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Increased expression of glucose transporters is frequently associ-
ated with transformation and is often found in malignant tumors. To
assess the relationship between cellular glucose transporter Glut-1
(brain/erythrocyte) and FDG uptake in malignant tumors we studied
the expression of Glut-1 and 3H-FDG uptake in a syngeneic rat
mammary cancer (RMC), an animal tumor model that closely
mimics human breast carcinoma. Methods: Tumors of 1-9 RMT
cell line were grown in female Lewis rats and were studied by
immunoperoxidase staining with anti-Glut-1 antibodies, macro- and
microautoradiography and densitometry following intravenous in-
jection of 3H-FDG. Results: Most of the cancer cells contained
Glut-1 positive cytoplasmic granules. Cells with strongly stained cell
membrane were mainly observed in areas of intensive intraductal
proliferation and high tumor cell density. No staining was observed
in necrotic areas, connective tissue stroma or granulation tissue.
FDG uptake in areas of high cancer cell density was consistently
higher than average tumor uptake. Silver grain counts were 31 *
8/0.023 mm? in regions of viable cancer cells, and were higher as
compared to 10 * 7 counted in necrotic or 8 *+ 8 in connective
tissue areas (p = 0.0001). Densitometry of the autoradiograms and
of the histochemically stained consecutive sections showed positive
correlation between estimates of FDG uptake and the intensity of
staining of the Glut-1 antigen (r = 0.3-0.6; p = 0.0001). Conclusion:
Our results demonstrate significant positive correlation between the
expression of the facilitative glucose transporter Glut-1 and FDG
accumulation in viable cancer cells in the syngeneic rat breast
cancer. They suggest that the regulation of FDG uptake may be
mediated by Glut-1 and the heterogeneous expression of Glut-1 and
tracer uptake may reflect localized variations in the metabolic
conditions.
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Accelerated rates of glucose uptake and metabolism are
frequent characteristics of transformed and malignant cells as
well as experimental and human solid tumors (/-3). The
malignancy-linked increase in glucose uptake is associated with
an increase in hexose transport across the cell membrane (3,4),
increased expression of glucose transporters (5—-/0) and
changes in the levels and/or activity of glycolytic enzymes,
specifically hexokinase and glucose-6-phosphatase, as com-
pared to normal tissues (//-13). When glucose analogs such as
2-fluoro-2-deoxy-D-glucose (FDG) are administered in vivo,
the net result of these changes is a preferential accumulation
and metabolic trapping of FDG-6-phosphate in malignant
tumors (/4). This higher-than-background tumor accumulation
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of FDG-6-phosphate is applied clinically when imaging tumors
by '®FDG-PET.

Increased expression of histochemically detectable glucose
transporter-1 (Glut-1) as compared to surrounding normal tissue
has been recently reported in human breast cancer (7) and in the
clear/acidophilic cell tumors in rat kidneys (/5). In addition,
above-tumor-average expression of Glut-1, mostly membra-
nous, in tumor cell layers surrounding necrotic foci was
observed in some of these tumors (7,8). Higher-than-tumor-
average grain densities in areas surrounding small necrotic foci
were also seen in microautoradiograms of human adenocarci-
noma xenografts (HTB77 IP3) after intravenous injection of
tritiated FDG (/6). We hypothesized that cells in the vicinity of
necrotic areas, which are likely to be subjected to hypoxic
conditions, may adapt to an increased dependency on glycolysis
as their main energy source by enhancing hexose transport and
utilization. Indeed, an increase in FDG uptake and an increase
in Glut-1 expression were found in HTB77 IP3 cells when they
were exposed in vitro to a low oxygen atmosphere (/7).

