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Activity was seen in the breasts of a patient with galactorrhea 72 hr after
intravenous injection of Ga-67 citrate. Differential protein separation of
breast secretion, extracted from the breast, revealed that the Ga-67 was con-
tained primarily in the lactoferrin-rich protein fraction. Additional studies
on partially purified lactoferrin revealed that lactoferrin binds Ga-67 more
avidly than does transferrin. Since lactoferrin is present in high concentra-
tion not only in human colostrum and milk, but also in neutrophilic leuko-
cytes, bone marrow, spleen, colon, tears, and in genital, salivary, and naso-
pharyngeal secretions, binding of Ga-67 to lactoferrin may explain the
localization of Ga-67 in certain normal tissues and inflammatory lesions.
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Gallium-67 localizes in the breast tissue, colostrum,
and milk of lactating women (I/—4). Paterson and
associates have suggested that an understanding of
the mechanism of Ga-67 uptake in the breast and
milk might provide a clue to the mechanism of Ga-67
uptake in tumors and inflammatory disease (5). The
purpose of this study was to investigate the distribu-
tion of Ga-67 activity among the human milk pro-
teins and to determine the affinity of Ga-67 for one
of these proteins, lactoferrin.

MATERIALS AND METHODS

Bilateral breast activity was observed on a scan
performed on a 40-year-old female patient 72 hr
following intravenous injection of 8 mCi of Ga-67
citrate* (Fig. 1). She had been suffering from galac-
torrhea for 16 years. Two years ago she was diag-
nosed as having acute myelogenous leukemia and
was being treated at the time of the scan with Dauno-
rubicin and Cytarabine. Approximately two weeks
before the scan, she developed upper back pain. The
scan was performed to determine whether her back
pain was due to tumor infiltrating the spinal cord.
No abnormal uptake was observed in the cord re-
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gion. The patient consented to having specimens of
breast secretion extracted. The specimen used for
this study was a 1-cc portion of a 2.5-cc extract that
was obtained 10 days after injection of the Ga-67
citrate.

The 1-cc secretion specimen was defatted by re-
frigeration at 2°C for 24 hr, followed by centrifuga-
tion at 34,000g for about 15 min. (The Ga-67 ac-
tivity of the specimen was determined before and
after defatting.) The resulting clear amber fluid,
containing the milk proteins, was fractioned 20 days
after injection according to the method of Johanson
(6). A summary of the method is outlined in Fig.
2. The specimen was diluted to 4 cc total volume
by addition of distilled water. The casein fraction
was precipitated by acidification to pH 4.6 with
1 M H.SO,, centrifugation at 34,000g for 30 min,
and filtration of the supernatant through a 0.45-u
membrane filter. The filtered supernatant, containing
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PIG. 1. Anterior view of torso 72 hr following intravenous in-
jection of Ga-67 citrate in patient with galactorrhea of 16-year
duration. Marked bilateral breast activity is present.
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FIG. 2. Schema for separation of protein fractions from secre-
tion specimen.
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the whey proteins, was brought to pH 8 by addition
of NH,OH. The globulin fraction was precipitated
by addition of ammonium sulfate to 40% saturation
and separated by centrifugation at 34,000g for 30
min. The final supernatant, containing primarily lac-
toferrin and albumin, was not further precipitated.
(The supernatant of a second specimen, processed
in an identical manner, was counted and additional
ammonium sulfate added to 80% saturation, the su-
pernatant first being separated by centrifugation and
then recounted to determine the amount of activity
bound to protein.) All precipitates were redissolved
in 1 cc of distilled water. The casein precipitate was
redissolved by backwashing the 1-cc distilled water
through the membrane filter before mixing with the
protein plug resulting from centrifugation. All pro-
tein fractions were counted for 5 min for Ga-67
activity in a well scintillation counter with a 70-300
keV window.

The protein content of the acid-precipitated casein
fraction was determined by the turbidimetric method
of Henry et al. (7). The protein contents of the glob-
ulin and lactoferrin-rich albumin fractions were de-
termined by a modified biuret method (8) adapted to
a centrifugal analyzer.t Protein electrophoresis was
performed on agarose gel (barbiturate buffer, pH
8.6, 90 V, 45 min) using 1 ul of each fraction (9).
Immunoelectrophoresis of each protein fraction was
performed in agarose gel according to Grabar and
Brotin (10). After electrophoresis, each fraction was
incubated with antibodies for human lactoferrin,i
human transferrin, and human whole serum.} After
42 hr of incubation at room temperature, the pre-
cipitin bands were made visible by staining with
amido black. Relative content of lactoferrin and
transferrin in the three protein fractions was deter-
mined by visual comparison of the density of the
precipitin bands, taking the transferrin content of
the final supernatant as unity.

