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Neuroendocrine tumor cells frequently overexpress somatostatin
receptors at their cell surfaces. To evaluate the possibility of using
the somatostatin analog *''In-DTPA-D-Phe-octreotide for radiation
therapy, we studied the binding and subsequent internalization of
"In into three types of cultured human neuroendocrine tumor cells.
Methods: Primary cultures of gastric carcinoid, midgut carcinoid
and glucagonoma cells were incubated with '''In-DTPA-D-Phe'-
octreotide and cell-surface bound, internalized and released *'In
activity was measured. Electron microscopic autoradiography was
also performed. Results: All three cell types specifically (80%-95%)
bound '''In-DTPA-D-Phe’-octreotide and internalized *"'In. After 1
hr pulse incubation with *''In-DTPA-D-Phe'-octreotide, there was
an initial decrease in intracellular ''In to about 50% during the
subsequent 6-hr incubation. Aimost no further release was ob-
served during the remaining 18-42 hr studied. Autoradiography
showed that the internalized *''In was found in the cytoplasm and
nucleus in the midgut carcinoid cells. Conclusion: Indium-111
DTPA-D-Phe'-octreotide might be useful for radiation therapy of
patients with surgically incurable tumors having high somatostatin
receptor densities.
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Somatostatin is a naturally occurring peptide known to sup-
press pituitary hormone secretion as well as secretion from
many endocrine and exocrine cell types in the gastrointestinal
tract (/). In most systems, somatostatin exerts an inhibitory
effect on several cell functions e.g., secretion of biogenic
amines, peptide hormones and growth factors (2-4). An in-
creased number of somatostatin receptors has been found in
neuroendocrine tumors (3,6). Due to a very short half-time (<3
min) in vivo, the clinical value of somatostatin is limited, while
a more stable synthetic somatostatin analog, octreotide, is
widely used for symptomatic treatment of patients with neu-
roendocrine tumors (/).

Clinically '''In-DTPA-D-Phe'-octreotide is used for scinti-
graphic localization of neuroendocrine tumors (7-12). In pa-
tients with carcinoids or endocrine pancreatic tumors, very high
tumor-to-normal tissue '''In activity concentration ratios (50—
1500) have been found after injection of '''In-DTPA-D-Phe'-
octreotide (/3), indicating therapeutic potential for radiolabeled
octreotide. This possibility has, in fact, already been tried in
individual patients with interesting preliminary results (/4).
Since '''In emits Auger electrons with a range less than the
dimension of a cell (15), a prerequisite for efficient radiation
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therapy is internalization of '''In into the tumor cells. Although
accumulation or long-lasting binding of ''In in neuroendocrine
tumors is evident from somatostatin receptor scintigraphy (14),
the exact localization of '''In at the subcellular level is not
known. Internalization of somatostatin together with its recep-
tors have been proposed for several cell types e.g., pancreatic
acinar cells (/6) and rat pituitary cells (/7), but no such studies
have previously been performed on human neuroendocrine
tumor cells.

The aim of the present investigation was to study the binding,
possible internalization and subsequent release of '''In after
incubation of primar?' cultures of human glucagonoma and
carcinoid cells with '''In-DTPA-D-Phe'-octreotide.

MATERIALS AND METHODS

Tumor Cell Cultures

Tumor tissue from three patients with midgut carcinoid, gastric
carcinoid and glucagonoma, respectively, were obtained at surgery
and processed for tissue culture. All tumors were receptor-positive
at '"'In-DTPA-D-Phe'-octreotide scintigraphy. Tumor tissue was
harvested from liver metastases (carcinoids) or primary tumor
(glucagonoma).

The preparation and characterization of long-term carcinoid
tumor-cell cultures have been described previously (/8). In brief,
cell suspensions were prepared and tumor cells were seeded onto
collagen-coated, tissue-culture plates at a density of 10°~10° cells
per well and incubated in RPMI 1640 medium (Northumbria
Biologicals, Cramlington, U.K.) supplemented with 4% fetal calf
serum.

The experiments were performed on tumor cells after 2 wk in
primary culture. During this period, the cultures never grew to
confluence. In cultures from all three tumors, a minority of stroma
cells (<20%) were present beside the tumor cells. Tumor cells
were easily identified by phase-contrast microscopy and shown to
be immunocytochemically positive for serotonin, histidine decar-
boxylase and glucagon, respectively. Before conducting the exper-
iments, the maintenance media were discarded and the cells were
washed once with DPBS (Dulbecco phosphate-buffered saline).

