










]IP NMR OF PERFUSED HEPATOMA

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).
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* 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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