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ABSTRACT

We have developed an isolated perfused tumor model to study the
metabolism of solid tumors by nuclear magnetic resonance spectroscopy.
Morris hepatomas (7777) were implanted in the inguinal region of Buffalo
rats, such that they developed an isolated blood supply. These tumors
were perfused with a RBC perfusate, removed from the animal, and
studied by 31P nuclear magnetic resonance spectroscopy. ATP levels, as

determined from the spectra, were stable for as long as the tumors were
maintained in the magnet (7 h) only if the perfusate contained inosine,
adenosine, and insulin. The adenosine and inosine were also required for
recovery from ischemia. Under these conditions, ischemia did not result
in a change in tumor pH. The 7 nucleoside triphosphate resonance was
significantly larger than the ÃŸnucleoside triphosphate resonance in
spectra of some of the perfused tumors, suggesting that ADP above about
300 nmol/g wet weight was not complexed in these tumors. The adenylate
levels determined from extracts, O2 consumption, histology, and "I1

nuclear magnetic resonance spectra of extracts of perfused tumors and
tumors in situ were all similar, indicating the perfused tumor is a
reasonable model of the tumor in vivo.

INTRODUCTION

NMR3 spectroscopy is becoming increasingly available in the
clinical setting, and numerous examples of 3IP and "H spectra

of a variety of tumors have been reported. Initial studies have
suggested that certain peaks may be used diagnostically to
follow a therapeutic response (for reviews see Refs. 1 and 2).
The various changes observed in spectra during tumor growth
as well as following various treatments are complex, even in
well characterized animal models. This is not surprising, since
there are many interconnected variables which can vary in the
host-tumor interaction. Sorting out which are significant and
causal can be quite difficult under these circumstances. In some
cases, where treatment results in the loss of high energy phos
phate metabolites, the changes seem to be explainable in terms
of loss of viable cells and increased necrosis in the tumor (3).
In other cases, where high energy phosphates increase with
treatment, this paradoxical result seems due to the increased
blood flow resulting from the decompression of the tumor
arising from the loss of killed cells from the tumor mass (4).
Equally interesting is why the phospholipid metabolites (phos-
phocholine and phosphoethanolamine) make up so large a
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percentage of the phosphomonoester region of in vivo spectra
of some tumors (2). In these in vivo studies it is difficult to
know how much of the tumor biochemistry observed is due to
the tumor metabolism and how much is due to the host bio
chemistry and physiology.

On the other hand, if a tumor could be isolated from its host
and perfused through its natural arterial tree, one would be able
to manipulate its physiological condition in a controlled way,
thereby disentangling at least some of the interconnections
which occur in a living host. This has been done successfully
with liver (5), muscle (6), heart (7), and other organs (8). In
addition, in vivo spectra obtained with surface coils are difficult
to interpret quantitatively, since they are made up of contribu
tions of varying strengths from different regions within and
without the tumor. Since tumors can be quite heterogeneous
both anatomically and biochemically (9), such heterogeneity of
sampling makes interpretation of quantitative changes in spec
tra difficult. An isolated preparation can be sampled uniformly,
although heterogeneity remains a problem.

To this end we have developed an ex vivo preparation of MH
7777, based on the tissue-isolated preparations of Sauer et al.
(10) and Grantham et al. (11). The tumor is grown so that it
has an isolated blood supply and, therefore, can be isolated
from the animal while being perfused with a defined solution.
With this preparation we can manipulate numerous physiolog
ical variables, e.g., ischemia, anoxia, nutrition, therapeutic in
terventions, etc., and determine their individual effects on the
3IP NMR spectrum without the confounding influences of host

responses. Since the perfused tumor model retains the mor
phology of the in vivo tumor, it serves to bridge the gap between
perfused cell or spheroid models, where tumor architecture is
lost, and in vivo models, where the experimenter has more
limited control over the physiology. The ex vivo model has the
added advantage over in vivo models that the NMR signal can
only originate from the tumor, which is observed uniformly
with high NMR sensitivity. The utility of this preparation was
illustrated in a previous publication (12) in which we described
the observation of a new and unique metabolite [myoinositol
1,2 (cyclic) phosphate] in the "P NMR spectrum of MH 7777.

Here we report the physiological validation of the model,
namely that a tumor can be maintained ex vivo, in an excellent
physiological condition, and its responses to various physiolog
ical parameters can be determined.

MATERIALS AND METHODS

Tumor Propagation. The preparation of the tissue-isolated tumors
was modified from the methods of Sauer et al. (10) and has been
described briefly elsewhere (12). Using our protocol we have found that
Morris hepatoma 7777 (and Morris hepatoma 5123C) can be grown
with an isolated blood supply without the physical isolation used in
Refs. 10 or 13. The simplified implantation procedure significantly
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"P NMR OF PERFUSED HEPATOMA

reduces the time required to implant the tumors each week and im
proves the overall success rate. From the five animals implanted/week,
we usually had two to four tumors of the appropriate size each week to
perfuse, after leaving one tumor for propagation. The disadvantage of
our technique over those of Sauer et al. or Grantham et al. is that more
surgery is required to prepare the tumor and its blood vessels for
perfusion.

Morris hepatomas 7777. obtained from EG&G Mason Tumor Bank
(Worchester, MA), were propagated in a Buffalo rat strain purchased
from Harlan/Sprague Dawley. The tumors were serially transplanted
after they had grown to 2-3 cm in diameter, typically in 2-4 weeks. A
slice of tumor was removed from the donor animal (under ether
anesthesia; sacrificed by pentobarbitol overdose) and transferred to a
Petri dish containing approximately 10 ml of ice-cold sterile medium
199 plus one drop each of Wycillin (300,0000 units/ml penicillin G)
and gentamycin (40 mg/ml). Two-mm cubes, selected to avoid necrotic
areas, were cut from the slice and the cubes were implanted into 300-
400-g, anesthetized (ether), male Buffalo rats. Larger rats were used so
that the subsequent tumor had vessels that were large enough to be
easily cannulated.

