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Tracer amounts of [*®Fe**]citrate, ['"'In***]chloride, and [%Ga***]chloride were complexed
with autologous plasma transferrin. Each of these complexes were co-administered with ['%1]
albumin by i.v. injection and their biodistribution was studied in Wistar rats. The plasma
clearance of **Fe and ['*I]Jalbumin was monoexponential with half-times of 49-70 and 277
min, respectively. The plasma clearance of ®*Ga and '''In was biexponential with second
component half-times of 157 and 232 min, respectively. Indium-111 tissue distribution was
similar to that of ['#*|]albumin in heart, lung, muscle, brain and Walker-256 allograft. Iron-59
distribution spaces were generally the highest of the metal complexes in all tissues except
muscle, where the ®Ga space was highest. The effects of transferrin-specific receptor-
mediated endocytosis can be avoided in many organs and Walker-256 allografts by using the
indium-transferrin complex, and the radiolabeled complex may be a convenient
macromolecular tracer to estimate vascular permeability and vessel pore size in tumor and
systemic tissue. In contrast, the iron-transferrin complex may be useful for measuring and
imaging transferrin-specific receptors in brain and tumor tissue.
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In search of a convenient macromolecular tracer to
estimate vascular permeability and pore size in tumor
and systemic tissues using positron emission tomogra-
phy (PET), we studied the in vivo stability of various
transferrin complexes. Iron, indium, and gallium ions
are known to complex tightly with plasma transferrin
and iron-52 (**Fe) (T2 = 8.3 H), indium-110 (*'°In)
(T% = 66 min) and gallium-68 (*®Ga) (T%: = 68 min)
are positron-emitting radionuclides that can be pro-
duced and used in PET studies. Transferrin is a glyco-
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protein with a molecular weight of 80,000 D. The
molecular size and aqueous diffusion constant of trans-
ferrin is similar to albumin (MW: 68,000 D) and im-
munoglobulin fragments Fab (MW: 50,000 D), and
F(ab’),. The hydrodynamic diameter of transferrin and
albumin is ~6 nm (/,2). The axial length of IgG, Fab
and F(ab’), is 13, 7, and 9 nm, respectively, and the
hydrodynamic diameter is usually smaller than the axial
length. The aqueous diffusion constant of transferrin,
albumin, and IgG at 37.0°C is 6.2, 6.1, and 3.8 X 1077
cm?/sec, respectively (7,2). The transcapillary flux of
transferrin could provide useful information related to
vascular pore size in tumor and systemic tissues (3) that
would directly bear on the transcapillary flux and deliv-
ery of immunoglobulin and immunoglobulin fragments
to tumor tissue.

Radioiodinated human serum albumin has been used
in clinical and experimental investigations of abnormal
capillary permeability. However, positron emitting
metal chelates of transferrin are more readily produced
than carbon-11- (*'C)-labeled albumin or other macro-
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molecules and the metal radionuclides have longer
physical half-lives than [''C]carbon. This latter point
may be important for the study of low rates of trans-
capillary flux (4).

Radiolabeled metal chelates of transferrin have been
shown to be useful macromolecular tracers in nuclear
medicine. For example, [''*"In]- and [**Ga]transferrin
have been used to measure pulmonary vascular perme-
ability (5,6) and indium chloride has been shown to be
a sensitive and specific marker for abscess and chronic
osteomyelitis which is in part the result of increased
capillary permeability to the indium-transferrin com-
plex that is associated with these conditions (7,8). It is
also recognized that transferrin-metal chelates are sub-
optimal in certain applications, and there is no agree-
ment about the stability of the transferrin-metal chelate
in vivo (4).

The purpose of this paper was to test and compare
the in vivo stability of three metal chelates of transferrin
to that of albumin in the rat. From this comparison we
have identifled a potentially useful transferrin-metal
chelates for studying systemic organ and tumor vascular
permeability. In addition, we demonstrate tumer and
organ specifie differences with respect to the distribu-
tion of the three metal complexes in vive, that in part
probably reflects differences in affinity to the transferrin
receptor between the three metal-transforrin chelates.

MATERIALS AND METHODS

Materials

Carrier free ['''In***]chloride, generator produced [*Ga**)
chloride and [**Fe**]citrate (25 mCi/mg iron) were obtained
from New England Nuclear, Boston, MA and ['*I)human
serum albumin (0.8 mg albumin/ml; 6.8 4Ci ['*Ijalbumin/
ml) was obtained from Mallinckrodt, Ine., St. Louis, MO.
Male Wistar rats (Charles River Farms, Wilmington, DE),
weighing 250=350 g, were fod a standard Purina laboratory
chow diet ad lib.

