. Berne, Am .Phy s iol. Soc. Chpt. 5, pp. 113-186. 

28. Sommer J.R., Waugh R.A. (1976) The 
ultrastructure of the mammalian cardiac muscle cell. 
Am. J. P ath. 82, 192-232. 

29. Sommer J.R., Nassar R., Scherer, E. (1983) The 
core cylinder in the junctional SR of single intact 
skeletal muscle fibers of the frog after 
quick-freezing: Its topography. Proc . E MSA 1983 , 
Claitor's Publ. Div., Baton Rouge, LA, pp. 648-649. 

30. Sommer J.R., Nassar R., Taylor I. (1983) Last 
second twitch-response test of single intact skeletal 
muscle fibers prior to quick-freezing after various 
stimulation intervals. Proc .E MSA 1983, Claitor's Pub!. 
Div., Baton Rouge, LA, pp.526, 527. 

31. Sommer J.R. , Nassar R, Walker S. (1982) To 
quick-freeze muscle at various intervals after 
stimulation. J .Cell Biol. 95, 365a. 

32. Sommer J.R., Nassar R., Walker S. (1983) Side 
bridge geometry after quick-freezing of stimulated 
and unstimulated frog skeletal muscle fibers. Proc. 
E MSA 1983, Claitor's Pub!. Div., Baton Rouge, LA, 
pp.464,465. 

33. Sommer J.R ., NassarR., Wallace N.R. (1984) The 

327 

SR of skeletal muscle: its structure after 
quick-freezing and freeze-etching following field 
stimulation of single intact fibers. Proc. E MSA 1984, 
San Francisco Press, CA, pp.300,301. 

34. Sommer J.R., Wallace N., Hasselbach W. (1978) 
The collapse of the sarcoplasmic reticulum in 
skeletal muscle. Ztschr . Naturforschg .33c ,561-573. 

35. Sommer J .R., Wallace N .R., Junker J. ( 1980) The 
intermediate cisterna of the sarcoplasmic reticulum 
of skeletal muscle. J.Ultrastr.Res.71, 126- 142. 

36. Sommer J.R.,Taylor I., Wallace N.R., Nassar R. 
(1985) Thin sections, freeze-fracture and frozen 
sections for X-ray microprobe analysis from a single 
quick-frozen skeletal muscle fiber after electrical 
stimulation. Fed.Proc. 44, 1373. 

37. Taylor I., Ingram P., Sommer J.R. (1985) The 
"Kimwipe" -e ffect in ultra-thin cryosections. Proc. 
EMSA 1985, San Francisco Press, CA, pp.458,459. 

38. Tsukita Sh., Yano M. (1985) Actomyosin 
structure in contracting muscle detected by rapid 
freezing. Nature 317, 182-184. 

39. Van Harreveld A., Crowell J., Malhotra S.K. 
(1965) A study of extracellular space in central 
nervous tissue by freeze - substitution. J .Cell 
Biol.25,117 137. 

40. Van Harreveld A., Trubatch J ., Steiner J. (1974) 
Rapid freezing and electron microscopy for the 
arrest of physiological processes. J. Microsc. 100, 
189 - 198. -

41. Walker S.M., Schrodt G.R., Edge M.B. (1971) The 
density a tt ac hed to the inside surface of the 
apposed sarcoplasmic reticular membrane in the 
vertebrate cardiac and skeletal muscle fiber. J. 
Anat. 108, 217-230. 

42. Wallace N. (1976) Cation-induced "fusion" of 
the sarcoplasmic reticulum of frog sartorius muscle. 
Thesis. Duke University, Durham, NC . 

43. Waugh R .A., Sommer J .R. (197 4) Lamellar 
junctional sarcoplasmic reticulum. A specialization of 
cardiac sarcoplasmic reticulum. J .Cell Biol. 63, 337-
343. -

Discussion with Reviewers 

G.M. Roomans: It would be very interesting to see 
whether the elemental composition of the single 
isolated fibre after storage would be the same as 
that of the fibre in situ. Have you done any 
preliminary experiments on this point or are you 
planning to do such measurements? 
Authors: No such experiments have been done but 
are planned as part of attempts at delineating all 
possible background noise. 

