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ABSTRACT This study was undertaken to evaluate
directly the relationship between evolution of irrevers-
ible myocardial injury induced by hypoxia in an iso-
lated papillary muscle preparation and the develop-
ment of pathophysiological alterations related to
severely impaired membrane function. An ionic lan-
thanum probe technique was employed as a cyto-
chemical marker to monitor the progression of cellular
injury, and data from this cytologic technique were
correlated with ultrastructure and measurements of
contractile parameters in a total of 67 muscles sub-
jected to control conditions or to graded intervals of
hypoxia with or without reoxygenation. Marked de-
pression of developed tension and rate of tension
development occurred after 30 min of hypoxia. Con-
tractile function showed significant recovery with
reoxygenation after 1 h and 15 min of hypoxia but
remained depressed when reoxygenation was provided
after 2 or 3 h of hypoxia. Examination by trans-
mission and analytical electron microscopy (energy
dispersive X-ray microanalysis) revealed lanthanum
deposition only in extracellular regions of control
muscles and muscles subjected to 30 min of hypoxia.
After hypoxic intervals of over 1 h, abnormal intra-
cytoplasmic and intramitochondrial localization of
lanthanum were detected. After 1 h and 15 min of
hypoxia, abnormal intracellular lanthanum accumula-
tion was associated with only minimal ultrastructural
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evidence of injury; muscle provided reoxygenation
after 1 h and 15 min of hypoxia showed improved
ultrastructure and did not exhibit intracellular lan-
thanum deposits upon exposure to lanthanum during
the reoxygenation period. After 2 to 3 h of hypoxia, ab-
normal intracellular lanthanum accumulation was asso-
ciated with ultrastructural evidence of severe muscle
injury which persisted after reoxygenation. Thus, the
data support the conclusion that cellular and mem-
brane alterations responsible for abnormal intracellu-
lar lanthanum deposition precede the development of
irreversible injury but evolve at a transitional stage in
the progression from reversible to irreversible injury
induced by hypoxia in isolated feline papillary
muscles.

INTRODUCTION

Previous studies of hypoxic and ischemic myocardial
injury have identified several factors which could be
responsible for initiation of the irreversible phase of
myocardial injury (1). These factors include prolonged
acidosis (2), release of lysosomal enzymes (3, 4), mito-
chondrial failure (5, 6), and certain types of plasma
membrane alterations, including severe functional
abnormalities in membrane permeability and struc-
tural defects in membrane integrity (1, 7). Neverthe-
less, definitive information has not been obtained
regarding the mechanism(s) responsible for transition
from reversible to irreversible myocardial injury. The
present study was undertaken to evaluate directly the
relationship between initiation of irreversibility and
development of pathophysiological alterations related
to severely impaired membrane function. To study this
relationship, an ionic lanthanum probe technique was
employed as a cytochemical marker of the progression
of cellular injury induced by graded intervals of hy-
poxia with or without reoxygenation in isolated papil-
lary muscles (8-13). Development of the lanthanum
probe technique was based on previous studies which
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have characterized the response of normal myocardium
to lanthanum (14-21). The major physiological effect
of lanthanum, a trivalent ion with electrochemical
properties similar to calcium (14), is excitation-con-
traction uncoupling associated with displacement of
calcium from superficial binding sites (15-19). Several
ultrastructural studies have shown that lanthanum
selectively binds to the basal lamina-plasma membrane
complex and is not visualized ultrastructurally within
normal cardiac muscle cells (17-21). These previous
studies indicate that abnormal ultrastructural localiza-
tion of lanthanum intracellularly can serve as a cyto-
chemical marker of pathophysiological alterations in
injured myocardium. In the present study, an isolated
papillary muscle preparation was employed so that
direct evaluation could be made of the interrelation-
ships between cellular alterations resulting in ab-
normal lanthanum deposition and the evolution of de-
rangements in ultrastructural and contractile parame-
ters resulting from progressive myocardial injury.

