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Elucidation of Membrane Destabilization in Post-mortem
Muscles Using an Extracellular Paramagnetic Agent
(Gd-DTPA): An NMR Study
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The effect of Gd-DTPA on the development in NMR relaxation of skeletal rabbit muscles post-mortem
was investigated by dynamic low-field (0.47 T) relaxation measurements from 4 min post-mortem
and until 23 h post-mortem. Twelve rabbits were included in the study, and half of the animals were
administered 0.2 mmol of Gd-DTPA iv 15 min before sacrifice, while the other half was administered
an isotonic salt solution. A significant effect of Gd-DTPA treatment corresponding to a 25% reduction
in the T, relaxation time was observed. T, relaxation was decomposed into two components reflecting
intra- and extracellular components (T, and T, respectively), and Gd-DTPA treatment was found
to affect both components. However, around 150 min post-mortem a dramatic increase in the difference
between control and Gd-DTPA-treated rabbits was observed in the relaxation time of the intracellular
water population (T3,). Electrical stimulation of the muscles resulted in a significantly earlier onset of
the increased effect of Gd-DTPA on the T,, population. The increased effect of Gd-DTPA treatment
on the T,, component is believed to reflect leakage of water from the muscle cells due to membrane
destabilization, known to be promoted by electrical stimulation. Accordingly, the present study
demonstrates how Gd-DTPA can be used for probing membrane integrity in post-mortem muscles
known to be of importance for subsequent water distribution and final water-holding capacity.
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INTRODUCTION regulation potential of the cell is exceeded, for example, upon
long-term exercise, ion homeostasis is disturbed and membrane
barriers cannot be sustained, and leakage of intracellular
compounds and osmolytes takes plate®). The post-mortem
situation, where the disruption of blood supply results in anoxia,
can be considered an extreme stress condition for the muscle
cell, and leakage of intracellular compounds has been demon-
cell and thereby allowing a fast and efficient signaling to the strated in post-mortem muscles (8). Moreover_, an earlier study
entire muscle cell. Water diffusion across the plasma membrane_ha$ shown t_hat disruption of membr_am_a ba_lrners post-mortem
is controlled and regulated in response to osmotic gradients,'S INvolved in the post-mortem redistribution of water and
and the plasma membrane is expected to have a key role inSuPsequent water-holding properties of the méat Accord-
maintaining appropriate homeostasis in this actively contracting IN91y: measurement of commencing membrane disintegration
cellular system X). Accordingly, the integrity of the plasma is of substantla_l importance in further unde_rsta_mdlng the role
membrane and its water-transporting channels is significant for °f membrane disintegration for the progression in post-mortem
maintenance of normal cell functioning, and reports exist on PrOCESSES.
how abnormalities in muscle cell physiology (e.g., muscular ~ Gadolinium(lll) chelate paramagnetic contrast agents, for
dystrophy) are associated with alterations or defects in these€xample, Gd- diethylenetriaminepentaacetic acid (GD-DTPA),
structures (23). When muscles are exposed to high levels of are commonly used to enhance contrast in MR imagit® (
stress, the intracellular production of osmotically active solutes 11). Gd-DTPA does not penetrate cell membranes but remains
increases markedly, causing osmotic regulation. However, if the in the extracellular space (123), and the compound has been
used as a tool to characterize the extracellular space in muscles
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Muscles are highly organized with their arrangement of
individual muscle fibers as building blocks and interconnections
through the connective tissue. Likewise, the individual muscle
fiber is extremely structured with its surrounding sarcolemma,
which contains the plasma membrane that forms the T system
extending the plasma membrane into the interior of the muscle
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exponential components (17—26), which has been ascribed to 6.9
intra- and extracellular water compartments in slow exchange CINon-stimulated
(17-19,21-22, 25). Because Gd-DTPA remains extracellular, ~ 68 W Electrically stimulated
it is expected mainly to affect th& component reflecting the
extracellular compartment (226). Moreover, Gd-DTPA may
enable measurement of membrane disintegration, as this would
imply a transition from Gd-DTPA only affecting th&, of T
extracellular water to Gd-DTPA affecting tAe of both intra- 6.5
and extracellular water. In the present study, the effect of a
paramagnetic agent, Gd-DTPA, on NMR relaxation character- 6.4
istics in rabbit muscles post-mortem was studied to explore the
potential use of Gd-DTPA in the elucidation of membrane &3
disintegration in post-mortem muscles.

