
ard dillerential centrifugation techniques, 84% was asso
ciated with the cytosolic fraction (4). By use of similar
techniques applied to newborn chick hearts, technetium
complexes of the 2-carbomethoxy isopropyl isonitrile ii
gand (99mTc@CPI),another modestly lipophilic cationic
agent, were found predominantly in the cell membrane
fraction (6 1%) and cytosolic fraction (25%) (5). As ex
pected, other highly lipophilic cationic alkylisonitrile 99mTc
complexes were reported to be predominately associated
with the membrane fraction in cultured rat heart cells or
red blood cells (6). These previous studies were, however,
limited by the lack of correlative functional or enzymatic
markers to characterize the tissue fractions for cross con
tamination of cellular constituents or impurities.

Recently, studies using cultured chick heart cells (7),
mouse fibroblasts (8) and tumor cell lines in vitro (9) have
indicated that the fundamental cellular mechanism of
uptake and retention of99mTc@MIBIinvolves nonmediated
diffusion across both plasma and mitochondrial mem
branes in response to large negative transmembrane poten
tials, thereby favoring mitochondrial localization of this
agent at steady-state loading levels (7,8). Concurrently,
little activity was found to be nonspecifically associated
with the cell membrane based on pharmacological inter
ventions that depolarize mitochondrial and plasma-mem
brane potentials (7,8). The nonflow-dependent mecha
nism of cellular distribution of @mTc@MIBIwould there
fore require a three-component compartmental model
(extracellular space, cytosol, mitochondrial inner matrix)
exchanging in series in the myocytes, as opposed to a two
component model implied in the earlier reports with
guinea pig hearts (3,4).

The purpose of this study was to reinvestigate the sub
cellular distribution and chemical integrity of 99mTc@MIBI
in a whole heart preparation, thereby testing the models
developed with cultured avian heart cells in a mammalian
system.A mitochondrialinner matrix enzyme, malate
dehydrogenase (10), and mitochondrial substrates were
correlated with 99mTcMIBIcontent in subcellular fractions
to correct for any cross-contamination inherent in the
methodology. Chromatographic and ultrafiltration tech

To address the apparent discrepancy between cultured cells
and whole heart preparations, Langendorff-perfused rat
hearts loaded with hexakis (2-methoxyisobutyl isonitrile) tech
neticum (I) (@â€˜Tc-MlBl)were fractionated by a standard dif
ferential centrifugation method and fractional contents of

@â€˜Tc-MlBlwere correlated with the mitochondrial marker,
malatedehydrogenase(MDH), and mitochondrialsubstrates.
The â€œcytosolicâ€•fractionnominallycontained89% Â±3% of
total @â€œTc-MIBl,but alsocontained91% Â±I % of total MDH
activity by this method. Chromatographic analysis of activity

in the â€œcytosolicâ€•fractiondemonstrated>95% of the agent
waspresentastheoriginalfreecationiccomplex;bindingto
a small molecular weight cytosolic protein was not involved
in localization. Addition of the mitochondnal uncoupler CCCP
(5 pM) to bothâ€œmitochondnalâ€•and â€œcellfragmentâ€•pellets
releasedup to 84% Â±8% of @Tc-MlBIcontentand addition
of themitochondnalsubstratesuccinate(10 @@M)inthepres
enceof rotenone(1 @M)enhanced @â€˜Tc-MIBlcontentbyup
to 139% Â±52% over the control. These correlative data from
rat hearts indicate that approximately90% of @â€˜Tc-MlBI
activity in vivo is associated with mitochondna in an energy
dependent manner as a free cationic complex, but migrates
dunng fractionation/centrifugation.

1992;33:1516â€”1521

exakis (2-methoxyisobutyl isonitrile) technetium (I)
(99mTcMIBI) is a myocardial perfusion imaging agent
recently approved by the Food and Drug Administration
that exploits the favorable scintigraphic properties of 99mTc
(1,2). During initial investigations of the myocardial up
take mechanisms and subcellular distribution of @mTc@
MIBI in guinea pig heart slices, data suggested that this
modestly lipophilic cationic agent passively diffused across
the myocellular membrane and localized in the cytosolic
fraction (3,4). Ofthe total recoverable activity using stand
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niques were also employed to test for possible binding to
a soluble protein or metabolism of the parent compound.