METHODS

67 papillary muscles were obtained from the right ventricles
of cats anesthetized with sodium pentobarbital (30 mg/kg).
Mean cross-sectional area of the muscles was 0.92+0.05
mm? SEM. Three muscles were excised and tied on tooth-
picks to maintain normal stretch and were fixed directly for
electron microscopic study. 64 muscles were excised and
placed in a bath chamber containing a physiological salt
solution, pH 7.3-7.4, consisting of 140 mM NaCl, 4 mM KCl,
2.5 mM CaCl,-2H,0, 1 mM MgCl,-6H,0, 18 mM glucose, and
3 mM N-2-hydroxyethylpiperazine-N'-2-ethane sulfonic
acid (Hepes, Calbiochem, San Diego, Calif.) (16). Osmolality
of the solution was 291 mosmol. The solution was bubbled
with 100% O, and kept at a constant temperature of 29°C.
Muscles were held between spring loaded clips with one clip
attached to a tension transducer (UC2 Statham Instruments,
Inc., Oxnard, Calif.) and were stimulated with impulses 20%
above threshold and of 5 ms duration and at 5-s intervals
through platinum electrodes placed parallel to the long axis
of the muscle (11, 12). A 1-h stabilization period preceded
each intervention. During this time, the length of the muscle,
at which maximal tension was developed (L max),! and the
threshold for the muscle were determined. The parameters
of resting tension (RT), developed tension (DT), the rate of
tension development (+dT/dt), and time to peak tension
(TPT) were recorded on a Hewlett-Packard direct writer
(model 7700, Hewlett-Packard Co., Palo Alto, Calif.). Con-
tractile parameters were measured in all 64 muscles, and
results were evaluated statistically with Student’s two-
tailed paired t test; differences were considered to be sig-
nificant when P < 0.05. Hypoxia was produced by removal of
the 100% O, from the system and by bubbling the salt solu-
tion with 100% N,. The PO, of the solution declined from
approximately 500 mm Hg (control) to a value of <40 mm Hg

! Abbreviations used in this paper: DT, developed tension;
+dT/dt, rate of tension development; L max, length of muscle
at which maximal tension is developed; RT, resting tension;
STEM, scanning transmission electron micrograph; TEM,
transmission electron micrograph, TPT, time to peak tension.
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within 10 min; the pH remained in the range of 7.3 to 7.4
throughout the experiments. Of the 64 muscles, 18 controls
were maintained in oxygenated medium for 1-3 h after
initial stabilization; 19 muscles were subjected to hypoxia for
30 min-3 h after initial stabilization, and 27 muscles were
subjected to hypoxia for variable intervals and then reoxy-
genated. 8 control, 11 hypoxic, and 23 reoxygenated mus-
cles were exposed to lanthanum (La) by replacing the standard
Hepes solution with a similar solution containing 5 mM LaCl,
for the last 30 min-1 h in the bath (19). Reoxygenation
studies involved reoxygenation with 100% O, for 30 min
followed by an additional hour in oxygenated medium contain-
ing La. Long term reoxygenation studies of 5 h before La
exposure also were performed.

Electron microscopic examination was performed on 14
control, hypoxic, or reoxygenated muscles not exposed to La
and on 42 control, hypoxic, or reoxygenated muscles exposed
to La. Fixation for electron microscopy was initiated by im-
mersion of the muscles in a modified, half-strength Karnov-
sky’s fixative, i.e., a mixture of 2% paraformaldehyde and
2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4), while
the muscles were still held between the clips at L max. After
initial fixation, the muscles were removed from the clips and
were divided into small samples which were given additional
fixation in the aldehyde solution (20, 22). The fixatives did not
contain La. Three muscles obtained directly and not subjected
to in vitro study also were fixed by immersion in aldehyde
solution. Fixation was followed by a buffer wash of 0.2 M
sucrose in 0.1 M cacodylate. Some pieces of each muscle
were postfixed in 1% OsO, in 0.1 M cacodylate (pH 7.4), and
other samples for analytical electron microscopy were left
unosmicated. Muscles were then dehydrated in a graded
series of alcohols and propylene oxide and embedded in
epon-araldite (22).

Sections approximately 1 um thick were cut, stained with
toluidine blue, and examined by light microscopy. After
study of the 1-um sections, representative areas from super-
ficial subendocardial sites were selected for ultramicrotomy.
Only superficial sites within 100-200 um from the endo-
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FIGURE 1 Effect of hypoxia on contractile parameters of

