
might be useful for identification of hypoxic tissue using
either SPECF or PET. Recently, Parliamentet al. (2) ob
tamed planar and SPECT images of tumors in humans after
intravenous injection of â€˜@I-iodoazomycinarabinoside.
Identification of ischemic canine myocardium has also
been possible using fluorinated derivatives (18F) of mis
onidazole and PET (3).

In an effort to create a noninvasive procedure for eval
uating tissue oxygenation, a @â€œ@Tc-labeled2-nitroimidazole
(BMS-181321)has been developed which is preferentially
retained in hypoxic cardiac myocytes (4). In the latter
study, it was not demonstrated what levels of oxygen de
privation were necessaiy to produce increased cellular 1â€”
calization of this nitroheterocycle. In the present study, we
have examined the oxygen dependence of BMS-181321
retention in the isolated rat heart perfused with cell-free
media. The data show that each decrease of oxygen pres
sure in the perfusate resulted in a concomitant increase in
the retention of BMS-181321. Moreover, retention in hy
poxic tissue was enhanced in the absence of the anaerobic
substrate, glucose.

MATERIALSAND METHODS

Heart Perfusion
MaleSpragueDawleyrats(300â€”350g)wereanesthetizedwith

sodium pentobarbital (50 mg/kg i.p., Nembutal, AbbOtt, ChicagO,
IL) and heparinized (500 113, Invenex, Chagrin Falls, OH) via the
caudal vena cava. Hearts were excised rapidly and perfused ret
rogradelyin the isolatedstate at 37Â°CwithKrebs-Henseleitbuffer
as described previously (5â€”6).All hearts were vented through the
apexusingan18-gaugeneedle,therebypermittingdrainageof any
perfusate in the left ventricle. The perfusatewas supplemented
with 11 mM glucose, 0.2 mM pyruvate and 12 lU/liter of insulin
andwas equilibratedwith 02:C02 (95:5,normoxia).All hearts
were firstperfusedfor 20mmwith normoxicmediaat a perfusion
pressure of 72 cm water. After this initial adjustment period,
perfusateflowwasmaintainedconstantat 8mi/min/gwetwt using
a pump(Cole-Parmer#7014). At this time, some heartswere
continuedon the normoxic perfusatewhereas others were
switched to a medium equilibrated with 60%, 40%, 20%, 10% or
5% 02 and5% of CO2balancedin nitrogenor to mediumnomi
nally free of oxygen (N2:@O2; 95:5, hypoxia) for the remainder of
the experiment.For some experiments,the gas mixturewas
blendedto provideaninfluentoxygenpressureof 357 Â±7 Torr,

Thepurposeofthisinvestigationwas to determinethe effectsof
graded hypoxiaon the retentionof a Â°Â°@Tc-labelednftroimida
zole. Methods: Rat hearts were perfused retrogradely with
Krebs-Henseleitbufferat3lÂ°Cand p@d at 5 Hz.Aftera 20-rain
stablhizabonperiod,coronaryflowwas maintainedat 8 mVmin/g
wetwt and the hearts were perfusedwithmedia equilibratedwith
gas mbtharescontaining5% CO2and various levelsof 02, from
544 to 29 Torr. Technetium-99m-O(PnAO-1 -(2-nitrolmidazole)),
BMS-181321,was infusedfor2o rainintoa side portofthe sortie
cannula Perfusioncontinuedbran edditional40 mmto allowfor
compoundclearance. Results: Each decrease ofperfusate P02
brought about an increase in the retentionof BMS-181321, re
suitingina good correlationbetweenitsretentionandperfusate
P02 (r = 0.97). M@vcardlaloxygen consumptionwas indepen
dent of oxygen deliverywhen the perfusate oxygen pressure
was greater than 350 Torr. Belowthis value, oxygen consump
tion declined markedlyas intluentP02 was decreased. Bycon
trast, the tissue lactate/pyruvateratioand lactate effluxrose with
each decrease of influentP02. Agood correlationwas obtained
between retentionof the nitroheterocycleand the cytosoliclee
tate/pywvate ratio (r = 0.98). When glucose was omittedfrom
the perfusate (P02 = 27 Torr),retentionof the nitroheterocycle
was increasedbyabout25%as comparedto heartsperfusedin
the presence of this substrate. Conclusion: These results mdi
cate that myocardialretentionof BMS-181321is coupled to the
level of tissue oxygenationand that hypoxicretention may be
affected by substrate input.