The tumor cube was implanted though a small incision in the inguinal
fossa, perpendicular to the femoral vessels. The incision was about 1
cm distal to the inguinal crease, where the tumor usually grew, so that
the scar would not be a source of blood vessels for the tumor until the
tumor was relatively large. The femoral vessels were visualized and a
pocket was created by blunt dissection of the fat pad. The tumor piece
was placed in direct contact with the vessels, as deep as possible under
the fat pad, but was not sutured to the vessel or isolated with a bag of
Parafilmasin Refs. lOor 13. One drop each of Wycillin and gentamycin
were placed in the wound, and the incision was closed with a wound
clip. In 2-3 weeks, nearly all the implanted tumors grew to 1-2 cm in
diameter (3-5 g) and were vascularized by the epigastric artery and vein
branching from the femoral vessels.

Tumor Perfusion. Typically the perfusion experiments were done 12
or 19 days after implantation, when the tumors were 3-5 g in size. The
tumor-bearing rat was anesthetized (50 mg/kg ketamine, 12.5 mg/kg
nembutal) and the tumor and its vascular peduncle were cleared by
blunt dissection. The dissection to expose and isolate the tumor blood
vessels was as described by Sauer et al. (10) and Grantham et al. (11),
except that the vasculature was isolated after the tumor has grown
rather than at the time of implantation. In those rare cases in which
the tumor was supplied via collateral circulation, the animal was
sacrificed (pentobarbitol) and another rat was used.

Once the tumor and vessels were cleared, the tumor blood supply
was isolated by ligating and severing the other branches of the femoral
vessels (10, 11). One min prior to the cannulation of the femoral vein,
a dose of heparin (50 units/100 g) was injected directly into the liver.
The venous catheter (PE 50. drawn to reduce its diameter at the tip)
was kept relatively short (about 5 cm) to minimize back pressure and
gas exchange (in the O2 consumption experiments). Once blood flow
was stable from the venous catheter, the arterial catheter (a short piece
of PE 10, drawn to reduce its diameter and fitted to PE 50) was
introduced into the femoral artery, and the tumor was initially perfused
at 0.1 ml/min. As the pressure stabilized the flow rate was adjusted to
give a perfusion pressure of 50-75 mm Hg. After cannulation, the
artery and vein were severed proximal to the catheters and the tumor
was removed from the animal, which was sacrificed by an overdose of
pentobarbitol. The tumor was then carefully weighed and placed in the
NMR probe for 3'P NMR at 162 MHz.

A schematic diagram of the perfusion apparatus is shown in Fig. 1.
The perfusate was pumped through a lung of Silastic tubing, where it
equilibrated with 5% CO2/95% O2 at 37Â°Cbefore reaching the tumor.

The temperature was not regulated until the probe was placed in the
NMR magnet. Once in the magnet, it was regulated by the temperature
controller of the spectrometer. Control experiments, in which the
temperature inside the chamber was monitored using a YSI Tele-
Thermometer 73a (Yellow Springs Instruments), showed that the tem
perature was maintained within 0.5Â°Cof the temperature set by the
controller. As the temperature of the preparation approached 37Â°C,the

Fig. 1. Schematic diagram of the perfusion apparatus. Perfusate is pumped
(PP) from a gently stirred chilled reservoir (P) through a lung (Â¿)of Silastic
tubing (3 meter x 0.037 in. o.d.) through the perfusate in line (PI) to the tumor(7"). The venous catheter passes though the superfusate out port (PO) to drain to

waste ( W)- Superfusate from the reservoir (5) is pumped (SP) through a bubble
trap l />'/1 to the chamber via the superfusate in lines (SI). Superfusate is pumped

out of the chamber at half the rate it is pumped in via the superfusate out line
(SO), and the excess superfusate drains to waste through the superfusate out port.
The lung is maintained at 37'C by a thermostated water bath (not shown) and is

Hushed with 5% CO2/95% O2 (G), which also blankets the perfusate.

perfusate flow rate was gradually increased in order to maintain perfu
sion pressure at 50-75 mm Hg at the tumor, taking into account the
back pressure of the perfusion lines.

Perfusate. The perfusate was phosphate-free Krebs-Henseleit (116
mM NaCI, 24 mM NaHCO3, 4.6 HIM KC1, 1.16 mM KOH, 2.5 mM
CaCl2, 1.2 mM MgSO4, 10 m,M4-(2-hydroxyethyl)-l-piperazineethane-
sulfonic acid, pH 7.4) supplemented with 15% rejuvenated (14) washed
human or fresh washed sheep RBC (Lampire Animal Products, Pipers-
ville, PA), 7 mM glucose, 0.2 mM sodium pyruvate, 3.5% bovine serum
albumin, and 10 Â¡iunil gentamycin sulfate. In later experiments, the
perfusate also contained insulin (Velosulin, 50 milliunits/ml; Nordisk,
Rockville, MD), 1 mM adenosine, and 5 mM inosine. Early experiments
used the outdated human cells, obtained from the local blood bank; the
fresh sheep cells were used in later experiments. There were no discern
ible differences in the results obtained from experiments using the two
kinds of RBC. The perfusate was passed though a Pall blood transfusion
filter (Pall Biomedicai Products, East Hill, NY) immediately prior to
the experiment and was kept on ice until it was pumped through the
silastic lung, which was maintained at 37Â°C(Fig. 1). The pH of the

cold perfusate was adjusted with sodium carbonate such that the pH
was 7.4 at 37Â°Cafter the perfusate passed through the lung and the

perfusion lines. The superfusate (pumped at 0.5 ml/min) was phos
phate/carbonate-free Krebs-Henseleit, buffered with 10 mM 4-(2-hy-
droxyethyl)-l-piperazineethane-sulfonic acid, pH 7.4.

Only those perfusion experiments in which the perfusion pressure
remained stable over the course of the experiment are included in this
study, except as noted in the O2 experiments.

Oxygen Consumption. The O2 consumption was determined in par
allel experiments in which the tumors were perfused using the same
apparatus as for NMR but were maintained at the experimental tem
perature by a thermostated water bath, with the short venous catheter
brought through the wall of the bath. Negligible changes in perfusate
chemistry occurred through that length of PE 50 tubing at the flow
rates of these experiments (0.2-0.5 ml/min). The oxygen content of
Id Â«I aliquots of the venous and arterial perfusate was determined by
the method of Tucker (15), using the Yellow Springs/Instech micro-
electrode system. The PO2, PCO2, and pH of the perfusate were
determined with an Instrumentation Laboratories Micro 13 blood gas
analyzer, by introducing the perfusate directly into the electrode cham
bers from the catheters. The blood gases and pH of the arterial perfusate
were determined after the tumor was removed from the perfusion
system. The arterial perfusate gases and pH were determined at the
same flow rates as those at which the tumor was perfused during the
preceding experiment. O2 consumption was determined from the arte
rial-venous O2 difference and the perfusion flow rate.