METHODS

ExperimentalSolutions
Isolated hearts were perfused with modified Krebs-Henseleit

buffer containing the following (mM): 118 NaCI; 5.4 KC1; 0.8
MgSO4;0.8 NaH2PO4;1.2 CaC12;26 NaHCO3;5.6 dextrose;4.0
HEPES.This bufferwascontinuouslybubbledwith 95% 02/5%
CO2to achievepH 7.4 Â±0.05 and the temperaturemaintained
at 37Â°Cin a water bath. Radionuclide infusion was performed by
adding 1.5â€”3.3mCi 99mTcMIBIto 250 ml ofbuffer for prolonged
net uptakeprotocolsor by injectinga bolusof0.8â€”3.0mCi99mTc@
MIBIinto a port in the perfusionapparatus placed immediately
before the aortic cannula.

Fractionation Buffer I contained the following (mM): 230
mannitol; 70 sucrose; 3 MOPS; 2 EGTA; 0.2% bovine serum

albumin (BSA) (w/v); pH 7.2 titrated with KOH. Fractionation

Buffer II contained (mM): 110 KC1;20 MOPS; 46 mannitol; 14
sucrose; 2 EGTA; pH 7.5 titrated with KOH.

Synthesis of radiolabeled 99mTc@MIBIwas performed using a
one-step kit formulation (provided by E.I. Dupont, Medical
Products Division, North Billerica, MA) containing stannous
chloride (0.075 mg) as a reducing agent for the technetium and
MIBIas the Cu(MIBI)4BF4salt. Kits werereconstituted,purified
and tested for radiochemical purity by previously described meth
ods(7).

IsolatedPerfusedHeart Preparation
Male or female Sprague-Dawley rats were anesthetized in a

diethyl ether chamber. After deep anesthesiawas achieved,the
heart was removed through a rapid parasternal thora
cotomy and immediately placed in ice cold (4Â°C)Krebs-Henseleit
buffer containing heparin (@100 units). The heart was rapidly
cleaned of connective tissue, and the aorta was identified and
connected to the water-jacketed perfusion apparatus by a cannula
for retrograde perfusion. All hearts were initially perfused for 10
mm with Krebs-Henseleit buffer (37Â°C)to achieve mechanical
stabilization. Buffer was infused at either constant flow (Master
flex pump, Cole-Palmer Instrument Co., Chicago, IL) or constant
pressure (â€˜â€”80cm water) as identified in the Results. Two exper
imental perfusion protocols were employed: either perfusion for
17 mm prior to a bolus injection of 0.8â€”3.0 mCi @mTc@MIBI

followed by an additional 3 mm of perfusion or perfusion for 20
mm with buffer containing 6â€”14@Ci/ml99mTc..MIBIat a rate of
2.5â€”7.0mI/mm. All experimentswereperformedwith approval
of the Harvard Medical Area Standing Committee on Animals
in compliance with the position of the American Heart Associa
tion on research animal use.

TissueFractionation
After perfusion, the hearts were placed in Buffer I at 4Â°C,

furthertrimmedofconnectivetissue,mincedinto 1â€”2-mmpieces
and homogenized with three to four strokes using a Potter
Elvehjem tissue grinder before centrifugation for 10 mm at SOOx
g and 4Â°C.The supernatant was discardedand the pellet resus
pended in 5 ml of Buffer II (4Â°C)for further homogenization in
the presence of 0.5 mg/mI of protease (nagarse, Sigma Chemical
Co.,St.Louis,Mo).After3 mm ofdigestion,the proteasereaction
was inhibited using 10 ml of Buffer II containing 0.2% BSA on

ice. Large tissue fragments were filtered and the filtrate was

centrifuged for S mm at 5000x g (4Â°C),yielding â€œsupernatant
component Iâ€•(Fig. I). The pellet was resuspended in 10 ml of
Buffer II with BSA on ice and centrifuged for 10 mm at SOOxg
and then 3000x g (4Â°C)to obtain the â€œmembranefragment
componentâ€•and â€œmitochondrialcomponent,â€•respectively, with
the resulting supernatant termed â€œsupernatantcomponent IIâ€•
(Fig. 1).