The relative Ga-67 binding affinity was determined
for a commercially available, partially purified, hu-
man lactoferrin preparation.|| Approximately 2 xCi
of carrier-free Ga-67 citrate was incubated with 10
mg of the lactoferrin preparation dissolved in 5 cc
of distilled water brought to pH 7.5 by addition of
Na,CO;. Incubation was carried out at room tem-
perature for 16 hr. The Ga-67 lactoferrin preparation
was electrophoresed and incubated against antilacto-
ferrin, antitransferrin, and antiserum (human) anti-
bodies in the following manner.

Two-microliter aliquots were applied to a well on
a 1% agarose film. Electrophoresis was performed
for 50 min at 90 V using 0.05 M barbital buffer (pH
8.6) containing 0.555g calcium lactate per liter.
After the completion of electrophoresis, 40 ul of the
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appropriate antiserum were applied to the troughs.
(For blank and control purposes, one specimen was
not treated with any antiserum.) The films were in-
cubated in a moist chamber at room temperature for
65 hr. At the end of this period, one film was sub-
merged in 200 ml 0.9% NaCl, which was gently
stirred with a magnetic bar. The second film was not
washed and served as a control. The saline was re-
placed six times every hour. The films were then
dried under an infrared heat lamp. Each film was
then cut into strips that included the complete length
of the gel containing the antigen and the antibody-
precipitin bands. Each strip was cut into three por-
tions and placed in a well type gamma counter,
counting threshold 10 keV, and counted for ten min-
utes in eight repeated cycles.

Relative Ga-67 affinity for transferrin and lacto-
ferrin was determined by competitive binding with
a cation-exchange resin over the pH range 2.5-9.5.
Partially purified human lactoferrin and human apo-
transferrin{ were used. Both proteins were separately
dissolved in 34 cc of distilled water to concentrations
of 1 mg per cc. The apotransferrin was brought to
about 25% iron saturation by addition of 52.2 pg
of FeCls-6H-0. Since iron was neither added to nor
removed from lactoferrin during commercial prepa-
ration, no additional iron was added to this protein
solution. (The lactoferrin solution had a faint pink-
ish hue, indicating the presence of some iron.) Three
ul of a 2 mCi/ml preparation of carrier-free Ga-67
citrate were added to each protein solution and they
were then incubated for one hour at 22°C. A control
solution was also prepared containing Ga-67 citrate
in 34 cc distilled water. The solutions were separated
into multiple 4-cc aliquots, to each of which 2 cc of
AG 50W-X8 cation exchange resin, sodium form**
was added. These aliquots were adjusted to a pH
between 2.5 and 9.5 in one-unit increments by addi-
tion of either HCl or Na,CO,;. The aliquots were
shaken for 2 min and then incubated at 37°C for 25
min. The protein was separated from the resin by
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passage through a 0.45-p membrane filter under
pressure. Relative protein binding of Ga-67 was
determined by counting the aliquot samples before
mixing with the exchange resin and after filtration.

RESULTS

The activity in the 1-cc secretion specimen was
equivalent to 1 uCi of Ga-67 on the day of injection.
No significant loss of activity resulted from defatting.
About 90% of the Ga-67 activity in the breast secre-
tion was present in the lactoferrin-rich final super-
natant. This fraction contained only 40% of the total
protein. The remainder of the activity was divided
about equally between the precipitated casein and
immunoglobulin fractions. Since these fractions were
not washed before counting, it is unknown whether
the small amount of activity in each was actually
bound to the protein precipitate or present in the
small amount of supernatant trapped in the pre-
cipitate plug. All of the activity in the final super-
natant fraction of the second specimen was present in
the precipitate following addition of (NH,).SO, to
80% saturation, indicating that all of the Ga-67 was
protein-bound.