To verify the hypothesis that enhanced FDG uptake is
associated with increased expression of Glut-1 in solid tumors
we (1) studied the pattern of the cellular localization and the
intratumoral distribution of histochemically detectable Glut-1
(2). We also examined the relationships between FDG uptake
and Glut-1 expression in a syngeneic rat mammary carcinoma
(RMC), an animal tumor model that closely mimics human
breast carcinoma (/8). We recently reported that in this human
breast cancer model, FDG accumulates primarily in viable
cancer cells and that the contributions of macrophages and other
nonmalignant components to the total uptake of the glucose
analog in untreated tumors is small. The uptake of FDG by the
malignant component of the tumor, however, is heterogeneous,
with the highest levels recorded in areas of extensive intraductal
proliferation and densely packed cancer cells and considerably
less retention in either large or small foci of necrosis (19).

The results, that sites of relatively high FDG uptake coincide
with sites of high membranous expression of Glut-1 glucose
transporter, suggest a causal relationship between Glut-1 ex-
pression and FDG uptake in this tumor model. The connections
between tumor morphology, heterogeneous expression of
Glut-1 and FDG uptake are discussed in this article.

MATERIALS AND METHODS
Animals

Female Lewis rats were injected with 1 X 10° cells of trans-
plantable rat mammary tumor cell line 1-9 RMT (/8) into the
interscapular fat pad. When the size of the tumors reached about
1-2 cm in diameter (about 6 wk postinoculation), animals were
fasted overnight, five of them were injected intravenously with 100
uCi of deoxy-2-fluoro-D-glucose 2 (5,6-°H) CH-FDG) in 0.2 ml
saline and one animal was injected with 0.2 ml saline (control
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FIGURE 1. Glut-1 expression in RMC tumor grown on
Glut-1 antibody. Most of the cancer cells are Glut-1 positive. The intensity of staining is heterogeneous and is lowest in cancer cells situated near the
circumference of the duct. (B) Sequential section stained with anti- Glut-1 pre-mixed with the Glut-1 antigen (controf). No immunostaining was observed.
| = lumen; n = necrosis and inflammatory infiltrate; ¢ = connective tissue stroma surrounding a duct. Magnification = 120x; Bar = 100 um.

animal for the autoradiography to rule out chemography). The
tumors were removed 2 hr postinjection to ensure high tumor-to-
background ratios (20). Each of the tumors (n = 6) were divided
into two parts: one part was frozen in iso-pentane (2-methylbutane)
cooled in liquid nitrogen and stored at —70°C; the second part was
fixed overnight in buffered formalin at 4°C and embedded in
paraffin. Two additional tumors were fixed in Karnovsky fixative
(21) and embedded in glycolmethacrylate to be used for microau-
toradiography (/6).
Antibodies

Polyclonal rabbit anti-glucose transporter antibody reactive with
Glut-1 (brain/erythrocyte transporter) was used to evaluate Glut-1
expression in the tumors. The antibody was raised in rabbit against
synthetic peptides (13-mer) based on the deduced amino acid
sequence of the carboxy terminus of the rat brain glucose trans-
porter (CGLFHPLGADSQV) (22). It immunoreacts with an ap-
proximately 50,000 Da. glucose transporter species in rat brain and
human erythrocytes and cross-reacts with the glucose transporter of
human hepatocarcinoma cells (HEP G2) (23).

Immunohistochemistry

The expression of Glut-1 was studied in formalin-fixed frozen (6
w thick) and paraffin (3 p thick) sections of the RMC tumors. The
sections were incubated with anti-Glut-1, and the bound antibody
was visualized by the avidin/biotin conjugate immunoperoxidase
procedure (ABC) (24) using the Vectastain Elite kit (Vector,
Burlingame, CA) (7). Consecutive sections incubated with normal
rabbit IgG or with a mixture of the anti-Glut-1 with excess of the
C-terminus peptide antigen were used as negative controls. Sec-
tions from paraffin-embedded brain, liver and kidney from normal
fasted rat were used as positive controls.