Radiopharmaceutical

Radiolabeling of DTPA-D-Phe'-octreotide with '''In was per-
formed according to the manufacturer’s instructions (Mallinckrodt
Medical B.V, The Netherlands) but with a specific activity of 240
MBq '"'In per 10 ug DTPA-D-Phe'-octreotide. Chromatography
of the radiopharmaceutical was performed using instant thin layer
chromatography (ITLC-SG, Gelman Instrument Company, MI)
with sodium-citrate (0.1 M, pH 5) as the mobile phase. The
fraction of peptide-bound '''In was more than 98%.
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Experimental Studies

The binding of '''In-DTPA-D-Phe'-octreotide to tumor cells
and possible subsequent internalization of '''In were studied by
two different protocols. Radioactivity still bound to the cells after
trypsinization was assumed to represent '''In internalized into
tumor cells, while '"'In detached by trypsin was assumed to
represent cell surface-bound '''In as shown by binding studies and
electron microscope autoradiography for other radiolabeled pep-
tides, including an octapeptide (CCK-8) (/9).

Protocol 1. In the binding studies, wells (duplicate) with tumor
cells were incubated with 150 ul RPMI 1640 medium supple-
mented with 1% bovine serum albumin (BSA) containing about 80
kBq '''In-DTPA-D-Phe'-octreotide, corresponding to 10 nM of
octreotide, at 37°C for 1-6 hr. The medium was then removed, and
the cells were washed rapidly three times with 1 ml Ca- and
Mg-free DPBS. To remove surface-bound '''In-DTPA-D-Phe!-
octreotide from the cell surface and to detach the cells from the
wells, the cells were incubated with 0.5 ml of trypsin solution
(0.05% trypsin) at 37°C for 15 min. The cells were transferred with
1 ml DPBS into plastic tubes and centrifuged at 900X g for 5 min
and washed once again with DPBS. The amount of surface-bound
and internalized '''In was determined by radioactivity measure-
ments of the supernatants and the pellets, respectively, with a
gamma spectrometer containing a Nal(Tl) well crystal and a
single-channel, pulse-height analyzer. Correction was made for
background, radioactive decay and nonspecific binding as de-
scribed below.

Protocol 2. In the pulse incubation studies, wells (duplicate)
with tumor cells were incubated at 37°C for 1 hr with 150 ul RPMI
1640 medium supplemented with 1% BSA containing about
80 kBq '''In-DTPA-D-Phe'-octreotide, corresponding to 10 nM
octreotide. The medium was removed, and the cells were washed
rapidly three times with 1 ml DPBS and further incubated with
RPMI 1640 medium at 37°C. After 1-48 hr, the medium was
removed and the cells were trypsinized and washed as previously
described. The amounts of surface-bound, internalized and subse-
quently released '''In were determined by radioactivity measure-
ments with the gamma spectrometer of the supernatants, pellets and
medium, respectively. Correction was made for background, radio-
active decay and nonspecific binding as described below.

For gastric carcinoid cells, the fraction of trichloroacetic acid
(TCA) precipitable activity in the pellet was determined after
adding 10% TCA to the pellet, which was first centrifuged (1200X g
for 10 min) and then measured for radioactivity.

To determine the specificity of the measured binding, internal-
ization and subsequent release of '''In, duplicate control wells
were processed as described above, but the incubation was per-
formed in the presence of a 500-fold excess of unlabeled oct-
reotide. These results were then used for correction for nonspecific
binding.

Electron Microscope Autoradiography

Wells with midgut carcinoid cells were incubated at 37°C for 4
hr with 150 ul of RPMI 1640 medium supplemented with 1% BSA
containing about 80 kBq '!''In-DTPA-D-Phe'-octreotide, corre-
sponding to 10 nM octreotide. Paired control wells were treated
similarly but with the addition of a 500-fold excess of unlabeled
octreotide. After incubation, the medium was removed and the
cells washed rapidly three times with 1 ml DPBS and further
incubated with RPMI medium at 37°C. After 6 hr, the medium was
removed and the cells were trypsinized, centrifuged and washed as
previously described.