To determine the effect of centrifugation speed on separation
of fractions, 99mTcMIBI was added to the post-protease fraction
obtained by the technique described above, except that the hearts
were perfused with isotope-free Krebs-Henseleit and the post
protease fraction was centrifuged for S mm at 4Â°Cat either
15,000xg or 500x g.

Assays,Markersand Inhibitors
Malate dehydrogenase, a soluble inner matrix mitochondnal

enzyme, was used as a marker to determine the distribution and
leakage ofmitochondrial contents into various fractions. A stand
ard enzymatic fluorometric assay of the oxidation of NADH by
oxaloacetate (10) was utilized to measure malate dehydrogenase
activity (Kontron Instruments SFM 25, Zurich, Switzerland;
excitation 340 nm, emission 460 nm).

To correlatenet accumulation of 99mTcMIBIin various frac
tions to the metabolic status of intact mitochondria, substrates
specificfor mitochondrialrespirationwereemployed.Following
protease inhibition and filtration, filtrate was divided to yield

FIGURE1. Schematicdiagramofthedifferentialcentrifugation
procedureappliedto Langendorff-pertusedrat heartscontaining

@â€˜Tc-MIBI.
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â€œcontrolâ€•or â€œtreatmentâ€•samples. To the treatment sample was
added 10 mM succinate, a substrate specific for Site II of the
electron transfer chain, and 1 @Mrotenone, an inhibitor of Site
I (7). Sampleswere incubated at room temperature for 10 mm
followed by centrifugation for 5 mm at S000x g (4Â°C).The effect
of mitochondrial substrate addition to fractions in which 99mTc
MIBIwas added in vitro was also studied:here, heartswere
perfused with isotope-free Krebs-Henseleit buffer for 20 mm and
then fractionated as described, but with the radiolabelbeing added
after the protease inhibition and filtration step. Samples were
again divided into control and treatment groups, incubated 10
mm at room temperature with or without substrate and then
centrifuged for S mm at 5000x g (4Â°C).To define intact mito
chondria that could be depolarized, 5 @iMcarbonylcyanide m
chlorophenylhydrazone (CCCP), an uncoupler ofoxidative phos

phorylation (7), was added to fractions as indicated. All reagents
were purchased from Sigma Chemical Co. and dissolved in
dimethylsulfoxide (DMSO) prior to addition to buffers. Final
DMSOconcentrationwastypically<0.25%,a levelthathasbeen
shown to have no effect on cellular kinetics of@mTc@MIBI(7).

Fractions were weighed in tared centrifuge tubes when required
and then all samples were assayed for @mTcactivity in a well
type gamma detector (Omega 1, Canberra, Meriden, CT) and
corrected for geometric differences in sample volumes. The pro
tein content of pelletswasdeterminedby a biuret assay(11).

For analysis of relative 99mTc@MIBIactivity in each tissue
fraction, residual supernatant counts contaminating each respec
tive pellet were subtracted. This correction assumed 0.65 g cell
protein/g cell dry weight and 0.8 g mitochondrial protein/g
mitochondrial dry weight (12) combined with the experimentally
determined values of 21 Â±2 (n = 8) g wet weight/g cell protein
and 26 Â±3 (n = 8) g wet weight/g mitochondrial protein
measured on pellets from the standard protocols illustrated in
Figure 1. The correction factors for the variablecentrifugation
protocol were 29 Â±8 (n = 4) and 16 Â±3 (n = 4) g wet weight/g
pellet protein for 500x g and 15,000x g centrifugations, respec
tively. Results were then normalized to total recoverable @mTc
activity and expressed as percent oftotal fractional activity.