6.7

6.6

6.2

Gadolinium Control
MATERIALS AND METHODS Figure 1. pH in nonstimulated (n = 8) and electrically stimulated (n =
4) muscles for the Gd-DTPA-treated group and for the control group.
The pH was measured in m. longissimus 30 min post-mortem using a
glass electrode. LSMeans are given. Bars show standard errors.

Animals and Tissue Preparation.A total of 12 California rabbits
with a live weight of 3-5 kg were included in the present study. After
sedation with ketamine/imidazolam (Ketaminol, Veterinaria AG,
Switzerland; Dormicum, Alpharma, Norway), six animals were injected 450
with 0.2 mmol/kg Gd-DTPA (Omniscan, Nycomed, Denmark) into an
ear vein, which corresponds to the same concentration applied in a
previous study Z5). Six control animals were treated similar except
for iv injection with an isotonic salt solution (Nycomed, Denmark)
instead of Gd-DTPA. After 15 min, the rabbits were sacrificed by
cervical dislocation and exsanguinated. The right m. longissimus dorsi
was excised, and muscles from four rabbits (two Gd-DTPA-treated and 300 |2
two controls) were electrically stimulated (DC, 80 ¥15 mA) for
2.5 min. Thereafter, a sample (approximately 3.5 cm long) was cut 250 4
out and inserted into a 10-mm-diameter NMR tube used for the NMR 0 300 600 900 1200
measurements (see below). Time post mortem (min)

The experiment was approved by the Danish Inspectorate of Animal
Experimentation, and the rabbits were treated in accordance with the
guidelines by the same authority.

pH Measurements.pH was measured at the posterior and the center
of the left m. longissimus dorsi in all rabbits and at the posterior of the
right m. longissimus dorsi in all electrically stimulated muscles. The
pH measurements were performed 30 min post-mortem with a pH meterand the following equations are valid fof, and T, relaxation,
(Metrohm AG CH 9101 Herisau, Switzerland) equipped with an respectively [eqs 1 and 2]:
insertion glass electrode (LL glass electrode, Methrom). The electrode

Control

Gd-DTPA
Control-stimulated
Gd-DTPA-stimulated

T1 (ms)
)
o
o

Figure 2. Development in longitudinal (7;) relaxation in m. longissimus
(n = 12). LSMeans and standard errors for the four combinations of
nonstimulation/electrical stimulation, Gd-DTPA-treatment/control (saline
solution) are given.

was calibrated at 38C. N —t

NMR Relaxation Measurements.The NMR measurements were It) = MO,n{ 1- 2*eXp(—n)} (1)
performed on a 0.47 T Maran benchtop pulsed NMR Analyzer n= U
(Resonance Instruments, Witney, U.K.) operating at 20 MHz and N
equipped with an 18 mm variable temperature probe head. All —t
measurements were carried out at a constant temperature .30 IO = ) Mo, ex;{—") @
The experimental protocol consisted of repeatedly measuring the = 2
following in sequence: (1) Transvers&) relaxation measurements ) ) ) ) )
were obtained using spirechoes and the MeiboonGill modification I(t) is the measured signal amplitude at tiheN is the number of
of the Carr-Purcell pulse sequence (CPM&7). (2) Longitudinal exponentlal_s, ant¥ly is the magnitude. In QIscrete e_zxponentlal fitting,
(T1) relaxation was measured using an inversicecovery pulse the relax_atlon profile is deco_m_posed into a limited number of
sequence. The CPMG experiments were performed withspacing _exponentlals by Ieast-squar_es fitting.and T, data were decomposed
(time between subsequent 18@dlses) of 30Qs, using a relaxation into one and two exponential components, respectively.

delay of 3 s. Data were acquired as the amplitude of every second Statistical Analysis. Statistical analysis was carried out with the
echo (to avoid influence of imperfect pulse settings) in a train of 4096 Statistical Analysis System (SAS Institute Inc.). Analysis of variance
echoes as an average of 16 repetitions. In the inversierovery pulse was performed using PROC GLM. The statistical models in analysis
sequence (m-tr/2-Teg) WhereTeg is the equilibrium recovery time, the of variance included the fixed effects of treatment (Gd-DTPA treatment
FID was sampled following the/2 pulse after a dead time of 1. vs control) and electrical stimulation (electrically stimulated vs non-
The experiment was repeated with 12 values; tletween 1 ms and ~ Stimulated).