isolated cat right ventricular papillary muscles. The data
were obtained before the introduction of 5 mM lanthanum
chloride and are expressed as per cent of the control value
obtained for each muscle at the end of 1-h stabilization period
before the onset of hypoxia. All data points (mean+SE) are
significantly different (P < 0.05) from control values. Hypoxia
induced rapid and marked depression in DT and +dT/dt but
resulted in only mild depression in TPT.
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cardial surface were chosen to evaluate regions within maxi-
mal exposure to La. For routine transmission electron
microscopy (TEM), ultrathin silver sections (=600-700 A
thick) of osmicated tissue were cut, mounted on copper grids,
and stained with uranyl acetate and lead citrate or left un-
stained. Sections for scanning transmission electron micros-
copy (STEM) were cut in the gold range (1000-1200 A) from
both osmicated and unosmicated tissue, left unstained and
carbon coated. Sections were viewed with a JEOL 100C
transmission electron microscope equipped with a JEOL
high resolution scanning attachment (JEOL USA, Medford,
Mass.) (ASID) and a Kevex 30 mm?, 158 eV resolution,
lithium-drifted silicon, energy dispersive X-ray detector
(Kevex corp., Burlingame, Calif.) placed within 20 mm of
the specimen through the objective pole piece (23). Analyses
were performed for 30 s, and X-ray counts were processed
through a Tracor Northern NS 880 multichannel analyzer
(Tracor Northern, Middleton, Wis.) operated at 20 eV/channel
(23). The tissue was examined for elemental content of
various mitochondrial densities and for the presence of La
in extracellular and intracellular locations (23, 24). Docu-
mentation of the presence of La and other elements in the
spectra was determined by a multiple least squares regression
analysis using reference spectra prepared from single crystal
samples (23, 25). The analyses of spectra were performed
with the DEC PDP 11/05 computer-based Tracor Northern NS
880 unit. The limit of elemental detection of energy dis-
persive X-ray spectroscopy has been reported to be 1 ag (25).

RESULTS

Contractile parameters. Isolated cat papillary mus-
cles placed in a muscle bath with an oxygenated

medium continued to contract with stimulation and
showed no significant change in contractile parame-
ters. With the onset of hypoxia, contractile parameters
began declining immediately (Fig. 1). Significant
changes (expressed as percentage of control values
+SE) (P < 0.05) were noted in DT, +d7T/dt, and TPT.
After 30 min of hypoxia, DT and +dT/dt had declined
to <30% of normal, whereas TPT showed a mild de-
crease (Fig. 1). Resting tension (RT) fell to 79.0% of
normal at 1 h and then became mildly increased at 2
and 3 h. After exposure of control muscles to La, DT
dropped =75% within a few beats and then declined
more gradually to virtually zero over 5-15 min. The
marked depression of DT was associated with a de-
layed gradual elevation of RT. Hypoxic muscles de-
veloped similar changes in DT and RT upon exposure
to La, but cessation of DT, which was previously de-
pressed by hypoxia, occurred after only 1-2 min.
Reoxygenation data showed that muscles reoxy-
genated after 1 h and 15 min of hypoxia generally
showed recovery of contractile parameters, whereas
after 2-3 h of hypoxia little recovery was evident. Re-
oxygenation after 1 h and 15 min of hypoxia resulted
in significant partial improvement in DT (Fig. 2) and
+dT/dt after 30 min and returned to levels close to
control values after 5 h of reoxygenation. With
muscles exposed to hypoxia for 2-3 hours, DT and

n=3
100 = |NTERVAL OF HYPOXIA SN
3 1h 15min E32h Em 3h
80 + *Significant End Hypoxia Comparison
60 -
Percent
Control
=10 n=8 2’5
p<.001p<.°°'|? 001
N o S
20 | % I
30 Minutes End 30 Minutes 5 Hours
Hypoxia Hypoxia REO2 REO>

FIGURE 2 Effect of reoxygenation on the contractile parameter of developed tension after 1 h
and 15 min, 2 h, and 3 h of hypoxia. Data are expressed as per cent of control values (mean+SE)
at various intervals of hypoxia or reoxygenation. Results of statistical comparisons with control
values are shown for each experimental measurement and significant comparisons with end
hypoxia values are also included for the reoxygenation data. Reoxygenation after 1 h and 15
min of hypoxia resulted in significant partial recovery of DT at 30 min and a return to control
values after 5 h. Reoxygenation after 2-3 h of hypoxia did not result in significant recovery.
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+dT/dt remained markedly depressed after 30 min of
reoxygenation (Fig. 2). Muscles exposed to 2 h of
hypoxia and then reoxygenated for 5 h showed signifi-
cant, mild improvement in DT, but the change in
+dT/dt was less and not statistically significant com-
pared to end hypoxia values. Both DT and +dT/dt,
however, remained significantly below control values
even after prolonged reoxygenation of the 2-h hypoxic
muscles (Fig. 2). TPT was found to be significantly
depressed during hypoxia and significantly increased
after 30 min of reoxygenation for muscles exposed to 1
h and 15 min-2 h of hypoxia; after prolonged reoxy-
genation, TPT again approached control values. Reoxy-
genation of muscles hypoxic for 3 h was not associated
with the typical prolongation of TPT observed after
reoxygenation of the 1-2-h hypoxic muscles. The mild

elevation in RT observed after 2-3 hours of hypoxia
was reversed upon reoxygenation.