Analysisof In-VivoAdministered @â€œTc-MlBI
MaleSprague-Dawleyratswereanesthetizedwithdiethylether

and injected via an exposed jugular vein with @mTc@MIBI(15â€”
20 mCi, 5.5â€”7.4GBq/0.5 ml). At 15 mm postinjection, the
animals were killed by ether asphyxiation,and the hearts were
removed and washed free of blood in cold phosphate-buffered
saline (0. 15 M; pH 7.4, 4Â°C).The heart was minced with scissors
into 1â€”2-mmpieces, diluted 2: 1 by weight with buffered saline
and homogenized in a Potter-Elvehjem teflon and glass tissue
grinder. The homogeneous mixture was centrifuged at 3000x g
for 20 mm at 4Â°C,then triplicate 500-gilaliquots of the superna
tant containing primarily â€œcytosoliccomponentsâ€•were applied
to a Centricon 30 Kdalton cutoff microconcentrator (Amicon,
Beverly, MA) and centrifuged in a 30Â°fixed-angle rotor at 3000x
g for 45 mm. The filtrate was applied to a 10 Kdalton cutoff
microconcentrator and centrifuged as above followed by similar

processing through a 3 Kdalton cutoff microconcentrator. After
each initial pass through the filter, an additional 2 x 250 @lof
buffer was added and centrifugation repeated to wash through
activity retained in the concentrate volume (â€œ-50@@l)that was not
protein bound. The concentrated fraction ofactivity was collected
by inverting the microconcentrator and centrifuging, thereby

differentiating between counts associated with a large molecular
weight protein and nonspecific binding to the membrane. Control
studies were performed with the preinjected 99mTcMIBIagent in
buffered saline to monitor for binding to the filter plastic.

The â€œcytosolicâ€•component from the homogenized heart was
also tested for protein binding of any technetium containing
species by chromatography using two different HPLC systems.
The first was a silica-basedgel permeation chromatographysys
tem (GPC) using an 1251protein column as the stationary phase
(1 cm X 25 cm) (Waters Assoc., Milford, MA) eluted with an

aqueous buffer mobile phase (0.05 M, Na2HPO4/NaH2PO4,pH
7.0) at a flow of 1 ml/min. The second system was an anion
exchange chromatography system (AEC) consisting of an Accell
anion exchange column (4.6 mm x 250 mm) (Waters Assoc.,
Milford, MA) eluted with a lineargradientof phosphate-buffered
(0.05 M, pH 7.0) saline (0. 15 M to 1.5 At) over 10 mm at I ml
per mm. On both ofthese systems,the parent lipophiliccation is
retained indefinitely until a methanol gradient to at least 80% is
performed.

The identity of the technetium containing complexes in the
rat heart was ascertained by analysis of activity in the heart
homogenate â€œcytosolicâ€•component on the same reversed-phase,
high-performance liquid chromatography system (RP-HPLC)
used to validate the purity of the @mTc@MIBIkit. Sample prepa
ration for this technique involved diluting the cytosolic fraction
with ice cold ethanol (1:1, v:v) to denature and precipitate pro
teins and centrifugingat 3000x g for 5 mm at 4Â°C.A determi
nation of counts/volume indicated no significant binding of
99mTcMIBI to the precipitated proteins. Samples of the clear
supernatant were analyzed on a RP-HPLC system consisting of

a C-8 bonded stationary phase (5 @msperical particles, 10 cm X
0.46 cm)(Brownlee, OS-MP cartridge, Rainin Instruments, Wob
urn, MA) and a linear gradient mobile phase of 100% aqueous

buffer ((NH4@SO4,0.05 M) to 95% methanol in 5 mm. Serial
radiometricand UV detection were used to monitor chromato
graphiceluations.

Statistical Analysis
Valuesare mean Â±s.c.m. unless indicated in the text [(n) is

the number of observations]. Statistical significance was deter
mined by one-way analysis ofvariance or the two-tailed Student's
t-test (pairedor unpaired)as indicated(13).

RESULTS

Subcellular Distribution
To evaluate potential sources oferror in assigningactiv

ity to specific subcellular compartments, the influence of
various centrifugation rates on @mTcactivity in the post
protease pellet from perfused rat hearts were tested. For
centrifugation rates of 500x g, 5000x g and l5,000x g,
for 5 mm each, the pellet-associated activity was 36% Â±
5% (n = 4), 32% Â±4% (n = 8) and 50% Â±6% (n = 4) of
total activity, respectively. The 500x g and 5000x g sep.
arations were not significantly different, but that at
l5,000x g increased pellet-associated activity by 56% (p
< 0.05). Because the purpose of this series of experiments
was to correlate fractional distribution of @mTc@MIBIac
tivity with a mitochondrial marker while approximating
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previously published methods, the 5000x g protocol was
furtheranalyzed.