We studied five different transferrin-metal preparations in
nine experimental sets (Table 1). In the first series of experi-
ments, three **Fe preparations were studied; [Fel] 1.1 MBq
(30 uCi) [*Fe**eitrate in 30 ul was mixed with | ml phesphate
buffer in pH 7.0; [Fe2] 1.1 MBq (30 xCi) [**Fe**]eitrate in 30
ul was mixed with | ml nermal saline solution; [Fe3] |.| MBq
(30 4Ci) [*Fe**]eitrate in 30 u| was mixed with | ml plasma
obtained from male Wistar rats and stored for no longer than
6 hr. The preparation of the metal-transferrin complex in the
second series of experiments was performed as follows: the
[Fe) preparation was the same as [Fe3] described abeve; [In]
1.8 MBq (50 uCi) "' In+++-chloride in 1=2 ul was mixed with
1 ml rat plasma; [Ga] 2.6 MBq (70 xCi) [**Ga***]chloride in
100 ul was also mixed with | ml rat plasma resulting in a
plasma metal-transferrin complex. The final pH of these prep-
arations was always between 7.0 and 7.5 except for [Fe2] (pH
< 6.0). Each of the above preparations also contained 0.15=
0.19 MBgq (4=5 »Ci) ['**I)albumin that served as a reference
macromelecule comparable in size to transferrin (Table 1)
and each preparation represents a single dose per animal.
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TABLE 1

Experimental Sets
Experiment
Isotope Diluent duration n Abbreviation

[**Fe]citrate Phosphate 120min 7  [Fel]

buffer pH 7.0
['#1]albumin Normal 120min 5 [Fe2]

saline

Plasma 120 min 8 [Fe3]

[**Fe]citrate Plasma 120min 8  [Fe]
[*#Ijalbumin 30min 5
["injcitrate | Plasma 120min 8 [l
[*#1]albumin 30min 7
[[®Gajchioride] Plasma 120min 5  [Ga)
[*#1]albumin 30mn 5

Isotopes were complexed with plasma transferrin at reem
temperature.

The protein-bound fraction of *Fe, '"'In, **Ga, and '*']
was determined by ultrafiltration using an Amicon micropar:
tition system (Amicon Corp., Danvers, MA); the microparti-
tion membrane retains more than 99% of melecules over
30,000 D. Approximately SO ul of plasma was added to the
mieropartition tubes and they were centrifuged for 15-20 min
at 1500 g in a fixed angle clinical centrifuge. Twenty mieroli-
ters of ultrafiltrate was counted and the nonfiltered or reten-
tion fraction (f;) was caleulated by:

fi =1 = (Cu/Cp), (n

where Cu and Cp are the concentrations in ultrafiltrate and
plasma, respectively.

Animal Preparations

Brain tumors were produced in male Wistar rats by the
injection of 10* Walker-256 mammary carcinoma eells into
the right frontal lobe as previously deseribed (9). Experiments
were earried out 6 to 7 days afier inoculation of the tumer
cells when the intracerebral tumors were 3 to 4 mm in
diameter. No rats showed signs or symptoms of the intracer-
ebral tumeor.

The animals were anesthetized with a halothane, nitrous
oxide and oxygen gas mixture (2.0/40/60; v/v/v). Bilateral
fernoral artery and vein catheters were placed and a single
extracorporeal arteriovenous shunt was formed on the right
side to facilitate arterial sampling. The animals were allowed
to recover from anesthesia for at least 2 hr. Rectal temperature
was eontinuously monitored with a thermistor and main-
tained at 37°C using a heat lamp. The left fomoral artery was
connected to a pressure transducer for monitoring mean ar-
terial blood pressure throughout the experiment. Arterial
blood gases were measured just prior to the experiment (Ra-
diometer, Copenhagen, Denmark).

Experimental Procedure
Biodistribution studies were performed in nine sets of Wis-
tar rats bearing an intracerebral tumor (Table 1). Arterial
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blood samples (0.1 ml) were drawn at 1, 3, 10, 30, 60, 90, and
120 min and plasma radioactivity was determined. An addi-
tional 0.1 ml of blood was removed at 1, 10 min, and the time
of decapitation for the measurement of whole blood radioac-
tivity and for ultrafiltration of the plasma sample. Evans blue
solution (2% in saline) was injected (0.8 cc) 30 min before the
end of the experiment to identify the intracerebral location of
the Walker-256 allograft. Rats were killed at 30 or 120 min
and tissue samples were rapidly obtained from various organs.
The intracerebral tumor allograft was identified by Evans blue
stained tissue. Brain samples were dissected from the tumor-
free left side of the brain. All tissue samples were blotted on
filter paper moistened with 0.9% NaCl to remove adhered
blood. Sample radioactivity was measured in a Packard model
5650 gamma spectrometer with appropriate decay, back-
ground and crossover corrections.