Ultrastructure of control, oxygenated muscles.
Muscles fixed after 1-4 h in the bath appeared similar
to those muscles fixed directly after excision and
showed normal ultrastructure as previously described
(26). In muscles exposed to La, electron-dense de-
posits consistent with La deposition were apparent
only in extracellular locations. These electron-dense
deposits were observed in stained and unstained sec-
tions of osmicated or unosmicated material (Figs. 3 and
4). The La deposits were localized to the basal lamina
(glycocalyx) of the plasma membranes and within adja-
cent pinocytotic vesicles, intercalated discs, and T
tubules.

Small dense granules with typical features of normal

FIGURE 3 Control, oxygenated muscle. (A) TEM of a stained osmicated section of muscle
maintained for a total of 4 h in oxygenated medium and exposed to 5 mM La during the last hour.
The tissue is compact and free of edema. The muscle cell contains glycogen granules (G). The
myofibrils are fixed at L max and exhibit prominent A, I, and Z bands. The mitochondria contain
numerous, small, electron-dense, normal matrix granules (arrowheads). Electron-dense inclu-
sions consistent with La deposits (arrows) are limited to the extracellular space and are con-
centrated along the glycocalyx. x26,400. (B) TEM of an unstained osmicated section of muscle
maintained for 4 h in oxygenated medium and exposed to 5 mM La during the last hour. Aggregates
of electron-dense material consistent with La deposits (arrows) are better appreciated along the
plasma membrane and in pinocytotic vesicles. Electron-dense, normal, mitochondrial matrix

granules also are prominent. x40,000.
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FIGURE 4 Control, oxygenated muscle. (A) STEM of an unstained, unosmicated section of
muscle exposed to 5 mM La. Myofibrils (MF) and mitochondria (M) are identified. Electron-
dense deposits are limited to the glycocalyx. The mitochondrial matrix granules no longer
exhibit selective electron density in this unosmicated section; compare with Fig. 3. x39,300.
(B) Typical X-ray spectrum obtained from microarea over the plasma membrane shows that the
electron dense deposits contain lanthanum, phosphorus, and, possibly, trace amounts of sulphur.
The chlorine peak is from the embedding medium and the silicon peak is related to contamina-
tion during analysis. (C) Typical X-ray spectrum obtained from a microarea within a muscle cell

mitochondrion shows no detectable lanthanum.

mitochondrial matrix granules (13, 26) were prominent
in control papillary muscles whether or not the muscles
were exposed to La (Fig. 3). Electron density of the
matrix granules was apparent in unstained as well as
stained sections of osmicated tissue examined by rou-
tine TEM or STEM (Fig. 3). Selective electron den-
sity of the granules, however, was diminished or not
apparent in unstained sections of unosmicated tissue
examined by STEM (Fig. 4).

Analytical electron microscopy revealed prominent
La peaks (La 4.65 keV and LB 5.04 keV) in the elec-
tron-dense deposits along the plasma membranes and
other extracellular sites (Fig. 4). Areas of La deposi-
tion also were associated with prominent phosphorus
peaks (Ka 2.01 keV). Other elements detected, in-
cluding chlorine and silicon, were related to the em-
bedding medium and instrumentation employed (23—
25). No foci of intracellular La accumulation were de-