In five perfusedratheartsinjected with a bolus@
MIBI, the centrifugation protocol shown in Figure 1 re
sulted in fractions containing 99mTc-MIBIactivity distrib
uted as shown in Figure 2 (%oftotal): supernatant I, 64%
Â±5.3%;supernatantII, 23% Â±2.4%;cell fragments, 11%
Â±2.6%; and mitochondrial component, 1.5% Â±0.6%.
Although there was no statisticallysignificant difference in
fractional distribution between bolus and infusion (Fig. 2)
or between constant pressureand constant flow protocols
(p = ns), there was a trend with the infusion protocols
toward enhanced mitochondrial-associated activity (40%
increase) and decreased cell fragment-associated activity
(1 1% decrease). However, note that 65% Â±7% of the
99mTcMIBIactivity that could be pelleted on the post
protease centrifugation was releasable into supernatant II
by further manipulations and centrifugations with this
protocol. In fact, control experiments demonstrated that
three successive resuspensions of the post-protease pellet
in Buffer II (without mitochondrial substrate), each fol
lowed by centrifugation (5000x g; 5 mm), resulted in only
1% of total 99mTcMIBI associated with the final pellet
versus 39% without these manipulations.

Correlative evaluation of supernatants and pellets for
the presence of malate dehydrogenase and @mTc@MIBI
activity is shown in Figure 3. Pooling the activity associated
with both supernatants,91% Â±1%(n = 4) oftotal malate
dehydrogenase and 89% Â±3% of total @mTc@MIBIcon
tents were found in these â€œcytosolicâ€•fractions. These
techniques could not discern any significant differences in
fractional activity of enzyme or agent with bolus or con
stant infusion protocols (p = ns) when normalized to total
activity recovered by each method.

To further assay pellet fractions for the presence of
viable mitochondria, substrate-specific mitochondrial
membrane polarization was induced by addition of succi
nate (final concentration: 10 mM) and rotenone (final

FIGURE2. Nominaldistributionof @â€˜Tc-MlBlinfractionsob
talned from perfused rat hearts. Fractional tracer content is
expressedas percentof total recoverableÂ°Â°â€˜â€œTc-MIBIfrom efther
bolus(n= 5) or infusion(n= 6) loadingprotocols(seeMethods).

FIGURE3. Correlative@Â°â€œTc-MlBIandmalatedehydrogenase
(MDH)contentintheÂ°cytosolicâ€•fractionsobtainedfromperfused
rathearts.Resultsareexpressedas percentof totalrecoverable
activity of radiolabeland enzyme from all fractions using either
bolus (n = 4) or infusion(n = 4) loadingprotocols.

concentration: 1 @tM)to filtrates prior to centrifugation
(Fig. 4). Two protocols were followed:

1. For @mTc-MIBIactivity loaded into perfused heart
preparations by the infusion protocol, the addition
ofsuccinate and rotenone increased pellet-associated
tracer by 19% Â±3.6% (n = 5) over control values (p
< 0.01). There did not appear to be any significant
difference whether substrate was added to filtrate
immediately after the protease treatment or to the
partially purified supernatants of the next two cen
trifugation steps.

2. For 99mTcMIBI activity added in vitro to the filtrate
immediately after protease treatment of isotope-free
perfused hearts, addition of succinate and rotenone
increased pellet-associated tracer by 182% Â±66% (n
= 8) over control (p < 0.05).

The combined enhancement over control by substrate
addition to all â€œfragmentâ€•pellets and â€œmitochondrialâ€•

FIGURE4. Effectsofsuccinate(10 mM)plusrotenone(1pM)
or CCCP(5pM)onÂ°Â°â€œTc-MIBIcontentintheâ€œcellfragmentâ€•and
â€œmitochondrialâ€•pellets. Resufts are expressed as percent of a
paireduntreatedsample.Numbersin parenthesesarethe number
of observations.
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99mTcMIBIwas simply present as the free cation that itself
would not elute under these conditions.

