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Hypoxemia-induced modification of troponin

| and T in canine diaphragm

JEREMY A. SIMPSON, JENNIFER E. VAN EYK, AND STEVE ISCOE
Department of Physiology, Queen’s University, Kingston, Ontario, Canada K7L 3N6

Simpson, Jeremy A., Jennifer E. Van Eyk, and Steve
Iscoe. Hypoxemia-induced modification of troponin land T in
canine diaphragm. J. Appl. Physiol. 88: 753—-760, 2000.—
Impaired muscle function (fatigue) may result, in part, from
modification of contractile proteins due to inadequate O,
delivery. We hypothesized that severe hypoxemia would
modify skeletal troponin I (Tnl) and T (TnT), two regulatory
contractile proteins, in respiratory muscles. Severe isocapnic
hypoxemia (arterial partial pressure of O, of ~25 Torr) in six
pentobarbital sodium-anesthetized spontaneously breathing
dogs increased respiratory frequency and electromyographic
activity of the diaphragm and internal and external obliques,
with death occurring after 131-285 min. Western blot analy-
sis revealed proteolyis of Tnl and TnT, 17.5- and 28-kDa
fragments, respectively, and higher molecular mass covalent
complexes, one of which (42 kDa) contained Tnl (or some
fragment of it) and probably TnT in the costal and crural
diaphragms but not the intercostal or abdominal muscles.
These modifications of myofibrillar proteins may provide a
molecular basis for contractile dysfunction, including respira-
tory failure, under conditions of limited O, delivery.

respiratory muscles; contractile proteins; protein degrada-
tion; respiratory failure; protein modification

RESPIRATORY FATIGUE 1S ASSOCIATED with the decreased
ability of respiratory muscles to generate the pressures
required to maintain ventilation. Rather than maintain-
ing ventilation, individuals will tolerate the fall in
arterial partial pressure of O, (Pap,) and rise in ar-
terial partial pressure of CO, (Paco,), which accom-
pany hypoventilation. In individuals with acute exacer-
bations of obstructive diseases, hyperinflation also
ensues; the resulting decrease in diaphragmatic length
and increased radius of curvature place it at a mechani-
cal disadvantage. Any decrease in contractile efficiency
combined with decreased energy supply (reduced Pao)
only makes the diaphragm (and other respiratory
muscles) more susceptible to eventual failure (for re-
views, see Refs. 24 and 32).

Diagnosis of respiratory muscle dysfunction typically
involves measurements of either electrical activity of
the diaphragm or pressures generated during maximal
voluntary efforts, sniffs, or magnetic stimulation of the
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phrenic nerves (see Refs. 11, 16, 24, 32). Although some
of these methods have distinct advantages (e.g., the
simplicity of the sniff test), others are either technically
demanding (e.g., magnetic stimulation, computation of
power spectrum of the electromyogram) and/or are
invasive (placement of catheters in the esophagus or
abdomen). Moreover, they all share one major limita-
tion: insensitivity; all require that enough damage be
present to result in a significant reduction in, for
example, pressure. Plasma levels of creatine kinase
(CK), a marker of cellular necrosis, have yet to be
established as a useful marker of respiratory failure (1,
10).

Although plasma levels of the fast and, possibly, slow
skeletal isoforms of troponin I (sTnl) increase following
severe exercise (22, 27, 28), it is unclear if intact sTnl or
some unidentified modification product(s) was mea-
sured. Indeed, in one study (28), only the fast isoform
was measured. Hence, we do not know the extent of cell
damage, including necrosis, responsible for leakage of
the protein, intact or modified, into the plasma. In
contrast, plasma levels of two myocardial proteins,
cardiac troponin | and troponin T (cTnl and ¢cTnT), can
now be rapidly measured, with their levels indicating
the extent of infarction (see Ref. 7). Myocardial ischemia-
reperfusion injury in isolated rat hearts has recently
been shown to be associated with modification of cTnl
(12, 20, 31); in fact, the extent and nature of cTnl
modification are related directly to the severity of the
ischemia-reperfusion injury and the fall in force genera-
tion (12, 31). Even under conditions that involve little
or no loss of protein, indicating minimal cellular necro-
sis, cTnl undergoes degradation and covalent complex
formation (20). Thus cTnl modification within the
myocyte may therefore be the earliest marker of myocar-
dial damage. With more severe injury, other myofila-
ment proteins, including ¢cTnT, are also modified (e.g.,
Refs. 14, 20, 31). Thus modification products of myofila-
ment proteins may provide useful indexes of the sever-
ity of injury.