Key Words: oxygen; lechen@acoronary blood flow techne
tium-99mnitrolmidazole
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oronaiy vessel disease is a leading cause of death in
the United States. The noninvasive identification of car
diac tissue deprivedof oxygen sufficientto maintainappro
priate levels of energy (AlP) would benefit clinical diag
nostic procedures and therapeutic interventions. Chapman
et al. (1) suggested that radiolabeled nitroheterocycles
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ValuesrepresentmeansÂ±s.e.m.forn = 4 experimentsexceptat an influentP02valueof544wheren = 8. InfluentP02 @asmeasuredas the
perfusate entered the WIndkeSSeIvessel.

TABLE I
Effectof InfluentOxygen Pressure on Retentionof BMS-181321, oxygen Consumptionand Tissue Metabolltesin Perfused

Rat Heart

Retentlonof 29.4Â±2.3 35.5Â±2.3 42.8Â±2.3 44.8Â±1.4 48.5Â±4.1 52.8Â±0.5 57.0Â±3.5 59.0Â±1.1
BMS-181321 (%)

Oxygenconsumption 3.53Â±0.16 3.65Â±0.07 3.66Â±0.17 3.11 Â±0.19 1.53Â±0.04 1.00Â±0.07 0.63Â±0.01 0.30Â±0.02
(zmole,@nin/gwetwt)

Lactate/Pyruvate 4.58Â±0.86 7.67Â±1.24 5.38Â±1.92 8.45Â±1.48 14.01Â±1.76 15.88Â±2.90 20.50Â±2.92 18.05Â±3.80
Lactateefflux 0.09 Â±0.14 1.53 Â±0.24 1.45 Â±0.27 2.05 Â±0.45 3.08 Â±0.70 4.56 Â±0.56 4.66 Â±0.41 4.97 Â±1.08

(@imole/min/gwet wt)

pH 7.8. Althoughall heartswere pacedcontinuouslyat 5 Hz,
contractionswere visibly inhibitedby hypoxicperfusion.After
thefirst30mmof perfusionatconstantflow,heartswereinfused
(f/i @liter/min)withthe @Tc-nitroimidazole(BMS-181321,about
1.5 Ci/mmole,100 @CiM)for 20 mm and then perfusedwith
medium free of radioactivity (cold) for another 40 min.

For determinationof oxygen consumption,a cannulawas
placed in the right ventriclevia the pulmonaryartery. A pump
(Cole-Parmer#7013)removeda smallfraction(1 mI/rain)of the
coronaiy influentand effluent,and their oxygenpressureswere
monitoredcontinuouslyby two in-lineQark-typeoxygendcc
trodes coupled to a dual-channeloximeter. Coronary flowwas
measured by collecting the effluent from the right and left pulmo
nai)rarteries in a 10-migraduatedcylinder.Oxygenconsumption
was calculatedfromthe productof the influent-effluentoxygen
pressuredifferenceandthe coronaiy flow. Lactate in the coronary
effluentandtissuelactateandpynwatelevelsweremeasuredas
describedpreviously(5â€”6).