16 s. The measurements were started 4 min post-mortem for the

nonstimulated muscles and 9 min post-mortem for the electrically RESULTS

stimulated muscles. The acquisition time of each cycle with a CPMG Figure 1 displays pH values 30 min post-mortem in muscles

and an inversion—recovery experiment was 12 min, and subsequentfrom Gd-DTPA-treated and controls (0.9%-NaCl-treated) in both

measurements were started immediately and repeated until 23 h post- - . ; .
mortem. electrically stimulated and nonstimulated muscles. Electrical
Analysis of Relaxation Data. Discrete exponential fiting of ~ Stimulation decreased the pH of the muscles significantly.
relaxation data was performed with MatLab version 6.5 (The Math- ~ The development inT; relaxation in nonstimulated and
Works Inc., Natick, MA) using in-house scripts. The NMR relaxation ~ Stimulated muscles of controls and Gd-DTPA-treated rabbits is

signal can be expressed mathematically as a sum of exponential decaysshown inFigure 2. A strong significant effect of Gd-DTPA
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Figure 3. Development in transverse (T,) relaxation parameters measured
in m. longissimus: (A) T, time constant, (B) T, time constant, and (C)
proportion of T,, population. LSMeans and standard errors for the four
combinations of nonstimulation/electrical stimulation, Gd-DTPA-treatment/
control (saline solution) are given.

treatment was observed during the entire period for both

Bertram et al.
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Figure 4. Percentage difference between the relaxation time of the T,
time constant measured in muscles from control (saline solution) and in
muscles of Gd-DTPA-treated rabbits. Mean values for nonstimulated and
electrically stimulated muscles are given.

Electrical stimulation of the muscles significantly increased the
proportion of theT,, component during the entire period, and
while theT,, component made up about 1% and 7% of the total
magnitude in nonstimulated muscles at 4 min and 24 h post-
mortem, respectively, the corresponding amounts were about
5% and 12%, respectively, in electrically stimulated muscles.
The effect of Gd-DTPA-treatment on tHig, time constant
was calculated as the percentage difference in the relaxation
time of T,, in muscles of the control-group and the Gd-DTPA-
treated for the nonstimulated and stimulated grdtigyre 4).
For the nonstimulated muscles, a pronounced increase in the
effect of Gd-DTPA-treatment on the, time constant took place
around 150 min post-mortem. In contrast, in electrically
stimulated muscles, this increase in the effect Gd-DTPA-
treatment had on thi,, time constant took place already within
the first 30 min. For both electrically stimulated and nonstimu-
lated muscles, the percentage difference ended up at about 8%.

DISCUSSION

Cell membranes are susceptible to destabilization and dis-
integration when the muscle cell is exposed to stress conditions
such as intense, long-term exercise (4—7) or anoxia, induced

stimulated and nonstimulated muscles, as Gd-DTPA-treatmentduring post-mortem conditions. Employing an extracellular

caused a decrease in fherelaxation time relative to the control
of approximately 100 ms, from 400 to 300 ms.

Figure 3 presents the development in the relaxation time of
the twoT, componentsT,, andT,,) and the relative proportion
of the slowest relaxing componenit,(). In all samples, the
fastestT, component (1,) increased initially post-mortem and
was characterized by a time constant around#8sms (Figure
3A). Initially post-mortem theT,, time constant had similar
values in muscles from Gd-DTPA-treated rabbits and the
control-group; however, instantaneously fhe time constant

paramagnetic contrast agent (Gd-DTPA), the present study
investigated the use 8H NMR relaxation to detect membrane
destabilization in rabbit muscles post-mortem. A strong, sig-
nificant effect of Gd-DTPA treatment on the longitudin@i)X
relaxation in the muscles post-mortem was obsenkegute