Calculations

The plasma clearance of radioactivity for each experimental
animal was evaluated and the apparent half-lives were deter-
mined for a single or biexponential components. The concen-
trations of *°Fe, '''In, %%Ga, and '®l in a unit mass of red
blood cells (Cixc) at 1, 10 min and the end of the experiments
(30 or 120 min) were determined from:

Cae = 100 (Co — G (1 = Hct/100))/Het, @

where C, or C, is the radioactivity in whole blood or plasma,
respectively (cpm/ml), and Hct is the conventionally deter-
mined hematocrit for a sample of whole arterial blood. The
distribution space (DS) of the radioisotope in the tissue was
defined as:

DS = An/C, 3

where A, is the measured radioactivity in the tissue (cpm/g),
and C, is the plasma activity at the time of decapitation (cpm/
ml).

In normal brain regions the apparent increase in the iron
distribution space was corrected for by the amounts of iron
incorporated into red blood cells. The albumin space in the
brain was assumed to represent the plasma volume, since
albumin crosses the normal blood-brain barrier at a very slow
rate (/0) and ['**I}albumin could be assumed to remain almost
totally within the intravascular space of the brain. To facilitate
the comparisons, the distribution spaces of iron, indium and
gallium were divided by the concurrently measured albumin
space obtained in each animal (DS(metal)/DS(albumin)).

The metal and albumin distribution space values were
compared within each experimental set using a paired t-test,
and for comparisons between independent groups of rats, an
unpaired t-test was used with appropriate estimates of varia-
bility and corresponding degrees of freedom.

RESULTS

Protein binding

Ultrafiltration was performed on each preparation.
The nonspecific retention fraction [Eq. (1)] of each of
the radioisotope solutions used in the preparations—
[**Fe**]citrate, ['''In]chloride and [**Ga]chloride—to
the ultrafiltration membrane was 0.05 + 0.01, 0.05 +
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0.01 and 0.15 + 0.02 (mean = s.d.), respectively. The
retention fraction of the [Fel] and [Fe2] preparations
was 0.05 = 0.01 and 0.05 £+ 0.01, respectively. Our
results confirmed previously reported data (11,12) in-
dicating that iron, indium, and gallium in tracer
amounts were quickly and almost completely bound to
plasma proteins or formed macromolecular aggregates.
The retention fraction of the [Fe3], [Fe], [In], and [Ga]
preparations was 0.99 + 0.01, 0.99 + 0.01, 0.95 + 0.02,
and 0.86 + 0.10, respectively. The retention fraction of
['*I]albumin was always more than 0.98.
Biodistribution

The mean arterial pressure for all animals was between 90—
110 mmHg; arterial pO,, pCO, and pH were 96 + 8 torr, 34.2
+ 2.2 Torr, and 7.40 + 0.05 (mean =+ s.d.), respectively.
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FIGURE 1

Plasma clearance. Each data point represents the mean +
s.e.m. of all individual animal values for each experimental
group; the albumin values reflect all animals. A: Plasma
clearance of three iron preparations [Fe1]: [**Fe**]citrate
in phosphate buffer (pH = 7.0). [Fe2]: [*°Fe**]citrate in
normal saline. [Fe3]: [*°Fe**]citrate in plasma. B: Plasma
clearance of *Fe, "I, and **Ga. [Fe]: [*Fe]citrate. [In]:
['"'In]chloride. [Ga]: [**Ga]chloride.
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Experiment 1. The plasma clearance of [**Fe] and ['*]]
albumin could be fitted to a single exponential component
(Fig. 1A). The arterial plasma clearance of *°Fe was more
rapid than ['**I]Jalbumin for each of the Fe preparations (p <
0.01). The plasma half-life for [Fel], [Fe2), and [Fe3] was 70
+ 10, 53 + 8 and 49 + 4 min (means + s.e.m.), respectively.
There was no statistical difference between the three *°Fe
preparations. In vivo binding of *°Fe to plasma proteins (trans-
ferrin) and the stability of intravascular ['**I]Jalbumin were
determined by ultrafiltration; the nonfiltered fraction of **Fe
and '*I in the 1, 10, and 120 min plasma samples was always
more than 99% in all cases and no differences were found
between preparations [Fel), [Fe2], and [Fe3). The extent of
%Fe and '%I uptake by red blood cells (Cic) during the 120
min experiments was determined. At 1 and 10 min after
injection, virtually all the radioactivity in whole blood was
confined to the plasma compartment. At the end of the
experiment (120 min), a sizable and variable fraction of *Fe
radioactivity was found in red blood cells; the Ca./C, ratios
for preparations [Fel), [Fe2], and [Fe3] were 0.41 + 0.27, 1.73
+ 0.85, and 1.92 + 2.03 (means =+ s.d.), respectively. Iodine-
125 radioactivity remained in the plasma compartment
throughout the experiment.