Five O2 consumption experiments were performed. In two, flows
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3'P NMR OF PERFUSED HEPATOMA

were not manipulated, as a test for stability during the 6-7 h of the
perfusion. In each of three experiments, O2 consumption was measured
at three perfusion flow rates after a 60-min equilibration at each flow
rate, as follows: control, 25% or 33% reduced, control, 25% increased,
control. In all cases control values were not different except, as noted
in "Results," where the perfusion pressure became unstable at the

increased flow rate.
Metabolite Levels. At the end of the NMR experiments, the tumors

were carefully removed from the chamber and weighed while still being
perfused. The tumor was then quickly divided; one half was clamp
frozen for metabolite determination and the other was fixed for histol
ogy. The frozen tumors were stored at -80Â°Cuntil they were extracted.

ATP, ADP, AMP, and glucose-6-phosphate were determined enzymat-
ically in neutralized perchloric acid extracts of the frozen perfused
tumors (16) immediately after the extraction and neutralization. Nucle-
oside triphosphates were determined by high performance liquid chro-
matography in the extracts, after they had stored at -80Â°C, by the ion

pair method of Payne and Ames (17), using a Waters instrument,
fiBondapak CIS column, and photodiode array dÃ©tecter.Metabolite
levels are expressed as nmol/g of the initial wet weight. Typical weight
gains over the course of the perfusion were 10-50%.

NMR. "P NMR spectra were obtained at 162 MHz in a Bruker
AM400 spectrometer; the perfused tumor was observed at 37Â°Cusing

a home built probe, and extracts were observed using the standard 10-
mm 31Pprobe. The coil on the tumor probe consisted of a single-turn
solenoid (25 mm x 25 mm) with a typical 90-degree pulse length of 50
fisec with the tumor in place. There was sufficient proton signal from
the phosphorus coil to shim on H2O. The water peak could usually be
shimmed to 30-70 Hz (0.08-0.18 ppm). Shimming seemed to be
limited by the inhomogeneity of the tumor; larger tumors did not shim
as well as smaller ones and tumors did not shim as well as other organs
in the same probe or on similar-sized glass phantoms (20-30 Hz).
Specific details of the spectral acquisitions are given in the figure
legends. All chemical shifts were referenced to 85% orthophosphoric
acid (0 ppm), using the glycerophosphocholine resonance (0.49 ppm)
as an internal standard.

Peak areas were determined from the unfiltered spectra using the
automated analysis program PIQABLE (18; 19) and are from smoothed
and baseline-corrected data. Areas were corrected for saturation effects
where appropriate by using saturation factors calculated from the
measured 7",values. Tumor pH was determined from the position of

the PÂ¡resonance (20).
Identification of Resonances. The identification of the IcP resonance

at 16.6 ppm and the resonances in the diester region has been described
(12, 21). Other resonances were identified by spiking the extracts used
for the metabolite assays. Before the NMR experiments, however, the
extracts were processed through Sephadex G-25 to remove peptide and
nucleic acid fragments and through G-10 columns to remove excess
salt (21). The G-10 fractions containing the metabolites were lyophi-
lized, and the metabolites were prepared for NMR as in Ref. 21, except
that the aurintricarboxylic acid was not included, since the elimination
of the polynucleotide fragments by G-25 chromatography eliminated
the necessity to inhibit RNase activity. Coupled and decoupled spectra
of the unspiked and spiked extracts were obtained at pH 7.0, 7.5, and
9.0.

RESULTS

Requirements for Stability. In our early experiments, the per
fused tumor showed excellent stability in the NMR magnet, as
judged by the 31P NMR spectrum, as long as the temperature
remained close to 20Â°C.Unfortunately, this preparation was
not stable at 37Â°C.At 37Â°C,the NTP resonances tended to fall

gradually over the course of the perfusion (Fig. 2) and any
perturbation that resulted in hypoperfusion or the briefest is
chemia caused the NTP resonances to fall precipitously and
irreversibly.

The inability of the perfused tumor to rebuild ATP levels at

37Â°Conce they had fallen suggested that purines were being

lost at this temperature. We, therefore, included adenosine and
inosine in the postischemia perfusate. This did result in the
recovery of the NTP resonances, as shown in Fig. 2. Although
the stability of the preparation was dramatically improved by
the inclusion of the purine nucleosides in the perfusate, the
diphosphodiester resonance (likely to contain resonances from
UDP-glucose) disappeared shortly after the preparation
reached 35-37Â°C(Figs. 2 and 3), and later the ÃŸNTP resonance

began to gradually fall, as did tumor pH (Fig. 3). The fall in
the diphosphodiester resonance followed by the decline in the
ÃŸNTP resonance suggested that the tumor was depleting its
low glycogen stores (22) and was starved for glucose, even
though the medium contained 7 HIMglucose.

To test this hypothesis, we added insulin to the perfusate in
an experiment in which the diphosphodiester resonance had
disappeared and the ÃŸNTP resonance and tumor pH had begun
to fall (Fig. 3). This resulted in a 200% increase in the NTP
resonances relative to the control spectrum and an increase in