The pellets, containing the cells, were fixed in 2.5% glutaralde-
hyde in 0.05 M sodium cacodylate at 4°C for 1 hr and postfixed in
1% osmium tetroxide in 0.1 M sodium cacodylate at room
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TABLE 1
Tumor-to-Blood Ratios (T/B) and Indium-111 Activity
Concentration (C) Postintravenous Injection
of Indium-111-DTPA-D-Phe'-Octreotide

C Time after
Tumor biopsy T/B (%1A/g) injection (d)
Glucagonoma
Primary tumor 910 0.059 3
Liver metastasis 650 0.042 3
Midgut carcinoid
Primary tumor 150 0.008 7
Liver metastasis 400 0.020 7
Liver metastasis 470 0.024 7
Liver metastasis 650 0.033 7
Primary tumor 71 0.017 1
Lymph node metastasis 190 0.047 1
Liver metastasis 150 0.035 1
Liver metastasis 180 0.044 1
Liver metastasis 210 0.051 1

temperature for 1 hr. After graded dehydration in ethanol, the cell
pellets were embedded in Agar 100 (Agar Aids, U.K.). Ultrathin
sections (~50 nm), picked up on Formvar-coated copper grids,
were contrasted with uranyl acetate and lead citrate and carbon-
coated by vacuum evaporation. Ilford L4 emulsion (Iiford Ltd.,
U.K.) was applied with a wire loop (20). After exposure for 1 wk
at 4°C, the preparations were developed in Kodak D19 for 1.5 min
and fixed in Kodak F24 for 5 min. Autoradiographs were examined
and photographed in a Philips EM 400 electron microscope. Silver
grains were counted over the cytoplasm and nucleus of midgut
carcinoid cells and stroma cells. Cell profile areas were estimated
by morphometry (point counting), and relative silver grain density
was calculated over cytoplasm and nucleus (21).

Indium-111 Concentration in Tumor Samples

Each of the three patients received 10-20 ug '''In-DTPA-D-
Phe'-octreotide (190-350 MBq) by intravenous injection 24168
hr before surgery. Before routine histopathological examination,
the surgical specimens together with blood samples drawn during
surgery were weighed, and the '''In activity was measured with the
gamma counter. Correction was made for background and radio-
active decay. Tumor-to-blood '''In activity concentration ratios
(T/B) were calculated for the histologically-proven tumor lesions
(13,22).

RESULTS

The activity concentration of '''In in tumor tissues harvested
for cell culture studies were measured by the gamma counter
after excision and compared with the corresponding values in
blood. The calculated T/B ratios were thus 910 (glucagonoma),
400-650 (midgut carcinoid) and 150-210 (gastric carcinoid)
(Table 1).

Human glucagonoma and carcinoid cells in ?rimary culture
bound '''In specifically during incubation with '''In-DTPA-D-
Phe'-octreotide at 37°C. Concomitant incubation with excess of
unlabeled octreotide resulted in inhibited binding of '''In
(glucagonoma cells >95%, midgut carcinoid cells >90% and
gastric carcinoid cells ~80%).

The three different tumor cell cultures bound '''In to a
varying degree: the glucagonoma cell culture bound about 5 and
40 times more '''In (surface bound + internalized) than the
midgut carcinoid cell and the gastric carcinoid cell culture,
respectively (Fig. 1). The difference in cell density between
cultures, estimated by phase contrast microscopy, did not differ
more than by a factor of two. The amount of internalized '''In
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FIGURE 1. Surface-bound (circles) and intemalized (squares) '''In versus
time of incubation with '''In-DTPA-D-Phe'-octreotide. (A) Glucagonoma
cells, (B) midgut carcinoid cells and (C) gastric carcinoid cells. Error bars
show *1 s.d. In most data points, the error bars are smaller than the
symbols.

increased markedly with incubation time, while surface-bound
""'In increased to a small degree in both glucagonoma cells and
carcinoid cells (Fig. 1). The internalized '''In in gastric
carcinoid cells was TCA-precipitable to 60%.

The cellular redistribution of ''In after 1 hr pulse incubation
with '''In-DTPA-D-Phe'-octreotide is shown in Figure 2. The
amount of internalized '''In decreased, and the amount of '''In
released into the medium increased with time. After an initial
decrease of intracellular '''In in midgut carcinoid cells, about
50% of the internalized '''In was maintained intracellularly
with no further redistribution during the period of study (Fig.
2B). A similar pattern was seen for the gastric carcinoid cells
(Fig. 2C). The glucagonoma cells were only studied for 4 hr but
showed a similar redistribution pattern during this time (Fig.
2A). The amount of surface-bound '''In was studied in glu-
cagonoma cells and gastric carcinoid cells and showed a slow
decrease over time (Fig. 2A, C).