G.M. Roomans: The criterium you use to judge the 
quality of the freezing is very stringent, more 
stringent than the commonly used criterium of 'no 
visible ice crystal damage'. You may be perfectly 
right in adopting this more stringent criterium. 
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However, this makes the figures you give for the 
well frozen part of your material difficult to compare 
with those given by others using the criterium of 
'no visible ice crystal damage'. Could you either 
using the criterium of 'no visible ice crystal damage' 
compare your data with those reported by others, or 
do the same thing using your own criterium? 
Authors: This is the crux of the matter, clearly. At 
the moment, "Quality" of freezing can only be 
surmised 1. by determining the geometry of the 
physical state of ice and extrapolating from it the 
distortions it might create in tissue with known 
dimensions and properties and, 2. by the absence of 
any distortions in tissue after freezing. In either 
case, a standard for comparison is needed. The only 
one available to us is the structure of muscle after 
chemical fixation in the hydrated state as compared 
with, say, x-ray diffraction data of living muscle. 
Such comparisons, including recent optical diffraction 
data on freeze-substituted muscle following timed 
quick-freezing, show good agreement. Freeze-fracture 
replicas made below 140 °c could serve as additional 
standards for directly studying the structural effects 
of quick-freezing, allowing for problems of resolution 
especially in the absence of etching. Given these 
constraints, our criteria are no different in nature 
from those used by others, except that we exclude 
even very delicate structural alterations. Moreover, 
we can gauge the quality of cryosections by 
comparing them with adjacent thin sections from 
freeze-substituted muscle fibers. The Z line altera
tions that we use as a criterion have already been 
pointed out by Somlyo et al. We have contributed the 
new evidence that there is a state after optimal 
quick-freezing (as opposed to conventional fixation) 
in which Z line alterations, too, are absent and that, 
therefore, such alterations do represent artifacts 
secondary to preparatory procedures in which 
quick-freezing is a part. An obverse situation is ob 
tained in the case of the so-called "core cylinders". 
These, too, have been pointed out before in quick 
frozen preparations by Somlyo et al. However, we 
now show that they exist in muscle also in the 
absence of any evidence of artifactual distortions. 
This agrees with our earlier observation that "core 
cylinders II occur in chemically fixed skeletal muscle 
as well, even if only in the presence of certain 
cations. It is within that context that the "core 
cylinders" can be viewed with greater confidence as 
normal structures of muscle. Without this independent 
evidence in conventionally fixed, non-frozen muscle, 
"core cylinders" might be assumed to represent yet 
another, even more sensitive level (than the Z line 
damage) of response to the freezing process, per se, 
displayed by this particular portion of the JSR. All 
of which suggests that more rigorous, universal 
criteria to define cryoartifacts must still be deve
loped, especially since the degree to which tissue 
itself may have a cryoprotectant effect is still poorly 
understood. Such knowledge is central to all 
arguments concerning the physical state of water at 
certain freezing rates and temperatures in, and its 
effect on, tissue. As of now in each case judgments 
are only useful within the framework of stated 
definitions, criteria and dimensions. 

H.K. Hagler: How much degradation of ultrastructure 
is to be expected from the formation of crystalline 
ice in the specimens as they warm during the freeze 
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substitution process? 
Authors: We don't know (see above). 

J. Tormey: Does PS refer to the time after the end 
of a single pulse? Were all pulses O .5 ms in 
duration? 
Authors: The impulse that starts stimulation of the 
fiber also starts the timer. All impulses were of O .5 
ms duration. 

J. Tormey: In light of the experience of others, it 
is curious that you obtain good structural 
preservation in freeze-substituted material only 
when you osmicate in aqueous solution. What are 
your images like when you avoided aqueous os
mication? Is it possible that the aqueous fixation 
was necessary to reverse and thereby mask freezing 
artifacts? 
Authors: The absence or presence of cryoartifacts 
was not influenced by the treatment following 
freeze-substitution. Actually, the imperceptible 
transitions in the gradient of cryoartifacts from the 
advancing to the trailing edge of the muscle fiber 
would suggest that the treatment of the fiber after 
quick-freezing preserves existing states, rather than 
reverses cryoartifacts in one region of the fiber 
differently from that in another. Our comments 
concerning the quality of structural preservation 
following post-fixation in aqueous osmium tetroxide 
after freeze-substitution apply to the quality and 
consistency in the rendition of ultrastructural detail 
at high magnifications (such as unit membranes, 
cross bridges, filamentous cell components). Our 
experience, albeit limited, with the other method of 
processing did not compare favourably. Nevertheless, 
we do submit that rehydration may reverse artifacts 
caused by dehydration, although we do not know 
whether, or to what extent, old artifacts may be 
retained or new ones introduced this way; it might 
be recalled that many isolated acetone-dried 
proteins regain their original structural configura
tion, as well as their function, upon rehydration. 
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