25Â°

35Â°

25Â°

hrs

20

I

10 -10
I
-20

PPM
Fig. 2. Effect of adenosine and inosine on the 3IP NMR spectrum of Morris

7777 hepatoma (45-degree pulse, sweep width = 10.000 Hz, 1024 data points.
400 scans with 1-s pulse interval; IS-Hz line broadening was applied before
Fourier transform). /, cyclic inositol phosphate; 2, phosphomonoesters: 3, PÂ¡;4,
glycerolphosphoethanolamine; 5, glycerophosphocholine; 6, unknown; 7, 8, and
//, a, ÃŸ,and y phosphates of nucleoside triphosphates, mostly ATP (the reso
nances at 7 and 8 may also contain contributions from the a and ÃŸphosphates of
nucleoside diphosphates, mostly ADP); 9, NAD(P)(H); 10. diphosphodiesters.
The NTP resonances are about 95% of their fully relaxed intensities; PÂ¡and PME
about 59%. X, 10 min phenylphosphonate added as an extracellular pH marker.
0 hrs, control spectrum at room temperature, acquired about l h after the tumor
was initially perfused; / hr, tumor had reached 35'C; 1.5 hrs, control spectrum at
35'C; 2.5 hrs, immediately following 5 min of ischemia and reperfusion with

perfusate containing 1 min adenosine and 5 mM inosine; 3.5 hrs, adenylates had
recovered to the levels seen in the 2-h spectrum; 5.0 hrs. temperature was returned
to 25Â°C;6.0 hrs, final spectrum after Ih at 25'C.
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31P NMR OF PERFUSED HEPATOMA
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Fig. 3. Effect of insulin. The perfusate contained adenosine and inosine. Ohrs,
acquired 1.5 h after the initial perfusion and after l h of temperature equilibration
at 35'C (tumor pH, 6.76); 2.7 hrs, nucleotides had begun to fall; 3.4 hrs, insulin

was added to the perfusate at 0.05 units/ml; 4.0 hrs, nucleotides had recovered to
at least control levels; 6.3 hrs, nucleotides were at levels exceeding the control
levels by about 100% (tumor pH, 6.96). Spectral parameters as in Fig. 2, 1200
scans (21.7 min)/spectrum.

tumor pH from 6.76 to 6.96. There were no significant changes
in the PME or PÂ¡resonances. In view of the improved metabolic
status of the tumor with these additions, insulin, adenosine,
and inosine were added to the perfusate in all of the subsequent
experiments. With this protocol, the only significant change in
the NMR spectrum as the temperature was raised to 37Â°Cwas

that the diphosphodiester resonance fell and remained low with
respect to the 20Â°Cspectrum.

The perfusion flow rate required to maintain a perfusion
pressure of 50-75 mm Hg at the tumor was about 80 /ul/min/g
at 37Â°C,comparable to the rates of perfusion measured in situ

for several tissue-isolated tumors (10, 23-26) including MH
7777 (10). At this pressure and flow rate, the nucleoside phos
phate resonances remained constant over the course of at least
6 h of perfusion in the magnet at 37Â°C(if the perfusate con

tained adenosine, inosine, and insulin). The tumor pH also
remained constant (6.94 Â±0.04, mean Â±SE, n = 4). Fig. 4 is
typical of such experiments and shows the stability of the 31P
NMR spectra taken over 5.5 h at 37"C, with 7.5 h of total

perfusion.
At perfusion pressures below 50 mm Hg and flow rates below

80 Â¿il/min/g, the ÃŸNTP resonance fell slowly over the course
of the perfusion. Returning the flow rate to 80 n'/min/g re
stored the ÃŸATP levels (data not shown). Increased flow rates
often produced pressures that became unstable and began to
rise. The unstable perfusion pressure was accompanied by a fall

in ÃŸNTP levels that did not reverse when the flow rate was
lowered.

During 20 min of ischemia, nucleotide phosphate resonances
all but disappeared and the PME and PÂ¡resonances increased,
but tumor pH did not change (two experiments) or fell by only
0.05 units (7.03 to 6.98). An example of one such experiment
is shown in Fig. 5. Twenty min after the beginning of the
reperfusion, the spectra were indistinguishable from the preis-
chemic spectra.

The oxygen consumption experiments indicated that our
perfusion flow rate was well above the minimum required to
attain the maximum O2 consumption (91 Â±23 nmol of O2/
min/g wet weight, n = 5). At these flow rates, the tumor
removed only 19-55% (mean Â±SE, 34 Â±6.5, n = 5) of the
available O2, which resulted in venous PO2 values between 70
and 220 mm Hg. (Arterial PO2 values were between 400 and
500 mm Hg.) Oxygen consumption did not fall when the flow
was reduced by 25% (n = 2) but fell by 25% when the flow was
reduced by 33% (n = 1). Oxygen consumption also fell (25 and
50%) when the flow was increased by 25%, but in these two
experiments the perfusion pressure showed the unstable in
crease noted above. In the one experiment where the increased
flow did not effect consumption, the perfusion pressure re
mained steady at 70 mm Hg.

The ATP levels (503 Â±198 nmol/g wet weight, n = 3)
determined in tumors frozen after up to 6 h of perfusion at
37Â°Cin the magnet (7.5-8 h of total perfusion time) were

comparable to the levels reported for this tumor type by other

4.5 hrs

2.2 hrs

Ohrs

2.2-0
hrs

4.5-2.2
hrs

20 10 -10 -20

PPM

Fig. 4. Effects of inosine (5 MIMI,adenosine (1 nisi), and insulin (O.OSunits/
ml) on the stability of the spectrum of the tumor. The 0-h spectrum was acquired
3 h after the initial perfusion and after l h of temperature equilibration at 37Â°C.

The tumor pH was stable at 7.05. Spectral parameters as in Fig. 2, 1200 scans
(21.7 min)/spectrum.
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"P NMR OF PERFUSED HEPATOMA

investigators (27) and, like the Ch consumption rates, were well
below the levels considered normal for mammalian tissues.
[The ATP level in rat liver perfused under similar conditions is
3 Â¿imol/gwet weight (28)]. The ADP and AMP levels (418 Â±
83 and 133 Â±12 nmol/g wet weight, respectively, n = 3) were
somewhat lower than the levels reported in Ref. 27. The mean
ATP/ADP ratio for the three tumors was 1.08 Â±0.33. ATP/
ADP ratios of about 1 are typical of the MH 7777 (27, 29) and
some other poorly differentiated hepatomas (30). ATP com
prised 79.5 Â±2.8% of the total nucleoside triphosphates; DTP,
GTP, and CTP were 11 Â±2.6, 8.2 Â±0.1, and 1.4 Â±0.1%,
respectively.