Plasma levels of sTnl and sTnT cannot, however, be
used to diagnose respiratory muscle dysfunction until
confirmation of both their modification within tissues
and their release into the plasma. In this study, we
addressed the first issue by testing the hypothesis that
severe hypoxemia would modify myofibrillar proteins of
respiratory muscles of anesthetized, spontaneously
breathing dogs. Our results show that both Tnl and
TnT were modified but only in diaphragm; these modifi-
cations consisted of lower molecular mass degradation
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products and higher molecular mass covalent com-
plexes consisting of Tnl, TnT, and possibly troponin C
(TnC).

METHODS

Experiments were conducted according to procedures estab-
lished by the Canadian Council on Animal Care and after
approval by the Animal Care Committee of Queen’s Univer-
sity. Six mongrel dogs (2 males, 4 females; weight of 16—24.4
kg, mean 19.8 kg) were anesthetized with an intravenous
injection of pentobarbital sodium (35 mg/kg), which was
supplemented if the animals displayed a brisk response to
noxious stimulation of a toe pad or blinked in response to
stimulation of the cornea. In brief, after instrumentation and
collection of control tissue samples (see below), they breathed
a hypoxic gas mixture; measurements of cardiorespiratory
parameters were made at 20-min intervals until signs of
impending death appeared. They were then mechanically
ventilated, and biopsies were taken from a limb muscle and
various respiratory muscles for subsequent analysis of tropo-
nin modification.

Surgical preparation included insertion of an endotracheal
tube to which a heat and moisture exchanger was attached, a
venous “butterfly” cannula into a forelimb vein for administra-
tion of supplemental anesthetic, and a cannula into the
carotid artery for measurement of arterial blood pressure and
withdrawal of blood for measurements of arterial blood gases.
Two Swan-Ganz catheters (131HF7, Baxter Edwards, Deer-
field, IL) were inserted via the right jugular vein, one into the
pulmonary artery and the other into the right atrium, accord-
ing to measurements of pressure at the tip of each catheter.
The former was used for sampling mixed venous blood, and
both were used for thermal dilution measurements of cardiac
output (QT) when cold saline was injected into the latter
(Edwards 9520 cardiac output computer, Santa Ana, CA).

Tissue Samples

Before imposition of hypoxemia, control biopsies were
taken from the quadriceps and internal oblique (10) muscles.
To gain access to the 10, the aponeurosis of the overlying
external oblique (EO) was incised and the muscle was re-
flected laterally. Samples at the end of the experiment were
taken from quadriceps, EO, and 10 as well as the transverse
abdominis, costal and crural diaphragms, and caudal and
midthoracic (intercostal spaces 9-10 and 4—6, respectively)
external and internal intercostals. Tissue samples were ob-
tained before the heart stopped or within 4 min of death
(cessation of the heart beat). They were immediately washed
in cold saline, frozen in liquid N,, and stored at —70°C until
later biochemical analysis (see Biochemistry, below).

Electromyographic Recordings

After the first biopsies were taken, pairs of fine wires that
were insulated except for the tips, which were bent back over
the outside of 23-gauge needles, were inserted under direct
observation ~15 mm apart into the 10 on the side opposite to
that from which the biopsy had been made. The needles were
then withdrawn, leaving the wires in place. Similar elec-
trodes were placed into the ipsilateral EO. The overlying skin
was then closed. Recordings of the diaphragmatic electromyo-
graph (EMG) were made by inserting identical electrodes
percutaneously at the sixth or seventh right interspace. All
signals were amplified and filtered (Grass P511J, Quincy,
MA); signals were recorded on videotape after pulse code
modulation (NeuroCorder DR886, New York, NY) and re-

corded on paper (Gould TA2000, Cleveland, OH), either as
raw signals or after “integration” (Paynter filter, time con-
stant of 100 ms).

Hypoxemia

Severe “isocapnic” hypoxemia was instituted by having the
dogs breathe through a circuit that maintains normocapnia
regardless of the level of hyperpnea (26). In brief, dogs
inhaled a gas mixture of 9.5% O,-balance N, delivered at ~2
I/min to a balloon attached to a one-way valve on the
inspiratory side of the breathing circuit. The remaining gas
inspired during hypoxia-induced hyperpnea came from a
cylinder containing 9.5% 0,-6.5% CO,-balance N, and con-
nected to a demand valve (Dacor, Northfield, IL). Thus any
hypoxia-induced demand for ventilation greater than the
basal flow was supplied by gas from the second cylinder,
which, because of its CO, content, prevented hypocapnia.