The subcellular distribution of '''In in the midgut carcinoid
cells was studied by electron microscope autoradiography (Fig.
3). The grain density was low; the silver grains were mainly
distributed over the cytoplasm but also over the nucleus (Table
2). The nucleus in midgut carcinoid cells represented 11% of
the total cell volume, estimated by morphometry, and the
calculated grain density was thus about three times higher over
the cytoplasm than over the nucleus. No grains were found over
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FIGURE 2. Surface-bound (circles), intemalized (open squares), released
(triangles) and cell-bound (closed squares) '''In versus time after 1-hr
incubation with '''in-DTPA-D-Phe'-octrectide. (A) Glucagonoma cells, (B)
midgut carcinoid cells and (C) gastric carcinoid cells. Eror bars show +1 s.d.
In most data points, the emror bars are smaller than the symbols.

the surrounding stroma cells, background or over tumor cells
from control incubations with excess of unlabeled octreotide.

DISCUSSION

The ?resent study provides the first evidence of internaliza-
tion of ! ''In into human carcinoid and gluca%onoma tumor cells
in primary culture after incubation with '''In-DTPA-D-Phe'-
octreotide. Primary culture of neuroendocrine tumor cells is
performed under conditions similar to culture of neurons. It has
advantages for the study of authentic tumor cell properties but
is limited by deterioration of cells within a few weeks (reflected
by decreasing hormone production) leading to limited access of
cells for repeated studies (4).

The binding and internalization of !''In was no more than
80% inhibited by excess of octreotide, indicating that binding
and internalization were specific. The binding and internaliza-
tion of '"'In was higher for glucagonoma cultures than for
carcinoid cultures, probably due to tumor-specific factors such
as somatostatin receptor subtypes and their densities and the
rate of intracellular accumulation of '''In. These observed
differences between the '''In binding in vitro agreed with the
differences in '''In binding in vivo in the surgical specimens
(Table 1). It is unlikely that changes in the binding kinetics for
the tumor cells studied were due to proliferative effects since
primary cultures of human neuroendocrine tumor cells have a
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FIGURE 3. Electron microscopical autoradiography of *''In in human cul-
tured midgut carcinoid cells after 4-hr incubation with '*'In-DTPA-D-Phe’-
octreotide followed by 6-hr incubation in ''In-free medium. Two silver grains
marked by armows are located over the cytoplasm in the tumor cell. n =
nucleus. Bar = 1 um.

low proliferation rate (2,4). We previously cultured such cells
for 4 days without any significant change in DNA content.
When studied over 14 days, 10 nM octreotide had no significant
antiproliferative effects (4).

After pulse incubation with '''In-DTPA-D-Phe'-octreotide,
the accumulated intracellular '''In was released from the tumor
cells into the medium following a similar time course in all
three tumor types. In two tumor cell cultures, studied for more
than 6 hr, there appeared to be no further redistribution of '''In
after this time. This indicates that '''In was associated with
intracellular structures, as was also suggested from the TCA
studies in gastnc carcinoid cells.

Electron microscope autoradiography showed that '''In was
internalized into midgut carcinoid cells. The internalization was
highly specific, as no silver grains at all were detected over
stroma cells, background or over tumor cells incubated with an
excess of unlabeled octreotide. The estimated ratio of grain
density between the cytoplasm and the nucleus was 3:1. A high
nuclear accumulation of '''In would be advantageous for
radiation therapy.

The radionuclides that decay by Auger-electron-emitting

TABLE 2
Intracellular Distribution of Indium-111 after Incubation with
Indium-111-Octreotide Studied by Electron Microscopical
Autoradiography

Number of cell Number of grains Number of grains

processes (e.g., '''In and '?°I) are highly radiotoxic if incorpo-
rated into DNA (23-24), or if they are located elsewhere in the
nucleus (25-26). The experiment of Warters et al. (27) showed
that 60 disintegrations of '2°I per nucleus (in iododeoxyuridine)
gave a 50% cell death in V-79 cells. To obtain a similar effect
by '2°I at the cell surface, as many as 19600 disintegrations
were needed. Our results show that '''In was located intracel-
lularly, which is a prerequisite for radiobiological effect due to
the short range of the Auger electrons.