Autoradiography

Microautoradiography. Dried frozen sections (6 p thick) and
sections (3 u thick) from glycolmethacrylate (GMA)-embedded
tumors were autoradiographed in order to directly verify the
localization of the FDG in the macroautoradiograms. Although
dipping frozen sections causes diffusion and GMA-embedding
results in considerable loss of radioactivity and diffusion, it has
been our experience that intratumoral localization and density
distribution of the silver grains in such autoradiograms is qualita-
tively similar to that obtained in macroautoradiograms of dried
frozen sections. Moreover, the emulsion layer on the glycolmethac-
rylate sections is smooth and more uniform resulting in autoradio-
grams with better efficiency and resolution and extremely good
morphological quality, while the emulsion layer formed on frozen
sections tends to be irregular due to their uneven surface (25).
Additionally, their morphological quality is inferior. It was there-
fore assumed that the silver grain localization and density distri-
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bution in these autoradiograms may provide strong supportive data
to the results obtained from the macroautoradiograms. Sections
from the two GMA-embedded tumors and dried frozen sections
from the other six tumors were dipped in NTB 2 nuclear emulsion
diluted 1:1 in deionized distilled water and exposed at 4°C for 6 wk
as was previously described (/6). Grains were counted in areas of
densely packed tumor cells, necrotic foci, granulation and connec-
tive tissue or lumens of ducts. Five 63X fields of same-size areas
(grid area, 150 X 150 um) of each category in 11 sections of the
2 GMA-embedded tumors were counted.

Macroautoradiography. Sets of three consecutive frozen sec-
tions, sectioned at intervals of 800 um through the frozen part of
the tumor, were collected on frozen slides (—20°C) and quickly
dried on a hot plate to minimize diffusion. The dried sections and
a set of calibrated plastic radioactive standards (26) were placed in
x-ray cassettes and were apposed to hyperfilm-[*H] at room
temperature for 29 days and were developed as was previously
described (19).

Densitometry

Differences in relative FDG uptake were estimated from the
variations in the relative optical densities of the autoradiographic
film images by computer-assisted video densitometry (/9,26). The
densities along three transept lines (enclosed elongated areas that
were five pixels high across the section) traversing computerized
images obtained from each of two tumors were superimposed onto
the coregistered computerized images of subsequent sections im-
munostained with anti-Glut-1 and the patterns of FDG levels and
staining intensities were compared.

Glut-1 staining intensities were estimated based on an arbitrary
gray scale (between background outside the section and area of the
maximum intensity on the section). FDG uptake was estimated by
a set of standards (/9). Correlations between FDG uptake and
Glut-1 expression were calculated from these data.

RESULTS
Histology

The tumors displayed morphology of intraductal carcinomas
(19). Generally, the glandular parenchyma contained areas of
extensive intraductal proliferation that often formed foci con-
sisting solely of clustered cancer cells. These foci were often
situated at the center of a large duct and measured about 150 X
100 um? and contained 4-5 rows of cancer cells. Other areas
contained clusters of differentiated ducts of various sizes. These
ducts were lined in most cases with a monolayer of cancer cells
(Figs. 1-3). Most of the necrotic foci in these tumors were
microscopical in size, they were usually confined to ductal
lumens in a comedocarcinoa-like pattern and often infiltrated by
inflammatory cells. The connective tissue stroma supporting the
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FIGURE 2. Glut-1 expression in RMC tumor grown on syngeneic rat.
Micrograph of frozen section (tumor 2) of Glut-1 positive cancer cells. The
highest intensity of staining is observed along the cell membrane of densely
packed cancer cell inside the lumen (white arrows) of a duct. Glut-1 positive
granules are seen in the cytoplasm of cancer cells forming a monolayer along
the circumference of the same duct (amowheads). Note that the cell mem-
branes of these cancer cells are not intensely stained. Mag = 1000X; Bar =
10 um.

cancer cells was thin and little granulation tissue was seen
around the tumor. Arterioles and venules could be identified in
the connective tissue stroma encircling the ducts only.