Tumors which had been perfused for up to 6 h at 37Â°Cwere

almost indistinguishable histologically from tumors that were
fixed immediately after excision from the animal, except that
perfused tumors often showed edema and enlargement of the
large venous sinusoids typical of this and other tumor types
(31). This result is consistent with the 10-50% weight gain that
occurred over the course of the experiment. The amount and
distribution of necrosis (20-70%) in the two groups were indis
tinguishable. The foci of necrosis were distributed throughout
the tumor, as noted in Ref. 32, but unlike the MH 5123C and
MH 7288CTCF shown in Ref. 32 the center of the MH 7777
tended to have more foci of necrosis than the periphery. The
amount and distribution of the necrosis did not appear to
correlate with size over the range of tumor sizes (3-6 g) used

in this study.
Mitotic figures were seen in the sections of perfused tumors,

indicating the tumors were still growing while under perfusion.
The mitotic figures were rare and distinctly nonrandomly dis
tributed in both perfused and nonperfused tumors, making it
difficult to determine whether there was any difference in the
frequency of cells in mitosis in the two groups.

31P NMR Spectrum. The major resonances in the ex vivo

spectrum of MH 7777 were identified previously (12) and are
shown in Fig. 2. Their T, values are given in Table 1 and their
relative areas are in Table 2.

E

D

20

I

10

I

-10

!

-20

PPM

Fig. 5. Recovery from ischemia. A, 7-min (400 scans) spectrum immediately
prior to ischemia; B, the spectrum during the last 7 min of 17 min of ischemia;
C, the spectrum begun after 20 min of reflow showing recovery; D, spectrum A -
spectrum C; E, spectrum A â€”spectrum B. Spectral parameters as in Fig. 2.

Table 1 7",values of major resonances of'1 P NMR spectra of perfused tumors

Spectra obtained from progressive saturation experiments were smoothed and
baseline-corrected using the PIQABLE algorithm (18, 19), and the Tt values were
calculated from the corrected peak heights by fitting the data to the expressiono = 1 - e~"Ti.

Resonance a NTP /SNTP 7 NTP PME
T, 0.70 Â±0.05Â°0.57 Â±0.07 0.56 Â±0.04 2.41+0.28 2.58 + 0.08

â€¢Mean Â±SE (n = 3).

The most conspicuous feature of the spectrum of the per
fused tumor is the predominance of the PME (4.23 ppm) and
PÃŒ(2.18 ppm) peaks. Between them they comprised 76 Â±3%
(n = 4) of the total phosphorus in the baseline-corrected spec
trum (Table 2). The PÂ¡resonance was also quite broad, its
linewidth being 0.74 Â±0.12 ppm (n = 4). For comparison, the
linewidth of the PME resonance, a composite of several reso
nances, was 0.81 Â±0.11 ppm, while GPC resonance was only
0.14 Â±0.04 ppm.

Spiking experiments of the extracts showed that the PME
peak was composed primarily of PG (4.8 ppm at pH 7.5) and
PE (4.5 ppm at pH 7.5). The resonances that comprised more
than 5% of the total PME region are summarized in Table 3.
AMP and glucose-6-phosphate levels (determined by enzymatic
assay) were too low to be significant contributors. The 3-
phosphate from 2,3-DPG also made up a significant fraction
of the PME region.

The 7 NTP resonance in some of the spectra also contained
resonances from ÃŸNDP, as can be seen from the fact that the
ratio of 7 NTP to ÃŸNTP in the spectra ranged from 0.9 to 1.6.
The ratios of the 7 NTP to ÃŸNTP resonances were strongly
correlated with total ADP in the extract of the respective tumors
but were not correlated with the ADP/ATP ratios (Fig. 6).

In most of the ex vivo spectra, the GPC (0.49 ppm) and
GPE (1.03 ppm) peaks were resolved (Figs. 2-4). In the ex
tracts, two more phosphodiesters were evident, GPI at 0.57
ppm and GPG at 1.5 ppm. An additional resonance at 0.73
ppm, glycerophosphoserine, was also seen, but at very low
levels. The composition of the phosphodiester region is shown
in Table 3.

The broad resonance at 0.47 ppm (Fig. 2, peak 6) in the ex
vivo spectrum was not definitively identified. From the behavior
of a broad resonance at this position in the extract spectra, we
believe it is due at least in part to nucleic acid fragments,
although Merchant et al. (33) identified this resonance in ex
tracts as phosphoglycan, others as phospholipids (34). It de
creased Â¡nextract spectra at the same time that 2',3'-cyclic

nucleotide resonances appeared, and the cyclic nucleotides did
not appear if it was removed by passing of the extracts over G-
25 or if a RNase inhibitor, aurintricarboxylic acid, was present
(21).

Comparison of the spectra of extracts of tumors freeze
clamped immediately after excision with those of tumors that
were perfused for up to 6 h at 37Â°Cshows that the compositions

of the two groups of spectra were similar (Table 3). Total PME,
PDE, PÂ¡,and NTP were indistinguishable in the two groups. In
the PME region, the PG and 2,3-DPG resonances were in
creased relative to the total PME in the perfused tumors, while
PE was decreased in the perfused tumors, but the decrease was
not significant in these small number of experiments. In the
PDE region, GPE was decreased and GPC was increased rela
tive to total PDE. The diphosphodiester resonances, which
include the UDP-sugar resonances, were reduced in the extracts
of the perfused tumors, which is consistent with the fall in the
diphosphodiester resonance that was seen in the ex vivo spectra
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Table 2 Relative peak areas of the major resonances of31P NMR spectra of perfused MH 7777

Values are means Â±SE (n = 4) from integrals from spectra which were smoothed and baseline-corrected by PIQABLE. The spectra were acquired after at least 4.5
h of perfusion at 37'C. Adenosine, inosine, and insulin were included in the perfusate throughout the experiment. Spectra were corrected for saturation effects using
the 7",values in Table 1. The peak areas of peaks 1 and 5 were corrected assuming the 7",values were similar to the PME resonance. Even though this does introduce
some uncertainty into the data, the errors associated with the unknown 7", are still small with respect to the errors associated with the low signal to noise ratio of

these two peak regions and the large variation in peak intensities from tumor to tumor. One of the four spectra (seen in Fig. 4) was acquired using a 45-degree pulse
and 1-s recycle time (1200 scans). The other three were acquired using a 90-degree pulse and 6-s recycle time (400 scans). The other acquisition parameters were as
in Fig. 2. Peak 4 was not well enough resolved from peak 3 to be quantified. Similarly, peaks 8 and 9 were not resolved well enough to be separately quantified. The
resonances of the UDP-sugars, peak 10, were not included, since they were not detectable as a discrete peak region in most of the spectra after extended perfusion at
37'C.