Radioactivity in the perfused heart was detected by a colli
matedNa! crystalpositioned3-4 cm fromthe rightventricleand
perpendicularto the vertical axis of the heart. The photocurrent
was sentto a single-channelanalyzerin multiscalarmodewitha
dwell timeof 5 sec/channel.The latterinstrumentdigitizedthe
signaland providedreal time monitoringof the experimentas
previously descriled (7). The radioactivity remaining in the heart
after 40 min of perfusionwith tracer-free media (washout)cx
pressedas a percentofthe peaklevel ofradioactivityat the endof
the infusionperiodwas usedas a measureof retention.

Preparation of BMS-I8132I
Synthesisof BMS-181321(oxo[[3,3,9,9-tetramethyl-l-(2-nitro

1H-imidazol-1-yl)-4,8-diazaundecane-2,10-dione dioximatoj-(3-)-
N, N', Nâ€•,Nitechnetium)andits structurehavebeendescribed
previously(4,8). In brief, BMS-181321was preparedby dissolv
ing2.0mgof PnAO-1-(2-nitroimidazole)ligandin 1.5mlof saline,
0.5 mlof 0.1NNaHCO3and0.5mlof generatoreluant(upto 100
mCi @TcO4-).The reactionwas initiatedby additionof 50 @dof
a deoxygenated saturatedstannous tartratesolution. The reaction
wascompletedwithin10rainatroomtemperature.Measurement
of radiochemicalpurityusingpreviouslydescribedmethods(4)
was alwaysgreaterthan90%.

FIGUREI. Theeffectof perfusateoxygenpressureon myocar
dialoxygenconsumptionand on BMS-181321retentioninperfused
rat heart The open squares representmeanvalues (minimumn =
4) of oxygen consumption.The hand drawnlinethroughthese val
ues was computerasslated usingcommerdallyavallables@ware
(Micrografx,Richardson,D@.The dosed squares representmeai
valuesof retentionas describedin Methods.The regressionaqua
tionInthe lowerrightcomerand regressionlinerelatethecorrelation
betweenperfusateoxygenpressureand retentionofthe nitrohetero
cycle.Standarderrorsofthe mean are provkiedinTable1.
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RESULTS

Under baseline conditions in which oxygen pressure in
the coronary influent was high (544 Torr), retention of
BMS-181321 was only 29.4% Â±2.3% (Table 1). By de
creasing the perfusate P02 below this value, a marked
enhancement of retention resulted (Fig. 1) for each change
in oxygen delivery. Even small changes in perfusate oxy
gen pressure, for example from 357 to 347 Torr, were
associated with altered localization ofthe nitroheterocycle.
It should be noted, however, that in the former case, the
pH of the media was slightly alkaline, pH = 78. At the
lowest level of perfusate P02 (29 Torr), the amount of
BMS-181321remainingin the hearts after 40 mm of clear
ance with cold perfusate was 59% Â±1.08% (Table 1),
nearly a two-fold difference between the two extreme con
ditionsofoxygenation. A good inverse correlationbetween
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FIGURE2. The relationshipbetween the retention of
BMS-181321 and the redox state of the cytosolic pyildinenude
otidesin the perfusedratheart.The redoxstate of the cytosolic
pyrdne nudectidesisexpressedasthetissue Iac*ate/pyruvateratio
measured in neutralizedextr@ of freeze-clampedhearts. Hearts
werefreeze-clampedinaluminumtongscooledk@liquidnitrogenat
the end of the perfusionperioddescribedin Methods.The regres
sionequationis providedinthe upperleftcorner.Standarderrorsof
the mean (n = 4) are providedinTable 1.

P02 and retention of BMS-181321 was obtained; r =
â€”0.97,y = â€”0A155X+ (58.62).

When perfusate oxygen pressure was decreased from
544 Ton to either 357 or 347 Torr, oxygen consumption
remained unchanged, 3.53 Â±0J6 versus 3.65 Â±0.07 and
3.66 Â±0.17 @mo1e/min/gwetwt, respectively (Fig. 1, Table
1). When perfusate P02 was decreased further, i.e., below
347 Torr, oxygen consumption was adversely affected. Be
low this oxygen pressure value, each lowering of perfusate
P02 resulted in a proportional decrease in oxygen con
sumption.