Immunohistochemistry

Glut-1 positive cells were observed in both frozen and
paraffin sections and the intensity of staining was heteroge-
neous. In frozen sections, Glut-1 positive cytoplasmic granules
were observed in most of the cancer cells (Fig. 1). In these
sections, the lowest intensity of staining was observed in cancer
cells situated near the circumference of the duct. The highest
intensity of staining was seen in cancer cells situated near the
center of the ducts, bordering the area containing necrotizing
cells and inflammatory infiltrate or away from the connective
tissue stroma surrounding the ducts (Fig. 1A). In these areas,
high expression of Glut-1 was observed in the cell membranes
in addition to the cytoplasmic granules (Fig. 1A, Fig. 2). In
paraffin sections, the staining was more localized than that
observed in the frozen sections and was seen most frequently in
the membrane of clustered cancer cells and cancer cell layers
near necrotic foci (Fig. 3).

Staining of Glut-1 positive controls was in agreement with
published data: There was staining of endothelial cells lining
the blood vessels in paraffin sections of rat brain (27), the
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FIGURE 3. Glut-1 expression in RMC tumor grown on syngeneic rat.
Micrograph of paraffin section (tumor 1) that was incubated with anti-Glut-1.
Note that mostly membranes of cells organized in multi layers are Giut-1
positive. It appears that dehydration and embedding in paraffin resulted in
the loss in Glut-1 immunogenicity of the cytoplasmic granules. Mag = 120x;
Bar = 100 um.

grown on syngeneic rat (tumor 6). Sections were dipped in NTB2 emulsion.
Mag = 800x; Bar = 10 um. (A) An area of densely packed cancer cells. (B)
An area of necrosis in the lumen of a duct. Note shrunken cells with angular
cytoplasm and pyknotic nuclei (amowheads).

epithelium of certain segments of the renal tubules both in the
cortex and the medulla as well as the collecting ducts in the
kidney (28). In hepatocytes faint granular staining was some-
times seen but there was no staining of the cells’ membranes
(29). Incubating with normal rabbit serum or with a mixture of
antibody and excess of the carboxy-end peptide (antigen)
completely abolished the staining in the paraffin-embedded
tissues and the normal rat tissue controls. In frozen sections of
the tumors that were stained with either the mixture or the
non-immune rabbit serum, cancer cells were negative (Fig. 1B).

Autoradiography

Microautoradiography. More silver grains were observed in
areas with extensive intraductal proliferation and clustered
cancer cells than in the lumens, necrotic foci or connective
tissue stroma in both GMA sections and dried frozen sections
(Fig. 4). Similar distributions of radioactivity were observed in
macroautoradiograms of subsequent dried frozen sections (/9).
The grain counts in areas solely consisting of cancer cells were
3-to-5 times higher than in ductal lumens, foci of necrosis/
inflammatory-cell infiltration or connective/granulation tissues
(Table 1). The differences between the grain counts in areas of
cancer cells and any of the other histological categories were
statistically significant (p = 0.0001). No differences in grain
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TABLE 1
Number of Grains in the Different Morphological Areas of
Syngeneic RMC
(Grains/150 X 150 mm of section at 630x)*

No. of grains
Tissue category (mean + s.d)
Granulation/Connective 82+*77
tissue
Necrosis/Inflammatory 9.7 +6.5
infiltration
Lumens 13589
Cancer cells 30.7 + 8.0t

*Five fields per category in each of eleven sections were counted.
TThe number of grains counted over this area was higher than the number
of grains counted over any of the other area (p = 0.0001).

counts over granulation/connective tissue, necrosis/inflamma-
tory infiltration or the ductal lumens were found.
Macroautoradiography. The autoradiograms showed that the
areas of high FDG accumulation corresponded to areas of the
tumor proper. The activity present in the granulation tissue
surrounding these syngeneic tumors or in visibly discernible
necrotic areas was very low. Areas of high FDG uptake in the
autoradiograms appeared to correlate with areas where high
expression of Glut-1 was observed, namely foci consisting
exclusively of cancer cells [Fig. 2, Fig. 5 and (/9)]. Variations
in the relative densities along the transept lines from the
autoradiograms were significantly correlated with the variations
in the staining intensity in the parallel areas in the sequential
immunostained slide (r = 0.3-0.6; p = 0.0001) (Fig. 6).