Area
measured

relative
toTotal

P
(SNTPRelative

areaIcP

(peak 1, 16.52
ppm)0.011

Â±0.003
0.34 Â±0.13PME(peak

2, 4.23
ppm)0.369

Â±0.029
10.8 Â±1.2PÂ¡(peak

3, 2.18
ppm)0.387

Â±0.051
12.4 Â±3.5GPC(peak

5, 0.49
ppm)0.019

+ 0.006
0.51 Â±0.159(peak

6,
â€”0.46ppm)0.043

Â±0.008
1.37 Â±0.437

NTP
(peak 7,

-4.93ppm)0.047

Â±0.012
1.24 Â±0.16a

NTP
(peak 8/9,

-10.00ppm)0.086

Â±0.016
2.38 Â±0.21/SNTP

(peak 11,
-18.55ppm)0.036

Â±0.005
1

1.0

0.8-

0.6

0.4

Q

0.0
0.8 1.0 1.2 1.4 1.6

yNTP/ÃŸNTP

1.8

1.6

1.4
1.2 '

1.0
0.8 â€¢

0.6 â€¢

0.4

0.2
0.8 1.0 1.2 1.4

YNTP/ÃŸNTP

1.6 1.8

Fig. 6. A. relationship between the ratio of the y NTP and d NTP resonances
from the "P NMR spectrum of the perfused tumor to the ADP level determined
in the extracts of the same tumors frozen at the end of the experiment. The error
bars shown are the sum of the SD of the area measurements, as determined by
PIQABLE. B, relationship between the ratio of the y NTP and ÃŸNTP resonances
from the "P NMR spectrum of the perfused tumor to the ADP/ATP ratio
determined in the extracts of the same tumors frozen at the end of the experiment.
Acquisition parameters were as in Fig. 2, except that a 90-degree pulse and 6-s
recycle time were used.

over the course of the perfusion. The NDP resonances were
also lower in the perfused tumors, which is consistent with the
observation that the ADP measured by enzymatic assay in the
extracts of the perfused tumors was somewhat lower than has
been reported for MH 7777 in vivo (27).

DISCUSSION

We report here the minimum conditions necessary to main
tain a perfused tumor in a physiological state that is a reason
able approximation of the in vivo state. The O2 consumption,
perfusion pressure, perfusion flow rate, and "P NMR spectrum
all remained stable for up to 8 h of total perfusion, 6 h at 37Â°C,

the longest the experiment was run. ATP levels and ATP/ADP
ratios in the perfused tumors were not significantly different
from those reported previously for this tumor (27). Spectra of
extracts of the perfused tumors were similar to those of tumors
of similar size frozen immediately after excision. The histology

Table 3 Composition of the major regions of spectra of extracts ofMH7777
Values are means Â±SE (n = 3) of values determined from integrals from

spectra of extracts (pH 7.5) which were smoothed and baseline-corrected by
PIQABLE. Acquisition parameters were: 45-degree pulse, recycle time of 1.4 s,
16192 data points, sweep width 11,000 Hz. Spectra of extracts of MH7777 can
be seen in our previous publications (12, 21).

Total PME
PG(% of total PME)
PE (% of total PME)
PC (% of total PME)
2,3-DPG <%of totalPME)Total

PDE
GPG(% of total PDE)
CPE (% of total PDE)
GPI (% of total PDE)
GPC (% of totalPDE)PiNDPNTPDiphosphodiesters%

oftotalPerfused21.

2 Â±0.9
21.5 + 2.9"

36.3 Â±6.3
7.2 Â±1.5

13.3Â±1.3*3.5

Â±0.1
7.9 Â±1.5

24.0 Â±1.9*

16.0 Â±0.8
52.0 Â±2.3Â°58.2

Â±6.54.1

Â±0.9"8.5

Â±2.61.5

Â±0.7*phosphateNonperfused20.5

Â±0.92.4
Â±1.4

53.8 Â±5.8
5.0 Â±0.8
1.4 Â±1.23.2

Â±0.4
8.2 Â±1.5

38.9 Â±1.5
17.4 Â±1.7
34.5 Â±5.649.9

Â±3.79.1

Â±0.79.7

Â±2.69.8

Â±1.3
Â°Significantly different from nonperfused tumors, P< 0.05 (Student's I test).
* Significantly different from nonperfused tumors, P < 0.005.

of the perfused tumors was indistinguishable from that of the
in vivo tumors with respect to the amount and distribution of
necrosis and the presence of mitotic figures, although some
edema and increased blood pooling did distinguish the sections
of the perfused tumors. Blood pooling in large sinusoids is
typical of many tumors (31) and is also seen in the sections of
the in vivo tumors. Its increase in the perfused tumors could be
due to the brief interruption of blood flow as the catheter is
inserted in the artery (35). These changes may also be due to
the reduction of external hydrostatic pressures on the tumor is
dissected free from the surrounding tissue. The fact that the
perfused tumor showed increased 2,3-DPG levels indicates that
not all of the host blood, presumably in the sinusoids, was
washed out by the perfusate, since sheep RBC have very low
levels of 2,3-DPG (36). The edema and increased blood pooling
did not seem to have significant effects on tumor energetics,
since O2 consumption, ATP levels, and ATP/ADP ratios were
comparable to those seen in vivo.

The presence of mitotic figures in all of the successfully
perfused tumors that were examined indicates that during per
fusion the tumor cells could progress though the cell cycle, at
least from G2 through M. The perfusion period was not long
enough to evaluate whether the cells were progressing through
the complete cell cycle. It is unlikely that the observed mitotic
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figures represent cells that are arrested in the M phase of the
cell cycle due to some physiological stress, since cells experi
mentally arrested by a number of means usually stop in GÂ¡(37).
Mitotic figures representing all the stages of M phase were seen
in the perfused tumors.