The distribution spaces of *°Fe in various tissues were
significantly higher than those of albumin irrespective of the
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FIGURE 2

Ratios of iron and albumin distribution spaces at 120 min.
[Fe1]: [*®Fe**]citrate in phosphate buffer (gH =7.0). [Fe2]
: [**Fe**]citrate in normal saline. [Fe3]: **Fe** citrate in
plasma. Values are the mean + s.d. All values were
significantly greater than 1.0 (p < 0.01, except “** where p
< 0.05; paired t-test). A: Systemic organs. B: Brain.
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TABLE 2

Albumin Distribution Spaces (ml/g)
30 min 120 min
Organs n=17 n=33
Heart 0.101 £ 0.018 0.124 + 0.015
Lung 0.205 + 0.116 0.221 + 0.089°
Liver 0.091 £ 0.010 0.092 + 0.025
Spleen 0.081 + 0.010 0.081 + 0.020
Kidney 0.059 + 0.012 0.072 + 0.013
Muscle 0.010 + 0.006 0.013 £+ 0.006
Cortex 0.007 + 0.002 0.008 + 0.001
Thalamus 0.007 + 0.001 0.008 + 0.002
Cerebellum 0.015 + 0.003 0.016 + 0.003
Tumor 0.057 £ 0.015 0.122 + 0.26
Values are the means + s.d.
‘n=21.

iron preparation (Fig. 2A and B, Table 2). The DS(iron)/
DS(albumin) ratios of the [Fe3] preparation in heart, kidney,
and muscle were smaller than those of the [Fel] preparation,
while, in brain, liver and spleen, those of the [Fe3] preparation
were larger than the [Fel] preparation. In spleen the distri-
bution spaces varied considerably for each iron preparation;
values ranged from 0.437 to 5.12. Although the [Fe2] prepa-
ration showed a tendency toward large distribution spaces,
there was considerable variability between animals and the
differences between different preparations were significant
only in brain with respect to [Fel], and in heart and kidney
with respect to [Fe3).

The intracerebral Walker-256 tumor developed around the
injection site and was confined within the right cerebral hem-
isphere. The left cerebral hemisphere appeared normal with-
out evidence of brain swelling. The distribution space of iron
in the brain tumor was considerably higher than the albumin
space of the tumor (p < 0.01) (Fig. 2B).

Experiment 2. The plasma clearance curve of '''In and
%8Ga was biexponential, while °Fe and ['?*IJalbumin could be
fitted to a single exponential (Fig. 1B). The half-life of the
second component for '''In and %®Ga was 232 + 93 and 157
+ 43 min (mean + s.e.m.), respectively, and represented 90%
and 46%, respectively, of injected radioactivity as determined
by the initial (1 min) plasma level, respectively. The plasma
half-life for °Fe and ['**IJalbumin was 49 + 4 and 297 + 97
min, respectively (Fig. 1B). The *°Fe and %Ga half-lives were
significantly shorter than albumin, while the second compo-
nent of '''In clearance was similar to that of albumin.

In vivo binding of *Fe, !''In, and **Ga to plasma proteins
(transferrin) and the stability of ['**I]albumin were determined
by ultrafiltration; the retention fraction of *°Fe, !''In, %Ga,
and '¥I in the 1, 10, 30, and 120 min plasma samples was
always more than 99% in all cases. Indium, gallium and iodine
radioactivity in all blood samples was essentially within the
plasma compartment during the 30 and 120 min experiments,
while substantial iron radioactivity was found in the red blood
cell compartment. The 30 and 120 min Cq./C, ratio for the
iron preparation was 0.21 + 0.15 and 1.92 + 2.03 (means +
s.d.), respectively.