A FDG

FIGURE 5. Glut-1 expression and FDG uptake in RMC tumors grown in
syngeneic rat. (A) Computerized images of an autoradiogram (top left) and of
a Glut-1 stained consecutive frozen section (top right) from tumor 4 (RMC 4).
(B) Computerized image of an autoradiogram (bottom left) and of a Glut-1
stained consecutive frozen section (bottom right) from tumor 6 (RMC 6). The
darkest areas (high FDG uptake) in the autoradiograms corresponded to
regions of highest Glut-1 staining. ¢ = connective tissue stroma; g = area of
primarily granulation tissue; in = area of primarily infiltrating inflammatory
cells; | = lumens of ducts; n = area of primarily necrotizing cancer cells.
Necrotic areas usually contained many infilttrating inflammatory cells.
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FIGURE 6. Correlation between FDG uptake and Glut-1 expression in RMC
tumors grown on syngeneic rat. Relative optical densities were estimated by
computer-assisted video densitometry. The number of pairs of data points
was 582 for tumor 4 (RMC 4) and 851 for tumor 6 (RMC 6).

DISCUSSION

In the syngeneic rat mammary cancer, sites of high FDG
uptake, as estimated from both macro- and microautoradio-
grams, coincided with sites of high expression of the Glut-1. In
these sites, which consisted primarily of viable cancer cells as
judged by their morphology, immunostaining with anti-Glut-1
antibody showed distinctive high binding to the cell membranes
in addition to cytoplasmic granules as seen in most of the cancer
cells in these tumors. Analysis of the computerized images of
macroautoradiograms and immunostained consecutive sections
by semiquantitative scanning-densitometry revealed highly sig-
nificant correlation between FDG uptake and Glut-1 expres-
sion. The association between FDG uptake and Glut-1 expres-
sion suggests a functional relationship between these two
phenomena that are often linked to transformation and malig-
nancy.

Increased rates of uptake of glucose and of glucose analogs,
namely 2-deoxyglucose and FDG, as well as overexpression of
facilitative glucose transporters have been reported in both
human and animal cancers. An increased abundance of trans-
porter in the cell membrane as a response to increased demands
for glucose is considered to be a possible mechanism for
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enhancing glucose influx into cells (30,37 ), and transmembrane
transport mediated by specific transporters has been shown to
be an important determinant in the regulation of the uptake of
both glucose and FDG in tumor cells (4,32). The extensive
binding of the anti-Glut-1 to the cell membrane of cancer cells
in areas of high FDG uptake seen in RMC suggests that Glut-1
may be active in the transport of glucose into these cancer cells.
Moreover, since the antibody was raised against the carboxy
terminus of the transporter, which is the moiety of the trans-
porter molecule that is active in the transport (33), the staining
may also imply that the transporter molecules in these cells
have the capability to mediate the transfer.

It is still not known to what extent FDG uptake depends on
Glut-1 expression. For example, an increase of 150% of glucose
uptake was associated with a 50% increase in membranous
Glut-1 expression in cell membranes of the heart muscle
exposed to anoxia (34) and the degree of transporter-mRNA
induction by growth factor in mouse fibroblasts was never
matched by the degree of transport or transporter-protein
induction (35). Furthermore, in addition to transport across the
cell membrane, intratumoral variation in blood flow (36) and
the rates of intracellular phosphorylation and dephosphorylation
(14) may have significant roles in the regulation of glucose
influx and can affect the level FDG retained in cancer cells.
Indeed it was found in untreated human primary breast cancers
that regions with high blood flow generally have higher FDG
uptake than regions with low flow (37). Nevertheless, the
highly significant correlation between FDG uptake and Glut-1
expression does suggest that the transporter may contribute to
the enhanced influx into cancer cells, although transport is not
necessarily the sole or the rate-limiting step in the regulation of
FDG uptake. The significance of Glut-1 mediated transport of
sugars into breast cancer cells may be further supported by
findings in the intact lactating mammary gland. It has been
reported that in this gland transport is a rate-limiting factor in
the utilization of carbohydrates (38); Glut-1 is overexpressed
and only this transporter is present (39—41). Overexpression of
Glut-1 in the cell membranes seen in cells in areas of high FDG
uptake may serve as an additional indication of the causal
relationship between the two phenomena.