Even thoughoxygen consumptionwas not alteredby the
change in oxygen supply at higher levels of perfusate P02,
the metabolic state of the tissue changed. This was appar
ent by the increase in the amount of lactate effiux and by
the rise in the lactate/pyruvateratio (Table 1). When influ
ent â€˜@Â°2was decreased from 544 to 357 Torr, lactate effiux
rose from 0.69 Â±014 to 1.53 Â±0.24 pmole/min/g wet wt
andthe lactate/pyruvateratio increasedfrom4.58 Â±0.86 to
7.67 Â±1.24. Additional increments in these two parameters
were obtained with further lowering of perfusate oxygen
pressure. At a perfusate P02 of 29 Torr, lactate effiux had
risen to 4.97 Â±1.08 @.unole/min/gwet wt and the lactate/
pyruvate ratio was 18.05 Â±3.8. Moreover, Figure 2 shows
that a good positive correlation (r = 0.91) was obtained
between the redox state of the cytosol, expressed as the
lactate/pyruvate ratio, and the retention of BMS-181321 in
the heart.

The metabolic state of tissue is dependent, in part, on
the level of substrate input. It was of interest, therefore, to
examine the effect of perfusing hearts with media deficient
in both oxygen and anaerobic fuel on the uptake and re
tention of BMS-181321. In the absence of glucose in the
perfusate, there was more BMS-181321taken up during the
infusion period and about 25% more of the labeled com

FIGURE3. The effectof perfusateglucoseon the retentionof
BMS-181321 in the perfused rat heart. Hearts were perfused either
in the presenceor absence of glucose (n = 3 foreach group).
Pyruvate(0.2mM)was suppliedinallcases. Inthe upperpanel,a
typicalexampleofthe differencesinuptakeand retentionof hearts
perfusedwithmedianominallyfree of oxygen(27Torr)and inthe
presence and absence of glucose. In the lowerpanel, mean Â±
s.e.m.valuesof retentionforbothnormoxicandhypo,dcheartsare

pound retained after 40 mm of cold washout (Fig. 3). Since
there was no difference in the amount of @Tc-DTPA
retained between the two groups of hearts (data not
shown), the increased retention of BMS-181321 in glucose
deficient hearts was not due to an expansion of the inter
stitial space. Omittingglucose from media containing nor
moxiclevels ofoxygen (>500 Torr) did not markedly affect
the level of retention of the nitroheterocycle.

DISCUSSION

The majorfindingsof the present investigationusing the
isolated perfused rat heart were twofold. First, the techne
tium-labeled nitroheterocycle, BMS-181321, was retained
as the oxygen pressure in the coronary influent was de
creased, resulting in an inverse linear relationship. Each
change of influent P02 resulted in enhancement of mtro
heterocycle retention. This increase in retention was ob
tamed even though at higher oxygen pressures, i.e., above
347 Torr, myocardial oxygen consumption was unaffected
by the lowering of influent P02. Second, at low levels of
influent P02, the amount of retention of BMS-181321 was
increased by eliminating glucose from the perfusion media.

The perfusate oxygen pressures required to maintain
myocardial AlP synthesis, during baseline conditions,
were markedly above what is considered to be physiolog
ical, a possible disadvantage of using an isolated heart
perfused with cell-free media. There were, however, sev
era! advantages of conducting these studies using this
model. For example, by perfusing the heart in the absence
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of blood cells, the interaction of the radiopharmaceutical
compound with serum proteins, eiythrocytes or other
blood cells via nonspecific effects is avoided. Conse
quently, uptake and retention properties of BMS-181321
were determined in an intact model containing only cells
intrinsicto the heart. Previously, itwas observed thatother
technetium ligands, more lipophilic than BMS-181321, as
sociate avidly with blood components and that myocardial
extraction of these radiopharmaceuticals was markedly aS
fected by these interactions (7). Equally important, how
ever, coronary flow and oxygen flux to the cardiac myo
cytes were precisely controlled in the present experiments.