The distribution spaces of iron, indium and gallium were
compared to albumin spaces using DS(metal)/DS(albumin)
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Ratios of metal and albumin distribution spaces at 30 min.
[Fe]: [*Fe]citrate. [In]): ['"'In]chloride. [Ga): [**Ga]chloride.
Values are the mean + s.d. Significant differences between
the metal and albumin spaces. ": p < 0.05, ™: p < 0.01;
paired t-test.

ratios for the 30 and 120 min experiments (Table 2, Fig. 3A
and B, Fig. 4A and B). Among the three transferrin-metal
chelates studies, indium showed a tendency toward smaller
ratios among the three metals. The tissue spaces of gallium
and iron 120 min after injection were always larger than the
albumin spaces and the 120 min iron spaces showed the largest
differences compared to albumin. Large differences in the
metal-chelate distribution spaces were found in liver, spleen
and kidney regardless of the preparation. In spleen, the iron
distribution spaces varied considerably as mentioned above,
whereas the individual indium and gallium spaces in the same
organs did not vary much. The 30-min experiments showed
the same tendency as the 120-min experiments.

Indium spaces were the same as those measured with
albumin in heart, lung, muscle, cerebellum and brain tumor
(Figs. 3 and 4). In lung the albumin distribution spaces showed
large variability (Table 2), reflecting random sampling of
congested (blood-filled) and noncongested tissue in different
animals. In liver and spleen the indium distribution space at
120 min was larger than that of gallium, but less than that of
iron. In parietotemporal cortex and thalamus, the indium
spaces 120 min after injection were larger than albumin,
however, the magnitude of these differences were small. For
cortex and thalamus, the DS(indium)-DS(albumin) difference

1680 Otsuki, Brunetti, Owens et al

was 0.0017 and 0.0024 ml/g, respectively (Fig. 5). At 30 min,
indium spaces in brain were the same as those of albumin.

Gallium accumulated in muscle to a considerably large
degree in comparison to indium and iron in both the 30 and
120 min experiments. With the exception of muscle, tissue
distribution of %*Ga was similar to that of '''In with the
tendency toward larger distribution spaces. The differences
with respect to albumin were significant for all tissues sampled.

For the intracerebral Walker-256 tumor, the indium space
showed the same value as albumin at both 30 and 120 min.
The iron and gallium spaces in the tumor were larger than the
albumin space at both 30 and 120 min (Fig. 3B, 4B). At 120
min the distribution space of brain tumor was more than
tenfold larger than that of the contralateral normal brain
irrespective of the preparation.

DISCUSSION

We have examined [*°Fe]citrate, ['''In]chloride and
[®®Ga]chloride labeling of the plasma metal binding
protein transferrin for use as a potential marker of
vascular permeability. In a previous study of gallium-
transferrin chelates, we demonstrated relative instability
of the gallium-transferrin complex in vivo that preclude
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FIGURE 4

Ratios of metal and albumin distribution spaces at 120
min. [Fe]: [*®Fe]citrate. [In]): ['"'In]chloride. [Ga]: [**Ga]
chioride. Values are the mean + s.d. Significant differences
between the metal and albumin spaces. : p < 0.05, ™: p
< 0.01; paired t-test. A: Systemic organs. B: Brain.
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its use as an acceptable radiolabeled macromolecule for
vascular permeability studies using PET scanning tech-
niques (4). Since transferrin chelates several metals with
high affinity, we elected to study ferrous citrate and
indium chloride as well. Both metals have useful
gamma-emitting radionuclides (*Fe and '''In) as well
as positron emitting radionuclides (**Fe and ''°In) that
can be produced by a cyclotron and are suitable for
PET scanning. Indium has similar chemical properties
to gallium since both elements are in the same group
(IT1IA) of the periodic classification of the elements.
Although iron is not a group IIIA element, there are
many aspects of its chemistry which resemble those of
gallium and indium (/7). In acidic solution, iron, in-
dium and gallium in the +3 oxidation state exist as
octahedrally coordinated cations. When the pH of the
solution is raised, all three metals hydrolyze leading to
neutral trihydroxide precipitates. To avoid the forma-
tion of radiocolloid precipitates which are pharmaceu-
tically inactive in aqueous solution, these radiometals
are commercially available only in highly acidic solu-
tions such as hydrochloric and citric acids.