The O2 consumption rate of the perfused hepatoma (91 Â±23
nmol O2/min/g wet weight) appeared to be quite low when
compared to normal tissues and some other tumors (24, 38-
40). The low O2 consumption rate of the perfused MH 7777
could indicate that oxygen delivery might be limiting in our
preparation. However, we do not believe this to be the case,
since the O2 consumption was not sensitive to changes in
perfusion flow rate when the perfusion pressures were main
tained between 50 and 70 mm Hg. At higher perfusion rates,
O2 consumption and the NTP resonances never rose and ac
tually often fell. The fall in O2 consumption and NTP was
accompanied by an unstable and irreversible rise in perfusion
pressure, indicating that the vasculature was being damaged at
the higher flow rates and perfusion pressures. Although the O2
consumption rate of MH 7777 was well below the O2 consump
tion rate of rat liver perfused under similar conditions [1.2
Atmol/min/g wet weight (28)] and below the rates for tissue-
isolated MH 5123 (700 nmol O2/min/g wet weight) and Walker
carcinoma 256 (470 nmol O2/min/g wet weight) measured in
situ (38, 39), it was comparable to the O2 consumption rate of
fibrosarcoma 4956 (133 nmol O2/min/g wet weight) (38, 39)
and weight-corrected rates (about 170 nmol O2/min/g wet
weight) reported by Vaupel et al. (24) for tissue-isolated human
breast tumors grown in nude rats. The low O2 consumption
rates are compatible with the observed low mitochondrial den
sity (41), low ATP levels and ATP/ADP ratios (27, 29), and
low tumor blood flow (10) typical of this tumor. The mean
percentage of O2 extraction of isolated perfused MH 7777 was
lower than the percentage of extraction by a number of different
tumors reported by Cullino et al. (38, 39) and Vaupel et al.
(24), but due to the large SE in all of the data sets the differences
are not significant. The high PO2 of the oxygen in venous
perfusate also supports the view that oxygen concentration was
not limiting in isolated perfused MH 7777. However, blood
flow in tumors is very heterogeneous, and the high PO2 of the
venous outflow is very likely a reflection of extensive shunting
as well as an adequate oxygen supply on the arterial side (31).

MH 7777, unlike other perfused organs including perfused
liver, appears to require adenosine and/or inosine to maintain
a stable metabolism at 37Â°Cand to recover from the briefest

ischemia. Although in other organ systems, such as heart,
inosine and/or adenosine in the perfusate slow ATP loss during
ischemia and enhance recovery during reperfusion (RÃ©f.42 and
references therein), purines are not required for recovery from
ischemia (42), nor are they required to maintain a stable metab
olism in the absence of ischemia. Our goal in the present
research was to establish a metabolically stable preparation and,
therefore, we have not investigated further the requirements for
the purine nucleosides, once we established that the presence
of these compounds markedly enhanced the stability of the
preparation. We do not know, for example, whether one or
both of these compounds are required, nor have we established
optimal or minimal doses. The doses we used are quite high,
for example, when compared to the heart studies.

The preparation also has a requirement for insulin for long
term stability. This is not surprising, given the hepatic origin
of this tumor line and its low glycogen stores. Presumably,
without insulin the tumor is unable to metabolize the glucose

in the perfusate and there are insufficient glycogen stores to
provide sufficient substrate for maintenance of energy metabo
lism. We have not yet tested the possibility that other substrates
may substitute for glucose and insulin (i.e., alanine or gluta-

mine).
The increase in tumor pH (0.1 unit) that accompanied the

ATP recovery caused by insulin was unexpected. Normally,
tumor pH falls in response to increased glucose availability,
presumably due to increased production of lactic acid (43-4S).4

This tumor is known to produce lactic acid in vivo (10, 32) and,
therefore, stimulation of glucose metabolism by insulin might
be expected to produce a decrease in tumor pH if the action of
the insulin is to increase the rate of glucose metabolism. How
ever, the studies described above were done in vivo, where other
substrates in addition to glucose were available to be metabo
lized (9, 10, 32, 43, 46-48)" and ATP levels were not changing
(43) or were decreasing4 in response to the glucose load. Also,

the doses of glucose that were used to lower tumor pH were
quite high (15 mivi). In contrast, in this study the glucose in the
perfusate was at a physiological concentration (7 mivi) and the
rise in tumor pH that we observed paralleled a substantial
increase in NTP levels. The rise in tumor pH that was observed
may well be a result of improved pHÂ¡regulation due to the
improved energy status of the tumor cells in response to insulin.

The 31P NMR spectrum of perfused MH 7777 is consistent

with in vivo spectra of this tumor reported by Griffiths (49) and
Stubbs et al. (27, 50) and those of other tumors (2), in that
PME and PÂ¡to ÃŸNTP ratios are high. The spectrum of MH
7777 does not contain a phosphocreatine resonance, consistent
with its hepatic origin. [Hepatocytes and hepatomas do not
express creatine kinase (50).] The PME and PÂ¡to ÃŸNTP ratios
of the perfused tumor are considerably higher than the ratios
that have been reported for some other tumors (52), but the
ATP levels in this tumor are lower than in most other tumors
(41).

There do appear to be differences between the spectra of MH
7777 taken with surface coils (26, 49, 50) and the spectra of
perfused tumors presented here. The PME and PÂ¡resonances
in the in vivo spectra seem to be less predominant than those
in the spectra of the isolated perfused tumors. However, com
parisons of the spectra of extracts of the perfused tumors to
spectra of extracts of tumors frozen immediately after excision
(Table 3) indicate that the differences in total PME, PÂ¡,and
NTP between the ex vivo and in vivo tumors are insignificant.
Unfortunately, it is difficult to compare the spectra taken in
vivo with surface coils and the spectra acquired ex vivo shown
in this paper. The signals from perfused tumors are acquired
from the entire tumor, whereas the signals taken with surface
coils may arise from different portions of the tumor depending
on the pulse angle, pulse sequence, recycle time, and Tt values
of the observed resonance. Further, as pointed out by Stubbs et
al. (27), spectra of tumors acquired in vivo can contain contam
inating signals from overlying skin and/or muscle, e.g., the
phosphocreatine resonance in the spectra of MH 7777 in Ref.
27. ATP levels in muscle are about 8 mivi, over 10 times those
in MH 7777, so even a small signal from muscle can, poten
tially, have a large effect on the relative nucleotide signal. There
may also be some anatomical differences between the tumors
grown s.c. on the back in the study by Stubbs et al. and our

4Y. C. Hwang, S.-G. Kim, J. L. Evelhoch, and J. J. H. Ackerman. Modulation
of murine Kit' 1 tumor metabolism and blood flow insita via glucose and mannitol

administration: a phosphorus and deuterium nuclear magnetic resonance inves
tigation. Submitted for publication.
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tumors, which were implanted deep into the inguinal region,
which would confound the problem of the nonuniform sampling
by the surface coil. MH 7777 tumors grown on the back tend
to develop gross necrosis in the center and have viable rims
(50), whereas the necrosis in tumors implanted into the inguinal
region tends to be more diffusely distributed (32). Unfortu
nately, these latter tumors are poorly located for acquisition of
uncontaminated spectra with surface coils until they are much
larger than those which were perfused.