The sensitivity of nitroheterocycles for intracellularox
ygen and their potential for demarcationof hypoxic tissue
has been the subject of recent investigationby a numberof
research groups (1â€”3).Nitroheterocycles, originally de
signed for treatment ofcertain bacterial infections or radio
sensitizers in cancer therapy are thought to undergo en
zyine-mediated intracellularreduction (9). These electron
affinic compounds are reduced to a radical anion in both
normoxic and hypoxic environments. This nitro radical
species can react with oxygen to produce the superoxide
anion and to regenerate the initial form of the nitro
heterocycle. It is at this step that the affinity of 2-nitroim
idazoles such as BMS-181321for molecularoxygen affects
the level of their retention in tissue. In hypoxic tissue, the
nitro radical is thought to be reduced further (a possible
total of 4â€”6electrons) to yield hydroxylamine and amine
derivatives (10) which may covalently bind to intracellular
macromolecules (11â€”13).Advantage of these reactions has
been made in order to identify hypoxic cells in tumors and
in heart.

Data obtained from this study suggest that even small
decreases in the level of oxygen flux to the cardiac myo
cytes can result in enhanced retention of BMS-181321.
Although intracellular oxygen pressures were not deter
mined, it can be assumed that a large oxygen pressure
gradient existed between the capillaries and the cardiac
myocytes (14). When influent P02 was decreased from 544
to 347 Torr, myocardial oxygen consumption was unaf
fected. This finding suggests that oxygen flux to the cells
was sufficient to meet the demand for oxygen established
by the experimentalparadigm.Since the heartpreparation
was a nonejecting one, nominally free of preload and a!
terload, this findingwas not unlikely. It should be noted,
however, that the metabolic state of the cells was shifted to
a more reduced state, Le., an increase in the lactate/pyru
vate ratio, in order to match ATP synthesis with AlT
demand. These data suggest, therefore, that BMS-181321
is sensitive to oxygen in a rangeofvalues that influencethe
metabolic state of the tissue prior to a significant loss of
metabolic function.

It was not possible to determinethe precise intracellular
level of oxygen necessary for half-maximal retention of
BMS-181321 in the present investigation. Workers in the
field have attempted to measure the oxygen sensitivity of
other 2-nitroimidazoles.For example, Van Os-Corbyet al.

(15) reported that the oxygen pressures for half-maximal
binding of [â€˜4Cjmisonidazole(50 pM) to cubes (1â€”2mm
wide) of EMT-6 mouse fibrosarcoma and of heart were
estimated to be 2.28 and 1.9 Torr, respectively. These
measurements were made by placing the tissue cubes in
petri dishes containing media. The dishes were housed
within a leak-proof aluminum apparatus which was posi
tioned on a shaker table within an environmentalchamber
thermostated at 37Â°C.Importantly, oxygen determinations
were obtained from the gas phase. Rasey et al. (16) have
used similar methods for obtaining data on the oxygen
sensitivity of misonidazole and its fluorinated derivative.
As shown in the latterstudy, these types of measurements
are useful for comparison of the relative oxygen sensitivi
ties of differentcompounds under the same set of experi
mental conditions. On the other hand, these types of oxy
gen measurements are beset with technical difficulties
(14,17â€”19).Several other factors relevant to these mea
surements need to be considered. First, oxygen solubility
and oxygen diffusivity are low in physiological media (20)
thus establishing an oxygen gradientbetween the gas and
liquid interface. Second, an oxygen diffusion gradient also
exists between the extracellularmedia andthe intracellular
site of oxygen utilization.The magnitudeof this gradientis
determined by the distance oxygen must travel to reach
mitochondria and other oxygen reaction sites, and by the
metabolic state of the cells (14). Third, surroundingeach
cell is a stagnantlayer of oxygen that is markedlyaffected
in cell suspensions by the degree of stirring(14,17).