Lanthanum Probe Studies of Hypoxic Myocardium

tected. In particular, no La peaks were obtained
from normal mitochondria or myofibrils (Fig. 4).
Ultrastructure of hypoxic muscles. After 15-30
min of hypoxia, muscle cells showed generally well
preserved ultrastructure (Fig. 5). Although focal mild
edema, focally decreased glycogen content, and an
occasional increase in lipid droplets were observed,
the most striking alteration was an apparent wide-
spread loss of the normal mitochondrial dense osmio-
philic granules. In many areas, however, small round
matrix structures corresponding to the granules could
still be identified, and some of these structures ex-
hibited focal electron density around their peripheries
(Fig. 5). These findings were observed in osmicated
sections of tissue with or without exposure to La. In
muscles hypoxic for up to 30 min, La deposits re-
mained confined to the extracellular space (Fig. 5).
With intervals of 1 h and 15 min-3 h of hypoxia,
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FIGURE 5 Muscle subjected to 15-30 min of hypoxia. (A) TEM of a stained, osmicated sec-
tion of muscle rendered hypoxic for 15 min and not exposed to La. The muscle cell is not edematous
and contains abundant glycogen (G). The normal mitochondrial matrix granules show decreased
osmiophilia with increased electron density remaining only at the periphery (arrowheads);
compare with Fig. 3. X41,600. (B) TEM of an unstained osmicated section of muscle subjected to
30 min of hypoxia in medium containing 5 mM La. Electron-dense deposits of La remain confined
to the extracellular space and are localized to the glycocalyx of the plasma membrane and within
a T tubule (arrow). The normal matrix granules (arrowheads) of the mitochondria show a com-
plete absence of selective electron density; compare with Fig. 3. x34,100.

intracellular as well as extracellular deposition of La
was detected by TEM and confirmed by analytical
electron microscopy (Figs. 6-8). Intracellular La
deposition in muscle cells occurred in the form of
small, granular to spicular electron-dense deposits.
The La deposits were localized mainly within the I

bands in close proximity to the Z bands of myofibrils
and in the mitochondria over the inner mitochondrial
membranes and in the adjacent matrix (inner mito-
chondrial compartment) (Fig. 6). Analytical electron
microscopy confirmed the presence of La and phos-
phorus in the abnormal intracellular inclusions (Fig. 7).
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FIGURE 6 Hypoxic muscle. (A) TEM of an unstained, osmicated section of muscle subjected to
a total of 1 h and 15 min of hypoxia with 5 mM La in the medium for the final 1 h. The muscle cell
shows only slight edema but contains extensive electron-dense deposits consistent with La
deposition in myofibrillar I and Z bands (arrows), around lipid droplets (L), and in mitochondria
(M). x27,600. (B) TEM of an unstained, osmicated section of muscle subjected to 2 h of hypoxia.
The muscle cell shows slight cytoplasmic and mitochondrial swelling. Electron dense deposits
of La are present in the interstitial space and similar, smaller deposits (arrows) are present in the
matrices of the mitochondria. xX43,200. (C) TEM of a stained, osmicated section of a muscle
exposed to 2 h of hypoxia. La deposits are located over the inner mitochondrial membrane
(arrows) and in the adjacent matrix (arrowhead). xX94,400.
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FIGURE 7 Hypoxic muscle. (A) STEM of an unstained, unosmicated section of hypoxic muscle
exposed to 5 mM La showing the inherent electron density of deposits along the plasma membrane
and within the mitochondria (M). x39,900. (B) X-ray spectrum obtained from an individual mito-
chondrial inclusion confirming the presence of small but statistically significant lanthanum and
phosphorus peaks (1 o confidence limit). The other elements present are related to the factors de-
scribed in Fig. 3. (C) X-ray spectrum obtained by summing the data from 10 mitochondrial in-
clusions confirms the consistent presence of lanthanum and phosphorus in these inclusions (2 o

confidence limit).

After 1-2 h of hypoxia, most muscle cells had well-
preserved ultrastructure and exhibited minimal ultra-
structural evidence of injury in the form of focal edema,
focal decrease in glycogen content, and loss of selective
osmiophilia of the normal mitochondrial matrix
granules (Figure 6). These muscle cells were essen-
tially similar in ultrastructural appearance to muscle
cells subjected to shorter intervals of hypoxia. These
muscle cells, however, typically showed variable
degrees of cytoplasmic and intramitochondrial La
deposition, but had structurally intact plasma and
mitochondrial membranes (Figures 6 and 7). After 2 h
of hypoxia, some muscle cells exhibited more severe
damage characterized by generalized mild-to-moder-
ate edema, severe-to-total glycogen depletion, focal
mitochondrial swelling, and focal appearance of typical
amorphous matrix (flocculent) densities in mito-
chondria (Fig. 8). These flocculent mitochondrial
densities have been shown to represent definite ultra-
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structural evidence of irreversible damage (5-7). After
3 h of hypoxia, many muscle cells showed severe
damage with marked edema, myofibrillar disruption,
contraction bands, and numerous flocculent mito-
chondrial densities. Intracellular La deposition in the
severely damaged muscle cells observed after 2-3 h
was more variable and frequently was less prominent
than in muscle cells with less severe structural
damage. It should be noted, however, that minimally
injured muscle cells with abundant intracellular La
also were present in samples obtained after 2-3 h
of hypoxia.