The PME resonance in the spectra of perfused tumors is
composed mostly of resonances from PE and PG, with PC also
making some contribution. The presence of large PE and/or
PC resonances seems to be typical of growing tissues (21), or
tissues like brain which have high membrane turnover (52), and
there are a number of studies that indicate that changes in one
or both of these resonances in tumor spectra may indicate
changes in the patterns of growth or responses to therapy (2,
33, 34, 51, 53-55). At present, the significance of the elevated

PE and/or PC resonance in tumors and growing tissues is not
understood.

Although large PG resonances have not been widely reported
in the literature, review of extract spectra acquired in this
laboratory (21) indicates that this resonance is a common
component of the PME region of spectra of extracts of normal
and neoplasmic tissues. The 9-fold elevation of the levels of PG
in the extracts of perfused tumors over those of nonperfused
tumors (Table 3) may reflect a higher reducing potential of the
cytoplasm of the tumor cells, due to the unavailability of mi
tochondria! metabolic substrates in our present perfusions. The
higher reducing potential would drive the glycerol phosphate
dehydrogenase reaction toward glycerolphosphate. In vivo MH
7777 (and other tumors) consumes various metabolic substrates
in addition to glucose, especially those metabolized by the
mitochondria (9, 10, 32). The perfused tumor may, therefore,
be substrate limited when glucose is the only substrate available.
In future studies we will be investigating the response of this
preparation to different substrates.

As we have reported, the spectrum of MH 7777 shows an
unusual resonance at 16.5 ppm, which we have identified as
myoinositol-l,2-(cyclic)phosphate (12). We have seen this res

onance in neutral extracts of NIH 3T3 mouse fibroblasts (21)
but have not seen it in extracts of any other tumors, including
MH 5123C and a number of human tumors, nor have we seen
it in any normal tissues from rats or mice (12, 21). Considerable
effort was made to find circumstances which would cause the
intensity of this resonance to change. As yet we have seen no
changes in this resonance, suggesting that the turnover of
myoinositol-l,2-(cyclic)phosphate in this tumor is low or con
stant under a variety of conditions. This is consistent with the
observation that high IcP levels in this tumor are caused by a
deficiency of IcP hydrolase.5

The broad PÂ¡resonance in the perfuse tumor is consistent
with other observations, made with microelectrodes, that tu
mors have a heterogeneous distribution of pH (9, 56). The
average linewidth of the PÂ¡resonance of 0.74 ppm represents a
pH range of about 0.5 unit. It is not clear that the pH deter
mined from the PÂ¡resonance represents intercellular pH, since
it has not been established that the PÂ¡observed in the NMR
spectra of tumors is all intracellular. Our perfusate contained
no phosphate other than the phosphate contained in the RBC
(invisible at our sensitivity), but that does not exclude the

*T. Ross and P. Majerus, personal communication.

possibility there is a substantial extracellular pool of phosphate
in tumors, particularly given the presence of 2,3-DPG reso
nances in the extract spectra of perfused tumors, which clearly
indicates that there are nonexchanging compartments in this
preparation, as discussed previously.

The observation that a substantial fraction of the ADP in
some of the perfused tumors is NMR visible is interesting.
Although our data set is quite small at this point and, therefore,
must be viewed with some caution, this suggests that in a tumor
ADP above a level of about 300 nmol/g wet weight is NMR
visible (Fig. 6A, intercept). Although the ADP of some tissues,
most notably skeletal muscle, is not seen in the in vivo or ex
vivo 31PNMR spectrum, in the in vivo and ex vivo spectrum of

rat liver (5, 28, 57-59), ex vivo rat kidney (60), and ex vivo
hypoxic porcine artery (61) at least some of the ADP is visible,
and all of it appears to be visible in the ex vivo spectrum of rat
mandibular gland (8). It is likely that the observed ADP in MH
7777 represents ADP free in solution and is mostly intracellular
or is dependant on intracellular processes, since the ÃŸNDP and
7 NTP resonances fall rapidly to undetectable levels in ischemia
and return on reperfusion. The highly variable energy charge
of the perfused tumors, as indicated by the highly variable
amount of free ADP, is not surprising, since the nutritive blood
flow is highly variable from tumor to tumor (9, 24, 25, 31, 40).
The high and variable levels of free ADP are consistent with
the low and variable oxygen consumption, low mitochondria!
density, and high percentage of necrosis of this tumor. Whether
ADP in other tumors can be observed is uncertain, since ratios
of the y NTP to ÃŸNTP resonances are not usually reported. In
our continuing studies of the energy metabolism of MH 7777,
we will be investigating whether the 7 NTP//3 NTP ratio may
be a good indicator of the energy status of this and other tumors.

In summary, we have established an ex vivo model for the
study of tumor metabolism, physiology, and biochemistry by
NMR, together with the minimum conditions necessary for its
maintenance. The preparation is metabolically stable over long
periods and responds reliably to physiological manipulation.
The biochemistry of the perfused tumor is not identical to that
of the in vivo tumor, but perhaps it should not be expected to
be, since, for example, its nutrient supply is quite different from
that in vivo. The results presented here indicate that this prep
aration will be useful for the study of a number of physiological
and biochemical processes in solid tumors, including regulation
of pH, responses to changes in nutrient availability, responses
to hormones and growth regulators, and of course acute re
sponses to various therapeutic agents.
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