2). Gd-DTPA-treatment reduced from about 400 to 300 ms,
which quantitatively corresponds to earlier reported effects of
Gd-DTPA onT; in skeletal muscles2Q, 25, 28). The compari-

son of effects of Gd-DTPA in electrically stimulated and
nonstimulated muscles revealed small differences between the

increased less in muscles from the Gd-DTPA-treated group astwo treatments. For control groups, therelaxation times were

compared to muscles from the control-group. In addition,
electrical stimulation lowered th&,, time constant. Thé,,
component was characterized by a time constant arounet 100
300 ms (Figure 3B). In nonstimulated muscles, thg time

identical, while for the Gd-DTPA-treated groups therelax-
ation time was lower in stimulated muscles than nonstimulated
muscles (Figure 2). This might be a result of the lower pH in
stimulated muscleg-{gure 1), as the relaxivity of paramagnetic

constant decreased initially post-mortem, whereas in electrically agents is pH-dependent (29).

stimulated muscles thg, time constant only slightly increased
initially post-mortem. Moreover, in electrically stimulated
muscles, a loweTy, time constant in muscles from Gd-DTPA-

T, relaxation in muscle is most often decomposed into a single
exponential (14,30—32), and previous data have strongly
indicated that thél; relaxation is monoexponentiadZ). This

treated animals as compared to those from control animals wasmay be ascribed to the few number of data points acquired in
evident already in the first measurements, whereas a similarcommon inversion—recovery experiments, making it difficult
difference developed in nonstimulated muscles only after 150 to identify more components. Likewise, our data also indicated

min post-mortemFigure 3C shows that the proportion of the
Tz, component was very small initially post-mortem; however,
with time the component increased in intensity.

only oneT; population, and accordingly data were decomposed
into a single exponential. Within the first hour post-mortem, a
slight decrease was observed in fherelaxation time. It has
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been argued that th&; relaxation time depends on water stimulated muscles increased significantly earlier (around 30
protein interfacial interactions38). Moreover, changes in the  min post-mortem) than in nonstimulated musclEggre 4),
morphology of proteins caused by thermal denaturation affect implying an earlier on-set of membrane destabilization and
the T, relaxation of tissue (34). Accordingly, the decreas@iin leakage of Gd-DTPA into the intracellular space. Consequently,
observed initially post-mortem should most probably be ascribed comparison of nonstimulated and electrically stimulated muscles
to structural changes in the muscle proteins during this period. in the present study confirms that the observed increase in
T, relaxation of muscles is often reported to be multiexpo- difference in relaxation time of th&,, component between the
nential (17—26), and the individual components are believed control and the Gd-DTPA-treatment is reflecting loss of
to reflect different anatomically separated physical states of membrane integrity. Consequently, the present data demonstrate
water within the muscle that are in slow exchantjg{19, 21— that Gd-DTPA can be used for probing membrane integrity in
23,25). Two T, relaxation components with a relaxation time ~Post-mortem muscles. The technique may have future potential
around 36-50 ms 0'20) and 106-300 ms 0'2/}) have been for in vivo studies on membrane Integrlty upon exposure to
ascribed to protons in intra- and extracellular water, respectively Stressors such as long-term exercise.
(21, 25). Accordingly, in the absence of water exchange between  During the post-mortem period, clear changes were observed
the two compartments, only th&,, component should be in the T, relaxation characteristics, which furthermore were

affected by Gd-DTPA, which remains extracelluld2¢13). affected by electrical stimulatior-{gure 3). However, inde-
However, water exchange affects the net effect of Gd-DTPA pendent of treatment, an increase in Thetime constant was

on water relaxation in compartmentalized syste®, @nd Gd- observed early post-mortem corresponding to a decreased
DTPA has previously been found to affect bdi) and Ty, in relaxation rate. This is in agreement with previous findings on

muscles (2526). Likewise, Gd-DTPA treatment resulted in a post-mortem muscle®(39). Interestingly, a similar decrease
reduction in the relaxation time of bof, andTy, in the present in the relaxation rate of, has also been reported in vivo upon
study Figure 3). Ideally, Gd-DTPA treatment could have been exercise (4041), which has been suggested to be a result of
expected to have a strong effect on gtime constant early  intracellular acidification and volume increagi2); Early post-
post-mortem, where membranes are intact with a succeedingmortem, conditions may be compared to exercise-induced anoxia
increasing effect on th&,, time constant concomitant with the  in the muscle, and most probably intracellular acidification and
progression of membrane destabilization. However, early post- volume increase also contribute to the observed increase in the
mortem the effect of Gd-DTPA treatment on tﬁ_Qﬁ time T, time constant post-mortem. However, as acidification is more
constant was minor, which most probably can be ascribed to pronounced in electrically stimulated musclegfre 1), other