Ultrastructure of reoxygenated muscles. Reoxy-
genation after 1 h and 15 min of hypoxia resulted in
an improvement of cellular ultrastructure, including a
reappearance of the normal osmiophilic matrix gran-
ules, an increase in glycogen content, and a decrease in
edema (Fig. 9); prominent accumulation of lipid drop-
lets also was observed in several muscles. These
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muscles did not exhibit intracellular La deposits after
exposure to La during the reoxygenation period, and
no La peaks were obtained from intracellular areas by
analytical electron microscopy.

Muscle reoxygenated after 2 h of hypoxia showed
improvement in ultrastructural appearance of some
superficial subendocardial muscle cells including a
return of normal mitochondrial granules and a slight
increase in glycogen content; however, the majority
of muscle cells still exhibited damage in the form of
edema, glycogen depletion, mitochondrial alterations,
and abnormal intracellular lanthanum accumulation
(Fig. 10).

The ultrastructural alterations which occurred

during 3 h of hypoxia generally persisted or progressed
after reoxygenation.

DISCUSSION

The present study using an ionic lanthanum probe
technique has demonstrated that cellular and mem-
brane alterations responsible for abnormal intracellular
lanthanum deposition precede the development of
ultrastructural and physiological evidence of irrevers-
ible injury, but evolve at a transitional stage in the
progression from reversible to irreversible injury in-
duced by hypoxia in isolated feline papillary muscle.
It must be noted that findings regarding hypoxic in-

FIGURE 8

Lanthanum Probe Studies of Hypoxic Myocardium

(A) TEM of an unstained, osmicated section of muscle subjected to a total of 2 h of
hypoxia with La in the medium during the final 1 h. The muscle cell shows prominent clumping
of nuclear chromatin, marked cytoplasmic and mitochondrial edema, and small, pleomorphic
mitochondrial inclusions. x24,550. (B) This mitochondrion taken from the same section of
muscle as in A contains both amorphous matrix (locculent) densities (arrowheads) characteristic
of irreversibly injured cells and electron-dense inclusions consistent with La deposition (arrows).
x45,000.
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FIGURE 9 TEM of stained, osmicated section of muscle reoxygenated for 1% h after 1 h and 15
min of hypoxia. The muscle was exposed to La during the last hour of reoxygenation. The tissue
shows an improvement of cellular ultrastructure, a return of the normal mitochondrial granules
(arrowheads), and an increase in glycogen (G) content. No La is evident intracellularly. x40,000.
Insert of unstained, osmicated section shows a return of the normal matrix granules (arrowhead)
and an absence of La over myofibrils or in mitochondria. x49,400.

jury may not be directly applicable to ischemic injury,
because ischemic injury involves multiple factors, in-
including hypoxia, substrate depletion, acidosis, and
accumulation of lactate and other metabolites (1). Ob-
servations in the present study, however, provide in-
formation regarding the evolution of cellular patho-
physiology in response to one important component
of ischemic injury. Furthermore, interpretation of the
data was not complicated by the effects of reflow phe-
nomena which would be associated with delivery of a
cytochemical probe such as lanthanum in an ischemia
model.

The patterns of alterations in contractile parameters
in isolated papillary muscle observed in the present
study in response to hypoxia and reoxygenation were
similar to those reported previously (8-10, 12, 13).
We observed a rapid decrease in contractile parameters
in response to hypoxia, as previously described by
other investigators (8-10, 12, 13). We also observed
delayed recovery of muscles upon reoxygenation after
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1 h and 15 min of hypoxia and failure of significant
recovery after 2-3 h of hypoxia. The latter findings
were consistent with a more rapid progression of in-
jury than previously reported for isolated feline muscle
(8-10). Differences in progression of hypoxic injury
in the present and previous studies may be related to
differences in the preparations, including use of Hepes
buffer in the present study rather than bicarbonate
which would cause precipitation of lanthanum. Major
emphasis, however, was not on the exact timing of the
progression of contractile and ultrastructural altera-
tions but on the relationship between reversible and ir-
reversible changes in these parameters and develop-
ment of abnormal lanthanum accumulation.