CONCLUSION

The present study demonstrates that human neuroendocrine
tumor cells in culture s|pec1ﬂcally bound and internalized '''In
after incubation with '''In-DTPA-D-Phe'-octreotide. Autora-
diography showed that '''In was distributed both in the cyto-
plasm and in the nucleus. In pulse incubation experiments, the
decline of intracellular '''In concentration was most prominent
during the first 6 hr and seemed to remain stable thereaﬂer Our
results therefore emphasize the therapeutical potential of ''
DTPA-D-Phe'-octreotide for patients with neuroendocrine tu-
mors with high tumor/(normal tissue) '''In activity concentra-
tion over time (/3). Further studies of the intracellular
localization of '''In in different types of neuroendocrine tumors
need to be compared with that of normal tissues as a basis for
potential radiation therapy.
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Temporal Changes in Function and Regional
Glucose Uptake within Stunned Porcine

Myocardium

Edward O. McFalls, Douglas Baldwin, David Marx, Peggy Fashingbauer and Herbert Ward
Cardiovascular Division, VA Medical Center, University of Minnesota, Minneapolis, Minnesota

This study compared the effects of porcine myocardial stunning on
the uptake of ['®F]-fluorodeoxyglucose (FDG) at 24 hr and 7 days
after reperfusion. Prior studies in animals subjected to severe
myocardial ischemia have shown a sustained increase in FDG
uptake relative to perfusion (FDG/MBF). The time course of recovery
of FDG/MBF relative to function poststunning, however, has not
been well characterized. Methods: Stunning was induced in eight
swine by partially occluding the LAD artery for 20 min. At 1 and 7
days postreperfusion, function was assessed by two-dimensional
echocardiography and PET studies were obtained with FDG and
either '50-water or '*N-ammonia. Blood flow by microspheres was
determined at baseline, during ischemia and after stunning. Myo-
cardial uptake of FDG relative to blood flow on matching images
(FDG/MBF) was calculated for all ROIs and expressed as a ratio of
LAD to non-LAD areas. Results: After stunning, left ventricular
ejection fraction (LVEF) increased from 42% * 10% on Day 1 to
52% * 6% on Day 7 (p < 0.05). At Day 1, myocardial blood flow
was 0.60 * 0.10 mV/min/g in LAD and 0.67 * 0.16 in non-LAD
regions and neither differed at Day 7. The magnitude of FDG/MBF in
the LAD region when normalized to the non-LAD region was 1.29 *
0.16 on Day 1 and 1.09 *+ 0.08 on Day 7 (p < 0.05) and was inversely
proportional to global measures of LVEF (?=0.61; p < 0.005).
Conclusion: The severity of postischemic LV dysfunction at 1 and 7
days after stunning correlates with the degree of enhanced regional
glucose uptake as estimated by PET. Both normalize within 7 days,
suggesting that metabolic and functional abnormalities within com-
pletely reperfused myocardium recover in parallel.

Key Words: PET; myocardial stunning; myocardial ischemia; reper-
fusion injury; glucose uptake; fluorine-18-FDG
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Imaging of the heart with PET can detect underperfused but
metabolically active myocardium. Enhanced uptake of the
glucose analog ['®F]fluorodeoxyglucose (FDG) within hy-
poperfused regions has been termed a flow-metabolism mis-
match and is 70%—80% predictive of the return of regional
function after coronary artery revascularization (/,2). In pa-
tients who have had a recent myocardial infarction, FDG uptake
may also be increased within stunned regions, but the return of
function occurs primarily within normally perfused segments
(3.4). Although normalization of blood flow is the primary
determinant of functional recovery after stunning, knowledge of
the time course of metabolic recovery within reperfused myo-
cardium allows the clinician to assess whether patients with a
recent myocardial infarction can tolerate subsequent demands
on the heart.

PET studies in animals have identified important temporal
changes in myocardial blood flow, glucose uptake and oxygen
consumption after severe ischemia and reperfusion. Within
stunned myocardium, enhanced glucose uptake relative to
blood flow may not be evident immediately after reperfusion
but can be detected 24 hr and longer after the ischemic event
(5-7). Oxygen consumption, as measured by the decay of
"C-acetate and fatty acid utilization using ''C-palmitate, may
also be abnormal after ischemia (8-10), but, along with
function, recovers within 2 wk (10). Although there is some
evidence that FDG uptake normalizes by 4 wk of reperfusion,
the relationship between glucose uptake and function within
stunned myocardium has not been well characterized.

Accordingly, the aim of this study was to relate postischemic
changes in function with FDG uptake relative to perfusion
(FDG/MBF) after 20 min of ischemia. This degree of ischemia
is too brief to induce inflammation that could confound the
interpretation of enhanced FDG uptake in postischemic regions
(11). We postulated that the ratio of FDG uptake to perfusion
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