the fact that the proportion of thk,, component is negligible  factors must also contribute to the relaxation timeTgf. In

early post-mortem. Difficulties in detecting an effect of Gd- muscles, thel,, time constant has been suggested to reflect
DTPA due to the insignificant size of thE,, component are  water located within the highly organized myofibrillar protein
supported by the fact that the effect of Gd-DTPA treatment on matrix structures 23, 24). Accordingly, the lowerT,, time

the T, time constant early post-mortem was much more constantin electrically stimulated muscles most probably reflects
pronounced in electrically stimulated muscles where the propor- a more pronounced protein denaturatid)( promoted by the

tion of theT,, component was significantly higher as compared more acidic environment, and resulting in local shrinkage of
to that in nonstimulated muscles. Moreover, it has been reportedthe myofibrillar spaces (43). This also agrees with the signifi-
that the relaxivity of Gd-DTPA depends on macromolecular cantly higher proportion of th&, population in electrically
concentration36), which is higher in the intracellular compart-  stimulated musclesHgure 3C), resembling less water within

ments containing myofibrillar proteins, implying that tfie, these structures in these muscles. Noticeably, following the
time constant is more susceptible to be affected by Gd-DTPA. initial increase in thd&3, population, a lag period was observed
To obtain a measure of the effect of Gd-DTPA on fhg in electrically stimulated muscles. This most probably reflects

component, which must be expected to increase when barriersthe end of the electrical stimulation-induced membrane disrup-
between intra- and extracelluar compartments are disrupted, thetion followed by the normally occurring progression in disin-
difference in the relaxation time of thie, component between  tegration of the remaining membrane structures. The relaxation
the control-group and the Gd-DTPA-treated group was calcu- time of theT,, population, which has been suggested to reflect
lated. For nonstimulated muscles, a pronounced increase in theextracellular/extramyofibrillar water2(, 23—25), decreased
difference in theT,, time constant between the control-group initially post-mortem, however, only in the nonstimulated
and the Gd-DTPA-treated group took place around 150 min muscles (Figure 3). This decrease in the relaxation time of the
post-mortem (Figure 4), implying that a severe destabilization T, population most probably reflects an increase in extracellular
of the cell membranes took place at this point in time. osmolytes, which already had occurred in stimulated muscles.
Electrical stimulation of muscles provokes a cascade of During the entire measuring period, the relaxation time of the
processes involving increased contractions, increased rate of2; Population was found to be significantly lower in electrically
glycolysis, disruption of the integrity of muscle cell structures, Stimulated muscles than in nonstimulated musdfégure 3B).
and leakage of G4 ions into the cytosol (37). An increased In the electrically stimulated muscles, an increased release of
ca* level is one of the factors that propagates activation of C&™ is taking place7), which stimulates proteolytic enzymes
phospho”pases’ known to mediate hydro|ysis of membrane (44) Accordingly, the lower relaxation time Eﬁﬁ in electrically
structures (38). Accordingly, a much faster destabilization and stimulated muscles may arise as a consequence of a higher
disintegration of the cell membranes is expected upon electricalcontent of smaller, soluble peptides. Further studies are needed
stimulation. In the present study, electrical stimulation was to confirm this.
performed on a group of muscles, and lower pH values 30 min  In conclusion, the present dynamic study investigated the
post-mortem point toward accelerated glycolysis in the stimu- effects of the extracellular paramagnetic agent Gd-DTPA on
lated muscles (Figure 1). In agreement with this, the difference the development in NMR relaxation characteristics of skeletal
in the relaxation time of th&,, component between the control-  rabbit muscles post-mortem. Around 150 min post-mortem, a
group (0.9%-NaCl-treated) and the Gd-DTPA-treated group of dramatic increase in the difference between control and Gd-
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DTPA-treated rabbits in the relaxation time of firecomponent
that reflects intracellular watefl{ ) took place. This increased
effect of Gd-DTPA on the relaxation of intracellular water is
believed to reflect leakage of water due to membrane disintegra-
tion. This hypothesis was supported by a significantly earlier
onset of the increased effect of Gd-DTPA on thg time
constant in muscles where membrane destabilization was
promoted by electrical stimulation. Accordingly, the present
study has demonstrated that Gd-DTPA can be used for probing
membrane integrity in post-mortem muscles.
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