The present study extends previous work utilizing
probe techniques for the evaluation of altered cellu-
lar pathophysiology in muscle injury. In vitro locali-
zation of colloidal lanthanum nitrate (average particle
size 40 A) in muscle cells has been documented in rat
cremaster muscle sampled 2 h after thermal injury (27)
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and in canine cardiac muscle sampled 3% h after
coronary occlusion (28). After intravenous injection,
horseradish peroxidase (mol w 40,000) has been lo-
calized in damaged muscle cells of the rat at various
intervals after administration of high doses of sym-
pathomimetic amines or temporary coronary occlusion
(29, 30). Intracellular localization of colloidal lantha-
num or horseradish peroxidase was detected in
severely damaged or frankly necrotic muscle cells
with structural membrane defects as well as in vari-
able numbers of minimally damaged or normal-ap-
pearing muscle cells (27-30). Deposition of colloidal
lanthanum (27, 28) or horseradish peroxidase (29, 30)
in or around the outer membranes of mitochondria was
frequently noted, but intramitochondrial localization
of the tracers was observed only in mitochondria with
severe structural damage. Plasma proteins also have
been utilized as tracers of altered membrane integrity
in cardiac muscle after coronary occlusion (31, 32) and
in skeletal muscle after exposure to lecithinase C (33).

Albumin (mol wt 40,000) was detected in muscle cells
after 1 h of injury and larger plasma proteins, such
as fibrinogen, after longer intervals of injury (31-33).
The latter studies, however, employed light microscopic
immunofluorescence techniques and did not include
correlation with extent of ultrastructural alteration.
In the present study, the probe employed was an
ionic species with a hydrated radius of 3.1 A (14)
and, therefore, was significantly smaller than the other
probes described above. Furthermore, exposure to
ionic lanthanum was carried out before chemical
fixation in contrast to the colloidal lanthanum studies.

With regard to the significance of abnormal intra-
cellular lanthanum accumulation, available informa-
tion suggests that this phenomenon may result from
the interaction of a complex of pathophysiological
alterations. One factor appears to be increased permea-
bility to lanthanum of the plasma membrane-basal
lamina complex induced by prolonged hypoxic injury.
Although exposure to lanthanum produces alterations

FIGURE 10 TEM of unstained, osmicated section reoxygenated for 1% after 2 h of hypoxia. The
muscle was exposed to La during the last hour of reoxygenation. The muscle shows evidence of
damage in the form of edema, glycogen depletion, and absence of normal dense mitochondrial
granules. Intracellular La is evident along the I bands of myofibrils (arrows) and in mitochondria
(arrowheads). x41,200.
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in calcium balance and other possible changes in
cellular homeostasis (15-19, 34), the typical finding
in ultrastructural studies has been that lanthanum
treatment is not associated with ultrastructurally
demonstrable intracellular lanthanum deposition in
completely normal myocardium (17-21). Intracyto-
plasmic lanthanum deposits, however, are readily
demonstrable after removal of sialic acid from the
plasma membrane-basal lamina complex of cardiac
muscle cells by treatment with purified neuraminidase
(18). These ultrastructural observations do not com-
pletely exclude the possibility that small amounts
of lanthanum may enter normal muscle cells, but they
do indicate that a normal plasma membrane-basal
lamina complex serves as a barrier to major intra-
cellular lanthanum deposition. In the present study,
readily demonstrable abnormal intracellular lantha-
num deposition commenced at a stage of hypoxic
injury which followed clearly reversible events in myo-
cardial injury (35-38) including defective excitation-
contraction coupling, electrolyte shifts, and prompt de-
pression in contractile parameters, indicating that early
permeability changes are not detected by the lantha-
num probe technique. These observations suggest that
abnormal intracellular accumulation of lanthanum is
related to an advanced stage of altered membrane
permeability. Conversely, abnormal lanthanum ac-
cumulation commenses before the development of
actual structural defects in membrane integrity and
evidence of irreversible injury.