Immunoelectrophoresis showed that the final su-
pernatant fraction contained the largest amount of
lactoferrin, about ten times the sum of both the
other fractions. Considerable albumin, and a small
amount of transferrin, were also present in this frac-
tion. No definite transferrin band was identified in
any of the other fractions. These findings are sum-
marized in Table 1.

On immunoelectrophoresis, the partially purified
lactoferrin showed cross-reactivity with antibodies
against human lactoferrin and human serum (non-
specific), but there was no cross-reactivity (or at
most a trace) to transferrin. The only detectable
Ga-67 activity, however, was in the lactoferrin—
antilactoferrin precipitant band.

The relative affinity of Ga-67 for lactoferrin and
transferrin at various hydrogen-ion concentrations is

TABLE 1. Ga-67 DISTRIBUTION, ABSOLUTE PROTEIN CONTENT, AND RELATIVE DISTRIBUTION OF
TRANSFERRIN AND LACTOFERRIN IN BREAST SECRETION 10 DAYS AFTER INTRAVENOUS
INJECTION OF 8 mCi Ga-67 CITRATE

Ga-67 activity in Relative transferrin Relative lactoferrin
Total protein (mgm) cts/min * SD content content

Acid ppt (pH (4.6) casein

fraction 1.1 n1x:xn Slight or absent 1
40% (NH,)sSO; ppt

immunoglobulin fraction 12.6 80+ Slight or absent 2
Final supernatant lactoferrin

and albumin fraction 8.4 1266 =19 1 25
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shown in Fig. 3. Binding of Ga-67 to lactoferrin in
this competitive-binding system remains above 40%
until pH 3.5. Transferrin binding of Ga-67 decreases
rapidly with increasing acidity, drops below 40%
around pH 6.5, and is lower than that of lactoferrin
(50% versus 77% ) even in the physiologic range
(pH 7.5). The control sample revealed progressive
decrease in resin binding of Ga-67 at pH values
above 7.5. This is presumably due to preferential
citrate binding at alkaline pH.

DISCUSSION

Many investigators have observed the remarkable
avidity of mammary tissue for Ga-67 citrate during
lactation in humans (/-5). Paterson and co-workers
studied the protein distribution of Ga-67 in dog’s
milk but could identify no specific binding protein
(5). Tyndell et al., working with rabbit’s milk, were
also unable to identify a specific Ga-67-binding pro-
tein, but did find the activity confined to proteins of
lower molecular weight in the 25,000 to 35,000
range (3).

Colostrum and milk of various species differ con-
siderably in their content and distribution of pro-
teins (11). Human milk has an unusually high con-
centration of lactoferrin, which accounts for about
15% of the total protein content (12). Lactoferrin
is present in lower concentration in cow’s milk but
is virtually absent from the milk of rabbits and
dogs (11).

The protein was first described in 1939 by Soren-
sen and Sorensen (13). It was subsequently isolated
from cow’s milk by Groves (14). Lactoferrin has a
molecular weight of 85,000 to 90,000 and a general
structure somewhat similar to that of transferrin, but
it is immunologically distinct (15). Both transferrin
and lactoferrin bind iron but lactoferrin has the
greater binding affinity (/4). Iron bound to trans-
ferrin will translocate and become bound to lacto-
ferrin if the latter is present (16).

Lactoferrin is present not only in human colostrum
and milk, but also in colonic mucosa, bone marrow,
spleen, saliva, nasal secretions, genital secretions,
and tears (17,18). It is a major component of the
soluble-protein fraction of neutrophilic leukocytes
(19). Virtually all of these tissues and secretions
also localize Ga-67 to some extent (20).

The small size of the specimen we used, and its
relatively low activity at the time of separation and
counting, prevented immunologic confirmation that
the Ga-67 activity was restricted to lactoferrin in
the final supernatant. However, by incubating Ga-67
with partially purified lactoferrin derived from hu-
man milk and containing some serum proteins, we
have demonstrated definite binding of the Ga-67 to
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FIG. 3. Activity bound to protein vs pH, following incubation
with AG-50W-X8 cation-exchange resin, sodium form, for 1 hr at
37°C. Control is Ga-67 citrate with no protein added. Lactoferrin
flocculates at pH 4.5, preventing an accurate dissociation value
from being obtained at that hydrogen-ion concentration.

lactoferrin and no binding to the serum proteins.
Furthermore, we have shown that Ga-67 binds more
avidly to lactoferrin than to transferrin. This prefer-
ential avidity occurs at physiologic pH and is even
more pronounced in acid solutions.