Protocol

Two sets of control measurements, 20 min apart, were
taken of arterial and mixed venous blood gases and pH
(Radiometer ABL30, Copenhagen, Denmark) and QT. The
dogs were then placed on the breathing circuit. Once the Pao,
had fallen to the desired range (24—-28 Torr), measurements
were repeated at 20-min intervals until the dogs died. Death
was always preceded by a sudden slowing of respiratory
frequency, at which time dogs were ventilated with room air
and biopsies were taken as described.

Biochemistry

Plasma levels of CK before and at the end of hypoxia
exposure were determined (Beckman Synchron CX, Fuller-
ton, CA). For SDS-PAGE analysis, frozen tissue samples were
homogenized in 50 mM Tris, pH 7.8, plus a cocktail of
protease inhibitors (50 uM phenylmethylsulfonyl fluoride, 3.6
UM leupeptin, 2.1 uM pepstatin A, and 10 mM EDTA). Total
protein concentration was determined by the Lowry assay
before preparation of protein samples in Laemmli buffer and
1 mM dithiothreitol (DTT) and storage at —20°C (20). SDS-
PAGE (12.5%) and Western immunoblots were performed as
previously described (20) using mini-Protein Il and wet
transfer mini-systems (Bio-Rad, Hercules, CA). Gels were
stained with Coomassie blue or transferred to nitrocellulose
(27 V for 16 h). Nitrocellulose blots were transiently stained
with ponceau S to identify molecular mass markers and then
incubated in blocking solution [50 mM Tris, pH 7.5, 150 mM
NaCl, 0.05% (vol/vol) Nonident P-40, 0.25% (wt/vol) gelatin,
and 3% (wt/vol) BSA]. Detection of slow and fast sTnl was
done using anti-Tnl monoclonal antibody (MADb) clones C5
(Research Diagnostics, Flanders, NJ), 81-7 and 31-35 (Spec-
tral Diagnostics, Toronto, ON), and 10F2 (Sanofi, Montpellier,
France). (All MAbs cross-react, but to different degrees, with
the three isoforms of Tnl; the cardiac isoform of Tnl is absent
in skeletal muscle.) The various anti-Tnl MAbs were epitope
mapped according to Van Eyk et al. (31). Detection of TnT was
done using three anti-TnT MAb clones: JLT-12 (Sigma,
Mississauga, ON), 4D11 (Biodesign, Kennebunk, ME), and
4TnT conjugated to horseradish peroxidase (Spectral Diagnos-
tics, Toronto, ON). All displayed cross-reactivity to the skel-
etal and cardiac isoforms. The only MAb to cross-react with
another muscle protein was the anti-Tnl MAb 31-35 (~10%
with sTnT).

Blots were incubated with anti-mouse IgG antibody-
alkaline phosphatase conjugate (Jackson Laboratories, West
Grove, PA) and detected by CDP-Star chemiluminescence
(NEN-Mandel, Boston, MA) except for 4TnT conjugated to
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Table 1. Cardiorespiratory parameters before and
midway and for last set of complete measurements
before death during hypoxemia

Time 0 Time 0.5 Time 1
f, min—1 9.0+4.2 49.3+17.1* 445+10.4*%
peak fDia, AU 6.1+25 14.1+8.5* 10.5+6.1*
peak [EO, AU 1.6+1.2 58+2.2 54+3.4
peak [10, AU 1.7+1.8 10.2+2.0* 10.4+=3.2*
QT,I'min~t.kg~! 132+24 161+46 200+ 82
Pao,, Torr 64.9+45 24.7+2.8* 19.8+3.3*t
Paco,, Torr 34.2+6.7 35.3+6.7 42.1+9.6
pHa 7.310+0.060 7.280*+0.070 7.241+0.094
PVo,, Torr 43.9+6.5 154+1.3* 10.9+2.4*
PVco,, Torr 36.8+8.9 43.4+9.2 49.7+8.6
pHV 7.282+0.027 7.270*=0.074 7.220+0.100
Caop,, ml Oz/dl 15.8+0.10 6.8+1.2* 4.8+2.3*t
Cvo,, ml Oz/dI 11.8+1.9 3.6 +0.9* 1.9+1.2*
Doy, ml O, kg=t-min~1 20.9+4.3 10.8+3.1* 8.5+2.7*
Voo, mlO,-kg=t-min~! 515+1.98 509+198 595+1.11
Hct 37.9+1.9 43.6 +5.3* 45.7+5.6*
Creatine kinase, U/I 170+32 360+ 163*