In a suspension of well-stirred quiescent adult rat car
diac myocytes, the oxygen gradientbetween the extracel
lularspace andthe mitochondriawas found to be about0.8
Tort duringbasal conditions (14). To this value, the stag
nant layer surroundingeach cell contributed about 0.15
Torr (21). When the level of metabolic activity rose, the
oxygen gradient increased severalfold. In the absence of
physical barriers to oxygen diffusion, it is therefore likely
that the true value for half-maximal binding of 2-nitro
imidazoles to cells is much smaller than that observed by
Van Os-Corby et al. (15).

Comparison of the oxygen sensitivity of BMS-181321
and that of misonidazole ([3H]F-misomdazole)using the
preparationof the present study was attempted without
success. In preliminary studies, it was not possible to ob
tain hypoxic differentiation in this model using [3H]F-mis
onidazole. On the other hand, this result suggests that the
inverse correlation of BMS-18321retention, with perfusate
oxygen pressure, was not due simply to an expansion of
the interstital space in the oxygen deprived hearts. The
more hydrophilic character of [3H]F-misonidazole as
compared to BMS-181321(4) likely prevented marked in
tracellular uptake of the former under conditions of low
perfusate viscosity. Shelton et al. (22) showed that [3H@F-
misonidazole was preferentially retained in an isolated rab
bit heart perfusedwith cell-free media containing dextran.
We can only speculate that the latter increased the viscos
ity of the perfusate, thereby affecting flow velocity and
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aiding uptake of misonidazole. Nonetheless, using sus
pensions of cardiacmyocytes isOlatedfromadultratheart,it
was shown previously that BMS-181321 and [3H]F-mis
onidazole display similar patterns of uptake during condi
tions of oxygen deprivation (4,23). Similar redox potentials
have also been obtained for both misonidazole
and BMS-181321(8). The results above suggest that both
misonidazole and BMS-181321 share similar sensitivity to
oxygen.

It was an interesting finding that retention of BMS
181321 was markedly enhanced in hypoxic hearts when
glucose was omitted from the perfusate. Changes in sub
stratedelivery have been shown to alterthe metabolic state
of the perfused heart (424). Moreover, it is well known
that the productionof lactate serves to maintainthe redox
state of the cytosolic pyridinenucleotides (NAD@/NADH)
in the oxidized form. By omitting glucose and providing
pyruvate in the perfusion media, it is likely that the meta
bolic state of the hearts was altered as compared to those
receiving glucose. We have shown previously that changes
in the metabolic and energy state of the tissue were not
sufficient to affect retention of BMS-181321when oxygen
availability was high (4). The results of the present study
suggest, however, that the metabolic state of the tissue
may influence nitroimidazole retention when the oxygen
supply is limited.

CONCLUSION

The results of the present study have shown that even
small decrements in oxygen delivery to cardiac myo
cytes enhance the retention of BMS-181321 and that this
retention can be markedly enhanced in the absence of
anerobic substrate. Limitationof oxygen availability,even
in small amounts, results in increased levels of reductionof
the cytochromes of the respiratory chain and thus in
creases the level ofreduc- ing equivalents (14,18). We have
previously shown that BMS-181321 is retained preferen
tially by mitochondria isolated from rat heart following
incubation under hypoxic conditions (4). Substrate oxida
tions occur primarily by the reactions of mitochondrial
oxidative phosphorylation. Electron transfer from sub
strate to nitroheterocycle may be catalyzed by any number
of intracellular reductases. It is therefore interesting to
speculate that in cardiac myocytes the enzymes of oxida
tive phosphorylation may play a role in the intracellular
trappingof 2-mtroimidazoles.
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