Ideally, transferrin-bound radionuclide should be in-
jected in the form which is found naturally in plasma.
For example, the link between iron and transferrin is
strictly pH-dependent, and the binding of iron is com-
plete only above pH 7.0, and dissociation begins below
pH 6.5 (12). However, ferric salts at neutral pH tend
to form insoluble hydroxides. Previous reports, inves-
tigating the effect of pH on the formation of the iron-
transferrin complex could not exclude the formation of
hydroxides after rapid neutralization to physiologic pH
by the buffering action of blood (13). This presents
problems in the formulation of a transferrin bound
metal.

As iron has a much higher stability constant for
binding to transferrin than gallium and indium ions
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(12), we have examined iron citrate for the labeling of
the autologous protein, transferrin. Ferrous ion, in citric
acid, is a convenient formulation since it can be readily
used to study the effect of diluents and can be neutral-
ized with phosphate buffer or plasma without forming
precipitates. The maximum solubility of Fe** at pH 7.0
is 107" mol/l, whereas that of Fe?* is considerably
higher, 10~! mol/1 (5.9 mg/ml) (/4). Although iron is
complexed by transferrin in the ferric form, ferrous iron
added to plasma binds more completely than ferric iron
(15).

Three diluents (phosphate buffer, saline and plasma)
of the [*Fe**]citrate stock solution were compared.
The equivalent amount of iron in 1 ml of the resultant
dilution was 1.2 X 107 mg (25 mCi/mg Fe); this
concentration is well below the solubility of ferrous ion
in aqueous solution at neutral pH. Therefore, radioac-
tive *Fe** in citrate could be neutralized without form-
ing hydroxide precipitates. After injection of Fe** cit-
rate, normal homeostatic control of the redox potential
in biological fluids such as plasma appears to be suffi-
cient to result in a rapid oxidation of Fe** to biologically
active Fe*** and a rapid binding to transferrin (/4).
The copper protein ceruloplasmin, and perhaps other
serum ferroxidases, may play an essential role in the
oxidation of ferrous ion and result in a much faster
oxidation than expected from the redox potential of
plasma alone (15). The in vitro and in vivo changes of
iron preparations are illustrated in Figure 6.

We suggest that the [Fe3] preparation yielded the
“best” results with respect to iron-transferrin complex
formation in vivo. The [Fe3] preparation showed a
tendency for the lowest DS(iron)/DS(albumin) ratios
in systemic organs, while in brain [Fe3] had the highest
DS ratios of the three iron preparations studied. The
higher iron spaces in brain with the [Fe3] preparation
may be due to a higher fraction of “optimal” iron
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FIGURE 6
Schematic of metal-plasma interaction, in vitro and in vivo.

transferrin complexes, such as diferric ([**Fe],)-transfer-
rin, for binding to transferrin receptors on brain and
endothelium (/6) and transport across the blood brain
barrier. Transferrin receptors have not been identified
on the endothelial cells in systemic organs, other than
liver and bone marrow (15). In systemic organs, radi-
olabeled iron complexes can be transported across the
capillaries by diffusion and convection, and can move
in various forms such as monoferric-transferrin and
iron hydroxides. Although the [Fe2] preparation is sim-
ple and widely used, our results showed such variable
distribution spaces among individual animals that we
considered the [Fe2] preparation unacceptable.

Previously we tested three gallium-plasma prepara-
tions; all three gave similar blood clearance and tissue
distribution data suggesting instability of the gallium-
transferrin complex in vivo (4). The results of Vallab-
hajosula (/7) and Weiner (/8) support this observation
in that they demonstrate instability of the gallium-
transferrin complex under various in vitro conditions.
Although the role of different anions (oxalate, malo-
nate, nitrilotriacetate) in the formation of gallium-trans-
ferrin complexes and their effects on tumor uptake have
been evaluated (/9), bicarbonate is the critical anion
involved in the formation of metal-transferrin com-
plexes in vivo. For example, Hammersley et al. (20)
demonstrated in vivo that gallium biodistribution is
independent of citrate concentration.

We did not perform electrophoresis to analyze our
metal-chelate preparations for reasons previously dis-
cussed (21). Gel filtration and column chromatography
was applied to three gallium-chelate preparations and
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the results were shown to be highly dependent on the
choice eluants and solvents, respectively (4). Therefore,
we chose the comparatively simple ultrafiltration sys-
tem to test for large molecular weight complex forma-
tion (30,000 D) of both the in vitro preparations and
the in vivo plasma samples obtained at various times
after injection.