Values are means = SD. Time 0, time 0.5, and time 1, measure-
ments before, midway, and immediately before death; f, respiratory
frequency; peak [Dia, peak integrated diaphragmatic activity;
peak [EO, peak integrated external oblique activity; peak [10, peak
integrated internal oblique activity; AU, arbitrary units; QT, cardiac
output; Doy, oxygen delivery; Pao,, arterial partial pressure of
O;; Paco,, arterial partial pressure of CO,; PVp, and PVco,, mixed
venous Po, and Pcoy; Cap, and Cvo,, arterial and venous O, content;
Hct, hematocrit. * Significantly different from control, P < 0.05; t sig-
nificantly different from time 0.5, P < 0.05. One-way repeated-
measures ANOVA with Bonferroni post hoc analysis or, for nonpara-
metric data, Friedman’s repeated measures ANOVA with Student-
Newman-Keuls post hoc analysis was performed.

horseradish peroxidase, which was detected directly without
use of a secondary antibody. The quantities of intact Tnl or
TnT and the various modification products were determined
by densitometry (33). Standard curves of purified fast Tnl
were run to ensure that densitometric measurements for both
Coomassie blue stains and Western blots using C5 MAb were
within the linear range of detection. The quantities of Tnl or
TnT modification products were normalized by expressing
their densitometric values as a fraction of the combined
values of the slow and fast isoforms of intact Tnl. Results
were analyzed by paired t-tests or one-way repeated mea-

A B
kDa

sures ANOVA, with post hoc analyses, as appropriate, to
determine if differences were significant (P < 0.05).

RESULTS

Inhalation of the hypoxic gas mixture resulted in signifi-
cant decreases in mean Pao, (from ~65 to 25 Torr), arterial
O, content, and mixed venous Po, (Table 1). Increases in
QT did not reach statistical significance nor did they, in
combination with a significant increase in hematocrit,
prevent a drop in whole body O, delivery (Do,). Peak
amplitudes of integrated EMG activity of the dia-
phragm and 10 as well as respiratory frequency in-
creased. Death occurred after an average 197 min
(range 131-285 min) of breathing the hypoxic gas
mixture; in all animals, death was preceded by a
cessation of EMG activity in all respiratory muscles. In
four dogs, all muscles stopped firing at the same time,
but, in the other two, EO stopped firing first by ~2 min.
Plasma CK levels, a marker of cell necrosis, increased
significantly, but its source(s) was not identified.

Myofibrillar Proteins in Respiratory Muscles

Tnl. All respiratory muscles contained bands (Fig. 1)
corresponding to the fast and slow isoforms of sTnl
(~25 and ~26 kDa, respectively, on 12.5% SDS-PAGE,
compared with their actual molecular masses of 21.2
and 21.6 kDa), which were identified using samples
from exclusively fast (caudofemoralis) and slow (soleus)
muscles of cat (Fig. 1A). (The faint band representing a
degradation product in soleus is due to ischemia of this
particular muscle.) However, only the costal and crural
diaphragms showed evidence of hypoxemia-induced
degradation of Tnl, evident as a band at a position
corresponding to a molecular mass of 17.5 kDa. Samples
of nonhypoxemic diaphragms from two dogs used in
other experiments showed no evidence of Tnl degrada-
tion (Table 2); other nondiaphragmatic respiratory
muscles (e.g., 10; Fig. 1B) also showed no evidence of
this. The hypoxemic crural diaphragm of dog 6 also
yielded the 17.5-kDa degradation product despite the
virtual absence of the band corresponding to the fast

972 —
66.4 —
556

427 —

365 —

266 “ |
- c 1: fsag\tN intact Tnl

200 —

|| we= | <« Tnldegradation
product
(17.5 kDa)

Fig. 1. A: Western blots using anti-
troponin | (Tnl) monoclonal antibody
(MAb) C5 of biopsies from a costal
diaphragm (lane c) of a severely hypox-
emic dog. Feline caudofemoralis (lane
a) and soleus (lane b) were used to
identify the fast and slow isoforms,

g | slow . respectively, of skeletal Tnl. B: Western
e | fast intact Tnl blots using anti-Tnl MAb C5 of internal
obliques (10) before (lane 1) and after
(lane 2) severe hypoxemia. Degradation
of Tnl was <2% in all samples of 10.
2
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Table 2. Hypoxemia-induced degradation of Tnl

Control Hypoxemia
Diaphragm (costal) <2* 20.0+8.9
Diaphragm (crural) 26.1+8.4
Internal oblique <2 <2
External oblique 5.8+3.6
Transverse abdominis 29x19
Internal intercostal 4 21+1.3
External intercostal 4 34x16
Intercostal 10 24+0.8
Quadriceps 26+4.2 20+1.7

Values are means = SD. Percent degradation expressed as densito-
metric “volume” of 17-kDa fragment divided by the sum of the
volumes of the fast and slow isoforms of intact troponin 1 (Tnl).
*Based on samples from 2 dogs not used in these experiments.

isoform of intact sTnl (Fig. 1A), suggesting that the
degradation product originated from, but not necessar-
ily exclusively, slow Tnl. This same dog, however, had
almost equal amounts of the fast and slow isoforms of
TnT (data not shown).