However, the control experiment of reversed phase
chromatographic analysis of â€œcytosolicâ€•activity from rat
heart labeled in vivo and extracted in protein denaturing
conditions demonstrated 94% of the eluted activity with a
retention time identical to free 99mTc@MIBI (data not
shown). This result confirmed that the core technetium
complex was retained in the heart as the intact cation and
not metabolized (14).

DISCUSSION

Understanding the biological behavior of functional
tracers such as the myocardial perfusion imaging agent
99mTcMIBI can guide both appropriate clinical uses and
further development of these diagnostic radiopharmaceu
ticals. Cultured chick heart cells have proven to be an
efficacious and predictive cellular model for evaluating a
wide number of candidates as myocardial imaging agents
from this class of compounds (15). Cellular physiological
studies indicate the 99mTc..MIBI, a modestly lipophilic
cation, is sequestered within mitochondria of living cells
thermodynamically driven by the large negative trans
membrane potentials in series across the sarcolemmal and
mitochondrial inner membranes (7,8). Early data from
whole heart preparations, on the other hand, largely de
rived from differential centrifugation techniques, indicated
the vast majority of 99mTc@MIBIto be associated with the
â€œcytosolicâ€•fraction (3â€”5).

MitochondnalAssociationof Â°Â°â€œTc-MIBIin Mammalian
Heart

Data from the current study corroborated the apparent
cytosolic localization of 99mTcMIBI in whole heart prep
arations, but found this to be an artifact of the tissue
homogenization and fractionation techniques, particularly
during the centrifugation steps. Several lines of evidence
indicated that mitochondrial-associated 99mTc@MIBIin the
mammalian model was lost during the centrifugation pro
cedure. First, approximately 90% ofmalate dehydrogenase
activity (a soluble mitochondrial matrix marker; 16) was
found in the â€œcytosolicâ€•fractions in direct correlation with
the 99mTc@MIBIactivity. This indicated that the technique
had damaged mitochondria sufficiently to allow leakage
of inner matrix enzyme contents. Second, crude as well as

pellets was 139% Â±52% (n = 11) and 24% (n = 2),
respectively (Fig. 4). The combined increase in pellet
associated activity in 99mTc@MIBIabove control by addi
tion of mitochondrial substrate for all in vivo and in vitro
protocols was 119% Â±46% (n 13; p < 0.025).

Conversely, for perfused hearts loaded with tracer, ad
dition of the mitochondrial uncoupler CCCP (final con
centration: 5 @tM)to supernatants 3 mm before centrifu
gation of the â€œcellfragmentâ€•pellet or â€œmitochondrialâ€•
pellet reduced pellet-associated 99mTc@MIBIactivity to 20%
Â±9.7% and 16% Â±8.2% of control (n = 6; p < 0.001),
respectively (Fig. 4). There was no significant difference
between continuous infusion and bolus loading protocols.
These data indicated that CCCP-releasible (mitochondrial)
99mTcMIBI activity was present in both pellets using this
differential centrifugation technique.

Analysisof PossibleProteinBindingin Cytosol
Control experiments on ultrafiltration of 99mTcMIBI

through microconcentrators demonstrated that the major
ity of the activity passed through all three filters. A sub
stantial amount of activity, however, was also observed
bound to the filter material for the 30 and 10 Kdalton
cutoff microconcentrators. When a comparison was made
between control 99mTcMIBI from kits and 99mTc@MIBI
recovered from the â€œcytosolicâ€•component ofthe rat heart
homogenate, no statistically significant differences were
observed in this molecular weight range (Table 1). Indeed,
only 7.6% Â±2.7% of the â€œcytosolicâ€•activity was found
associated with the fraction characterized as protein or
biomolecules greater than 3 Kdalton in molecular weight
compared with 5.0 Â±1.2 percent in this fraction for the
99mTcMIBI agent alone.