Other factors in addition to increased membrane
permeability may be involved in ultrastructural visuali-
zation of lanthanum in damaged muscle cells. Our
analytical electron microscopic findings showed that
sites of intracellular as well as extracellular lantha-
num accumulation also contained abundant phos-
phorus suggesting that the ultrastructurally demon-
strable deposits may represent precipitates with high
lanthanum and phosphate content. These precipitates
formed without exposure of the muscles to phosphorus-
containing solutions. Intracellular deposition of lantha-
num following hypoxic injury may have been facili-
tated by formation of inorganic phosphate upon
hydrolysis of high energy phosphates. Other physico-
chemical alterations induced by hypoxia also could
have contributed to intracellular lanthanum deposi-
tion. Cells with significant high energy phosphate re-
duction and elevated inorganic phosphate content
also would be likely to have membrane permeability
alterations related to inhibition of energy dependent
membrane transport systems. Thus, the phenomenon
of abnormal intracellular lanthanum deposition may be
both directly and indirectly related to altered mem-
brane function at a specific stage in the evolution
of muscle injury. Less prominent lanthanum deposi-
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tion in very severely injured cells subjected to 2-3
h of hypoxia could have been related to loss of inor-
ganic phosphate from such cells or other factors lead-
ing to decreased binding affinity of lanthanum or from
decreased local concentration of lanthanum due to
edema or washout of the lanthanum during specimen
preparation. This phenomenon did not preclude use
of the ionic lanthanum probe technique for establish-
ing the relationship between cellular alterations re-
lated to abnormal membrane function and the transi-
tion from reversible to irreversible injury at an earlier
stage in the evolution of damage.

Our data shows that abnormal lanthanum deposition
occurred selectively at certain sites that have high
affinity for calcium accumulation, including the 1
bands of myofibrils (39) and the inner mitochondrial
membrane and adjacent matrix of the inner mitochon-
drial compartment (5, 6, 40-43).Failure to detect cal-
cium or cations other than lanthanum at these sites
may be related to differences between lanthanum and
other cations in local concentration, degree of tissue
binding, and magnitude of loss during tissue prepara-
tion. The major reason, however, may be displacement
of calcium by lanthanum, which has greater affinity
for calcium binding sites (14-19). The distinctive
accumulation of lanthanum in the mitochondria sug-
gests that the lanthanum probe technique may have
detected an abnormality in inner mitochondrial mem-
brane function leading to increased cation transport
and accumulation of cations in mitochondria (5, 6,
40-43). A similar type of calcium deposition occurs in
myocardium subjected to temporary coronary oc-
clusion for 45 min but fails to occur when occlusion is
maintained for 90 min before reperfusion (41); this late
failure of mitochondrial calcium accumulation de-
velops independently of the “no reflow” phenomenon
(41). These findings may be contrasted with results of
biochemical studies with isolated normal mitochondria
which showed that lanthanum blocks active mem-
brane transport of calcium without interfering with
other functions of normal mitochondria (44, 45). The
timing of abnormal lanthanum accumulation during
myocardial injury provides support for the hypothe-
sis that, under certain conditions, marked intracellular
calcium accumulation can trigger the progression to ir-
reversible injury (46-48).

The phenomenon of abnormal transport and deposi-
tion of lanthanum and calcium by mitochondria does
not appear to be directly related to alterations in the
normal osmiophilic mitochondrial granules. The na-
ture of the normal osmiophilic granules has not been
definitely determined, and conflicting evidence has
been presented regarding the possible role of these
granules as normal storage sites of calcium or mag-
nesium (5, 6, 13, 40, 43, 49-51). Available data sug-
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gests that the major component of these granules is
organic osmiophilic material, possibly rich in phospho-
lipids (13, 43, 51).

Thus, the present study has characterized altered
cellular and membrane pathophysiologies which ap-
parently develop at a critical stage in the evolution
of irreversible muscle injury. Jennings (1) and Willer-
son et al. (7) have proposed that the transition from
reversible to irreversible injury is mediated by a
critical defect involving the plasma membrane. Con-
versely, Trump et al. (5, 6) have suggested that the
primary event in irreversible injury consists of signifi-
cant damage to the inner mitochondrial membrane
possibly resulting from activation of a calcium-de-
pendent phospholipase after solubilization of mito-
chondrial calcium. Further work is required to deter-
mine if the primary defect occurs at the inner mito-
chondrial membrane or at the plasma membrane. The
present study, however, suggests that severe functional
defects of both the plasma membrane and mitochon-
drial membranes precede the development of irrevers-
ible injury. This data provides further support for the
hypothesis that severe alterations of membrane func-
tion are of key importance in the evolution of irre-
versible injury.
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