Comparison of Iron, Indium, and Gallium

The nonprotein bound fraction of the three metals
in plasma was either small or the metal complexes were
of high molecular weight since the nonfiltered fraction
1 min after i.v. injection was only 1% or less. Neverthe-
less, the plasma clearances of three metal chelates were
quite different. Only the half-life of the second expo-
nential component of indium was similar to that of
albumin. A previous study reported a faster plasma
clearance of indium, but did not take into account the
initial, more rapid phase of indium clearance that we
observed (22). This rapid phase, accounting for only
10% of injected radioactivity, may be due to renal
excretion of nonprotein bound indium in the injectate
and reflected in the comparatively high distribution
space of indium in kidney at 30 min.

Incorporation of radioactivity in red blood cells was
observed only with iron. Indium-111 chloride was ini-
tially introduced for bone marrow imaging (23), since
it was transported to bone marrow and taken up by
reticulocytes in a manner similar to iron. However, the
percent uptake of indium was much less than iron, and
indium uptake by matured red cells was demonstrated
to be minimal (24). No indium was found in the red
blood cell fraction 120 min after i.v. injection of the
indium-transferrin complex in our experiments; this
corroborates the finding of other workers (22). Indium,
like albumin and gallium, is confined to the plasma
fraction during the first hours after injection. The siza-
ble but variable amount of radiolabeled iron incorpo-
rated into red blood cells during our experiments re-
sulted in an apparent increase in the tissue distribution
space and a correction for red blood cell radioactivity
in the case of iron was necessary.

Although iron, gallium, and indium were complexed
to the plasma protein transferrin and transported in
plasma in a similar fashion, marked differences in the
distribution of the three metals in various organs were
noted. One notable difference was the significantly
higher distribution space of iron in brain compared to
that of indium and gallium; these differences will be
discussed later with respect to transferrin receptor me-
diated endocytosis (15,16). In liver and spleen, where
active iron turnover take place, iron distribution spaces
were highest.

The indium spaces in heart, lung, muscle, Walker-
256 allografts and brain were the same or very close to
that of albumin. This suggests that the indium-transfer-
rin complex may be a more useful macromolecular
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tracer for studying the vascular permeability of these
organs. In the rat, the indium-transferrin complex ap-
pears to be a better macromolecular tracer than the
gallium complex for measuring vascular permeability
in the lung (Figs. 3A and 4A). However, Gorin (25) has
reported a substantially higher transcapillary escape rate
of ['"*In]transferrin in comparison to ['*'IJalbumin in
humans, and the indium values were similar to the
gallium values reported by Mintun et al. (6). A steady
increase in the indium distribution space was observed
between 30 and 120 min in liver and spleen; it probably
does not represent an uptake or clearance of nonprotein
bound indium.

Gallium showed a remarkable feature by accumulat-
ing in muscle to a substantially greater degree than
either indium or iron. This was clearly apparent in both
the 30 and 120 min experiments. Sephton et al. also
observed a similar phenomenon in a set of tumor-
bearing mice (26). The vascular endothelium of skeletal
muscle is characterized by capillaries with small pores
that restrict the diffusion of modest-size plasma solutes
across the capillary (27,28). The relatively high concen-
tration of gallium in muscle tissue compared to albu-
min, iron, and indium could reflect an active transport
mechanism for gallium-transferrin or the diffusion of
gallium hydroxides across muscle capillaries. Hayes et
al. showed that an increase in plasma protein binding
of ’Ga would increase the uptake of ’Ga in soft tissues,
suggesting the preferential transport of gallium-transfer-
rin across the muscle capillary wall in comparison to
nontransferrin complexes of gallium (29).

Receptor Mediated Endocytosis of Transferrin

Virtually no passive diffusion or transport across
normal brain capillaries is expected for proteins with a
molecular size of albumin or transferrin. Even hydrox-
ide complexes of the smallest possible molecular size at
physiological pH, such as *Fe(OH);, '''In(OH);, and
%Ga(OH);, could not readily diffuse across the blood-
brain barrier (30). This property provides an excellent
experimental model for studying the recently identified
transferrin receptor on brain capillaries (37). If the
transferrin receptors in brain capillaries mediate the
transport of these metal chelates into the brain, this
data suggests that indium-transferrin has a low affinity
to the transferrin receptor in comparison to iron-trans-
ferrin and that the affinity of gallium-transferrin to the
receptor is somewhat intermediate. The rank order of
transported iron and gallium at 120 min was cerebellum
> thalamus = cortex, which is in accordance with the
number of transferrin receptors reported for these brain
regions (31). This suggests that by using iron- or gal-
lium-transferrin, the distribution and quantification of
transferrin receptors in brain endothelium might be
estimated and visualized in vivo.