Analysis ofthe â€œcytosolicâ€•fraction by HPLC using both
gel permeation (GP-HPLC) and anion exchange (AE
HPLC) under the nondenaturing elution conditions of the
protein separation systems demonstrated only unreacted
Tc04 or hydrophiic impurities eluting. Quantitative
analysis confirmed >95% retention of the â€œcytosolicâ€•ac
tivity on the columns for >90 mm. Retention of activity
on the column under this condition could have indicated:
(1) a 99mTc@MIBI@proteinconjugate that was extremely
lipophilic, or (2) a labile conjugate such that the 99mTc@
MIBI dissociated during elution, or (3) a 99mTc@MIBIcon
jugate that had decomposed to a lipophilic product, or (4)

TABLE 1
Ultra-centrifugation of @Tc-MlBIIn-vivo Labeled Rat Heart: Cytosolic Fraction Compared with Free @â€œTc-MIBlComplex

>30K Filter 30Kâ€”iOK Filter 1OKâ€”3K Filter <3K

(%totalactivity)

Ratheart 1.6Â±.26 13.4Â±1.6 1.7Â±.95 18.1Â±2.5 4.3 Â±1.5 0.7 Â±.06 60.2Â±5.0
@Â°â€œTc-MlBl0.9 Â±.18 18.9Â±3.0 1.1Â±.23 17.3Â±1.8 3.0Â±.78 0.6 Â±.14 58.2Â±4.5

Measurementsarepresentedas percentof totalactivityloadedontothe largestmolecularweightcutoffmicroconcentrator.Each
subsequentfiltratewas transferredto the next smallerporefilterValuesare formeanÂ±s.d (n 3).

1520 The Journalof NuclearMedicineâ€¢Vol. 33 â€¢No. 8 â€¢August1992



20 40 60 80 100

f@total Tc-99m MIBI content

partially purified pellets showed significant increases in
99mTcMIBI activity when substrate specific for mitochon
drial respiration (succinate; 16) was supplied in the frac
tionation buffer. This showed that using a suboptimal
protocol produced nominal â€œcellfragmentâ€•pellets as well
asâ€œmitochondrialâ€•pelletscontainingviablemitochondria.
The latter were able to repolarize their inner membrane
potential and thereby increase potential-dependent accu
mulation of the agent. These data also indicated that
another mechanism of loss in the â€œcytosolâ€•fraction (in
dependent of irreversiblemembrane damage) was a tran
sient reduction in membrane potential due to lack of
substrate. Cold temperatures during isolation would also
contribute to loss of membrane potential. Third, the im
purity of the cell membrane pellets was further demon
strated by the significant decrease in pellet-associated
counts following addition of the mitochondrial uncoupler
CCCP (16). Last, increasing centrifugation speed to
15,000x g significantly augmented pellet-associated 99mTc..
MIBI activity consistent with improved efficiency of mi
tochondrial recovery.

If the fractionation data from this mammalian model
are correlated with markers of mitochondrial integrity,
then the activity of 99mTc-MIBIattributed to various frac
tions can be corrected and reassigned as shown in Figure
5. This analysis would indicate that approximately 90% of
the 99mTcMIBIactivity is localized to the mitochondria
in this mammalian model, consistent with previous obser
vations from cultured avian heart cells and other in vitro
cell models.

The alternative explanation for localization of @mTc@
MIBI based on irreversiblebinding to a soluble protein or
biomolecule cannot be confirmed by the present experi
ments. Although some retention of 99mTc@MIBIactivity
from heart homogenate was observed with the Centricon
ultrafiltration devices, the results could be explained by
hydrophobic adsorption to the membrane filter of the

U

FIGURE5. Correctedfractionaldistributionof @Â°â€œTc-MIBlex
pressed as percent of total activityobtained from perfused rat
hearts.Technetium-99m-MIBIassociatedwith malatedehydro
genase in supematants I and II, or releasableby treatment of
pellets with CCCP, was assigned to the mitochondnalfraction.
CCCP-insensitive @â€˜Tc-MlBlinthe nonmitochondrialpelletwas
assigned to fragments and all residual activity was assigned to
the cytosol.