The question is whether the intratumoral heterogeneity in
transporter expression results from the diverse phenotypic
properties of tumor cells or is induced by their metabolic
microenvironment. The finding that the highest levels of Glut-1
expression are observed in clusters of viable cancer cells
situated near the center of the ducts or in cell layers bordering
sites of necrosis, sites that are likely to be subjected to less than
ideal blood supply, may suggest dependency between the
transporter expression, FDG uptake and the metabolic condi-
tions. Such dependency has been reported in the heart muscle
where ischemia induced increased FDG uptake (42,43), trig-
gered translocation (34) and increased expression of Glut-1
(43). Similarly, high levels of radiolabeled FDG in cancer cells
surrounding small necrotic foci, where they are likely to be
exposed to some degree of ischemia and/or hypoxia, have also
been reported in HTB77 IP3 xenografts in nude mice (/6) and
in syngeneic mouse mammary tumors following iv tracer
injection (44). Moreover, a 50% increase in FDG uptake as well
as a 10% increase in the number of cells expressing immuno-
histochemically detectable Glut-1 were found in cultured
HTB77 IP3 cells exposed to low oxygen atmosphere (/7) and
relatively high transporter expression in the vicinity of neoplas-
tic lesions was described in the rat kidney (8). The co-
localization of high FDG levels and Glut-1 overexpression in
areas that are likely to be subjected to hypoxia and the strong

correlation between the transporter expression and FDG uptake
suggest that enhanced transmembrane transport may be a part of
an adaptive mechanism triggered by changes in the metabolic
microenvironment of cancer cells. The increased staining-
intensity of cell membranes seen in sites of high FDG uptake
may imply that the glucose-influx is regulated by translocation
of transporter from cytoplasmic sites to the cell membrane.

Intracellular retention of FDG in cancer cells results from its
phosphorylation by hexokinase (/4,38,45) which depends on
availability of ATP (46) and the inability of FDG-6-phosphate
to diffuse out through the cell membrane. Therefore, it seems
unlikely that FDG preferentially accumulates in necrotic cells
with damaged membranes as has been suggested by Kubota et
al. (44). Rather, it is feasible that FDG accumulates in viable
cells that may have adapted to less-than-ideal microenviron-
mental conditions by translocation of transporter to the cell
membrane and thus increase their glucose uptake by means of
the transporter-mediated passive processes of facilitated diffu-
sion not unlike the ischemic heart muscle (47,48). Furthermore,
it has been suggested that an increased glucose uptake reflects
continued cell viability (49) and it has been found that sites of
high FDG uptake coincide with sites of ‘new fill-in’ of 2°'TI
(50) and H-uridine uptake (57), both indicators of cell viability
in the ischemic myocardium. Adaptation to dependency on
glucose as the energy source in microenvironment created in
foci consisting exclusively of clustered cancer cells or in the
vicinity of necrosis by an increased expression of glucose
transporter can maintain cell viability and promote higher-than-
tumor-average FDG accumulation.

CONCLUSION

The presence of sites of co-localization of Glut-1 overexpres-
sion and higher-than-tumor-average FDG accumulation and the
strong correlation between transporter expression and sugar
uptake in this syngeneic breast cancer suggest that (/) a causal
relationship may exist between these parameters implying that
the rate of transmembrane influx of FDG is regulated by Glut-1
and (2) that heterogeneous expression of Glut-1 may reflect
localized variations in tumor metabolism. Further studies are
needed to determine whether the variations in FDG uptake are
indicative of sites subjected to hypoxic conditions in tumors.
Studies are also needed to determine whether increased expres-
sion of glucose transporters enable malignant cells to survive in
an environment with a less than ideal milieu as is often present
in fast growing tumors.
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