Western blots using anti-Tnl MAbs C5 and 31-35 of
representative hypoxemic diaphragms and an acces-
sory respiratory muscle, the 10, are shown in Fig. 2.
They consistently and unambiguously revealed, particu-
larly with prolonged exposures, a higher molecular
mass covalent complex only in the diaphragm (compare
lanes ¢ and d in Fig. 2). The failure of the MAb 31-35,
which binds to the extreme COOH terminus (20), to
reveal the 17.5-kDa fragment, even with prolonged
exposure, indicates that formation of the 17.5-kDa
fragment involves proteolysis at the COOH terminus.
In contrast, the binding of this MADb to the 42-kDa
covalent complex indicates that this complex contains
Tnl with an intact COOH terminus. The higher molecu-
lar mass complexes did not dissociate in the presence of
6 M urea or 1 mM DTT (data not shown), indicating
that they are covalent (nondisulfide) in nature.

We believe that the two bands beneath the 42-kDa
complex, most visible in lane e (Fig. 2), result from
cross-reactivity of 31-35 to the intact slow and fast

kDa

97.2 —

664 —
Fig. 2. Western blots using anti-Tnl MAbs C5 and 31-35

of representative hypoxemic diaphragms (lanescande) 556 —
and an accessory respiratory muscle (10; lane d). Feline
caudofemoralis (lane a) and soleus (lane b) were used to
identify the fast and slow isoforms, respectively, of
skeletal Tnl. Prolonged exposure revealed a higher
molecular mass covalent complex in the diaphragm
(lane c) but not the other respiratory muscles repre-
sented by 10 (lane d). MAb 31-35, which binds to the
extreme COOH terminus, did not reveal the 17.5-kDa
fragment even with prolonged exposure (lane €) but did
reveal the 42-kDa covalent complex, indicating that the ~ 20.0 —
complex contains Tnl with an intact COOH terminus.

143 —

isoforms of TnT for three reasons: 1) only this anti-Tnl
antibody detected the bands, 2) this MAb also detected
TnT in purified troponin, albeit with reduced affinity
(~10%, data not shown), and 3) the two bands aligned
perfectly with the slow and fast isoforms of intact TnT
revealed with the anti-TnT MAbs JLT-12 (Fig. 3) or
4D-11.

The extent of Tnl degradation in biopsies from all
respiratory muscles, expressed as a percentage of the
sum of the intact fast and slow Tnl isoforms, is pre-
sented in Table 2. Hypoxemia-induced degradation was
present in the diaphragms of all dogs, averaging 20%
and 26% in the costal and crural diaphragms, respec-
tively, but did not exceed 6% in any other respiratory
muscle or the quadriceps. There was no significant
difference (P > 0.05, paired t-test) between the amount
of Tnl degradation product in the costal and crural
diaphragms (in the five dogs in which samples were
available from both parts), suggesting no regional
differences in susceptibility to damage. Moreover, be-
cause the crural biopsy was always done after the costal
one, its later removal did not result in more degrada-
tion.

TnT. Different patterns of TnT modification products
were detected using three different anti-TnT MAbs
(Fig. 3). 4TnT (data not shown) and JLT-12 detected
only a single TnT degradation product with a molecular
mass of 28 kDa. Although JLT-12 revealed the degrada-
tion fragment in three of five crural and in two of six
costal diaphragms, another MADb, 4D-11, detected forma-
tion of two high molecular mass (42 and 66 kDa)
complexes in all hypoxemic diaphragms, costal and
crural, but not in any other respiratory muscle. How-
ever, confirmation that TnT is part of these complexes
requires its detection by at least one other MAb with a
different epitope.

DISCUSSION

This study is the first, to our knowledge, to report
hypoxemia-induced posttranslational modification of

MAb C5 MADb 3I-35
-
e
b | BT « covalent complex

involving TnI

-
- &
. 1—_- ?ela%\tN intact Tnl

<« TnlI degradation
product
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