microconcentrators. Indeed, any small differences in reten
tion between heart â€œcytosolicâ€•and kit 99mTc..MIBIultra
filtration may be due to differences in filtration rate or
competitive binding of biomolecules with the membrane.
Additionally, HPLC analysis gave indications that no more
activity eluted from the column than could be accounted
for as chemical impurities (i.e., <5%). These chromato
graphic results do imply, however, that if a @mTc-MIBI
biomolecule conjugate exists in vivo it is either exception
ally lipophilic, which would be inconsistent with a soluble
conjugate localized to the cytosol, or an exceptionally
labile interaction that would be expected to dissociate and
produce rapid washout from the heart, which is contrary
to in vivo data. We conclude that irreversiblebinding to a
cytosolic protein is not a significant mechanism of local
ization for 99mTcMIBI

CorrelativeModelsand ClinicalImplications
Data in other mammalian preparations are consistent

with the model and conclusions of the present study. For
example, in reperfused open-chest dogs, severe ischemic
injury produced by LAD occlusion for 3 hr followed by
90 mm ofreperfusion resultsin the uncoupling of segmen
tal reperfusion flow (measured with microspheres) and
99mTcMIBIactivity, such that accumulation of the agent
is less than 30% of the corresponding reperfusion flow
(1 7). This would be consistent with energy-dependent
mitochondrial localization of 99mTcMIBI Similar results
are reported in swine (18). In Langendorfl'-perfusedrat
hearts, inhibition of oxidative phosphorylation or lytic
membrane disruption reduce net uptake and enhance
clearance of 99mTcMIBI (19), and in guinea pig heart
slices incubated under hypoxic conditions, there is less
accumulation of @mTc-MIBIcompared to control (4).
Thus, in general, a significant proportion of tracer accu
mulation appears dependent upon metabolic status. Fur
thermore, by optimizing the differential centrifugation
technique applied to guinea pig hearts loaded in vivo with
99mTc..MIBI,recent preliminary data indicate directly that
>90% ofthe activity is found in the mitochondrial fraction
in a substrate-dependent manner (20).

Under steady-state conditions in the presence of a con
stant extracellular concentration of@ negative
plasma-membrane potentials can pre-concentrate the
agent into the cytosol approximately five-fold over extra
cellular space; mitochondria are then capable of further
concentrating the agent up to 300-fold over the cytosol (7,
16). This is a result of intermediary metabolism of sub
strates (fatty acids, glucose, pyruvate), which delivers re
ducing equivalents to mitochondrial electron transfer cy
tochromes (16). Negative inner matrix membrane poten
tials generated by translocating protons out of the matrix
during vectoral electron transfer (proton-motive hypothe
sis) provide the final bioenergetic sink for the lipophilic
cationic 99mTcMIBI

Thus, in clinical use, these data imply that @mTc@MIBI
is both a perfusion and tissueviability agent.Theseprop.
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erties might be best exploited during post-reperfusion eval
uation when tracer accumulation would reflect myocardial
viability under conditions where reestablishment of flow
can be documented independently (perhaps angiographi
cally). In the presence of severe myocellular post-ischemic
injury, both mitochondrial and plasma-membrane poten
tials would decline (depolarize) from metabolic derange
ments and membrane disruption, thereby decreasing the
driving force for 99mTc-MIBI accumulation. The level of
myocardial accumulation of 99mTc..MIBIcould serve as a
noninvasive single-photon probe of tissue bioenergetics,
specifically targeting the status of the membrane poten
tials. Alone or in combination with other tracers, 99mTc
MIBI could monitor the presence of severe, possibly irre
versible, injury (21). Because the state of mitochondrial
energetics is a fundamental aspect of a variety of tissue
insults (toxic, chemotherapeutic, radiation) in addition to
ischemia, there is every reason to believe that these prin
ciples should also be applicable to other tissues capable of
accumulating @mTc-MIBI,such as skeletal muscle, liver,
kidney and a variety of tumors.

CONCLUSIONS

In summary, when fractionation of a marker of mito
chondrial contents is correlated with the distribution of
99mTcMIBI, the agent can be localized to mitochondrial
compartments. No evidence for in-vivo binding to a cy
tosolic protein is found. This extends to intact mammalian
myocardium results previously obtained with cultured
cells in vitro. Caution is warranted when using tissue
fractionation techniques to localize diffusible radiophar
maceuticals with energy-dependent sequestration mecha
nisms.
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