Receptor affinity for transferrin in rat brain appears
indistinguishable from transferrin receptors previously
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characterized in other tissues (31,32). However, the
metal exerts an important effect on the transferrin
molecule and its affinity to the transferrin receptor.
Diferric transferrin has the highest affinity, monoferric
transferrin intermediate affinities, and apotransferrin
has very little affinity at physiologic pH of 7.4 (33).
These differences can be related to a conformational
change of the transferrin molecule when it chelates to
one or two ferric ions (/2). Based on these observations,
we suggest that there may be different affinities to the
transferrin receptor for the iron-, indium- and gallium-
transferrin complexes in vivo. The ionic radii (34) of
iron (0.064 nm), and gallium (0.062 nm) are similar;
both iron and gallium spaces in brain were larger than
albumin spaces, although the two transferrin chelates
appear to have different affinities to the transferrin
receptor. The ionic radius of indium (0.081 nm) is
considerably larger than those of iron and gallium, and
a conformational change in transferrin after chelation
with indium could result in lowering its affinity to the
receptor, resulting in the observed similarity between
indium and albumin spaces in brain.

A conformational difference between the transferrin-
metal chelates, resulting in different affinities to the
transferrin receptor, does not explain all our in vivo
distribution data. Skeletal muscle capillaries are rela-
tively impermeable to molecules the size of albumin
and transferrin (Table 2) (27,28). In skeletal muscle, a
pattern opposite to that observed in brain was observed;
gallium spaces were significantly larger than iron spaces,
which were similar or only slightly larger than those of
indium and albumin (Fig. 3A, 4A). Panaccio et al. have
suggested a heterogeneity of the human transferrin
receptor from their studies of different malignant cell
lines (35). Our data suggest that iron and gallium
transport across vascular endothelium may be influ-
enced by factors other than the affinity of the metal-
transferrin complex to the transferrin receptor or that a
subclass of the transferrin receptor exists in different
endothelial cells with different affinities to different
metal-transferrin complexes.

Transport and Transferrin Receptors in Tumors

The movement of macromolecules such as transfer-
rin and albumin across the capillaries of tumors and
normal tissue parenchyma can occur by diffusion and
convection through fairly large size “pores” or “chan-
nels” that exist between or through endothelial cells
(10). However, receptor mediated endocytosis can be
another mechanism for passage across vascular endo-
thelium (e.g., brain) and through cell membranes.
Transferrin receptor in measurable numbers exist in
many body tissues. They are especially abundant in
erythrocyte precursors, placenta and liver. In malignant
tissue the transferrin receptor is in higher concentration
than in benign lesions (36,37). Recent studies show that
proliferation of various cell types involves the regulation
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of transferrin, its receptor and the entry of iron into the
cell (38,39), and that an abundance of transferrin recep-
tors is at the surface of certain malignant tumor cells.
The two- to threefold higher levels of gallium and iron
in comparison to albumin in Walker-256 intracranial
allografts 120 min after injection of the metal-transfer-
rin chelate corroborates previously reported observa-
tions; these metal complexes are taken up by or bound
to tumors (29,36,37). Indium-labeled transferrin has
also been used for the detection of tumors (40). Our
results demonstrate that indium accumulation by tu-
mor tissue was tenfold larger than normal brain regions
at 120 min, however, little or no specific tumor uptake
of the indium complex was observed since the
DS(indium)/DS(albumin) ratio approximates unity. In-
dium-transferrin can be used to measure vascular
permeability and the distribution of transferrin in the
extracellular space of Walker-256 tumors.

CONCLUSIONS

The clinical implications of these studies lead in
several directions. For in vivo studies related to the
transferrin receptor, iron-transferrin appears to have a
selective advantage for erythroid precursor cells, malig-
nant tumors and brain, whereas gallium-transferrin
may be preferential for tissue such as skeletal muscle.
A control measurement to account for passive distri-
bution of the macromolecule across the capillaries,
using albumin or indium-transferrin, will be required
to quantitate or image specific receptor binding and
iron incorporation. Of the three metal-transferrin che-
lates, the indium complex appears best for measuring
vascular permeability of tumors, heart, lung and skeletal
muscle; the transferrin macromolecule has a hydrody-
namic diameter which is close to that of albumin and
Fab fragments (1,2).

Clinical studies can be performed using PET; ''°In
could be used to label plasma transferrin and evaluate
vascular permeability, and 2Fe could be used in the
evaluation and imaging of transferrin receptors. The
role for gallium is less clear; if subtypes of the transferrin
receptor are found with preferential affinity for the
gallium-transferrin complex, its usefulness may in-
crease.
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