When Ga-67 citrate is injected intravenously, it
is at least partially bound to transferrin (21-25).
Winchell proposes that transferrin and perhaps other
proteins carry Ga-67 into proximity with tissue pro-
teins that bind the Ga-67 more avidly and thus
remove it from the carrier (26). Hayes and Carlton
report Ga-67 binding to two proteins, with molecular
weights of about 100,000 and 50,000, in rat tumor
and liver (27). They do not speculate on the nature
of these proteins. Clausen et al. has demonstrated
that about one-third of Ga-67 activity in tumors is
bound to ferritin while the remainder is associated
with proteins of lower molecular weight (28). Aul-
bert and associates find Ga-67 in tumors associated
with a protein having a molecular weight of 85,000
to 90,000, which they assume consists of transferrin
and its degradation fragments (29).

We postulate that Ga-67 localizes in breast tissue
of lactating patients because of its strong affinity for
lactoferrin. The Ga-67 may be carried to the breast
weakly bound to transferrin and translocate in the
manner proposed by Winchell. This mechanism
could also explain localization of Ga-67 in other
tissues with high lactoferrin content such as neutro-
philic leukocytes. Moreover, the mechanism is not
necessarily restricted to Ga-67 and transferrin but
serves to explain localization of any metal that binds
more firmly to lactoferrin than to the carrier protein
or agent. Although lactoferrin content may be ele-
vated in some tumors (30), there is no detailed
information on the content of this protein in most
tumors and in normal liver. The presence of ferritin
in liver and some tumors could provide an alternate
route of binding. Even in these tissues, however, a
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possible role for lactoferrin in Ga-67 binding cannot
be excluded.

ACKNOWLEDGMENT

We gratefully acknowledge the help of Diane Feldhammer
for her aid in the protein and immunoelectrophoresis deter-
minations, Lynn M. Mason and Nicholas L. Petrakis in ob-
taining the secretion specimens, Myron Pollycove and
Harvey Patt for their advice, and Elizabeth White for her
aid in preparing the manuscript.

We are also extraordinarily grateful to the patient who so
generously volunteered her help.

FOOTNOTES

* New England Nuclear, N. Billerica, Mass.

t Centrifichem, Union Carbide Corp., New York, N.Y.
$ Behring Diagnostics, Somerville, N.J.

|| Calbiochem, San Diego, Calif.

1 Sigma Chemical Company, St. Louis, Mo.

** Bio Rad Labs., Richmond, Calif.

REFERENCES

1. LarsoN SM, ScHALL GL: Gallium 67 concentration
in human breast milk. JAMA 218: 257, 1971

2. FocH J: Gallium-67 accumulation in malignant tumors
and in prelactating or lactating breast. Proc Soc Exp Biol
Med 138: 1086-1090, 1971

3. TyNDALL RL, CHASKES SJ, CARLTON JE, et al.: Gal-
lium-67 distribution in pregnant mammals. J Exp Zool 195:
417423, 1976

4. ToBIN RE, ScHNEDER PB: Uptake of *Ga in the lac-
tating breast and its persistence in milk: case report. J Nucl
Med 17: 1055-1056, 1976

5. PATERSON AHG, YoxALL A, SMITH I, et al.: The
concentration of “Ga and “Ca in lactating mammary gland
and its relevance to the tumor uptake of Ga citrate. Cancer
Res 36: 452457, 1976

6. JoHANSON B: Isolation of an iron-containing red pro-
tein from human milk. Acta Chem Scan 14: 510-512, 1960

7. HENRY RJ, SoBeL C, SEGALOVE M: Turbidimetric de-
termination of proteins with sulfosalicylic and trichloracetic
acids. Proc Soc Exp Biol Med 92: 748-751, 1956

8. KINGSLEY GR: The determination of serum total pro-
tein, albumin and globulin by the biuret reaction. J Biol
Chem 131: 197-200, 1939

9. CAWLEY LP: Electrophoresis and Immunoelectropho-
resis. Boston, Little, Brown, 1969

10. GRABAR P, BROTIN P: Immunoelectrophoretic Analy-
sis. New York, Elsevier, p 302, 1964

11. MassoN PL, HEREMANS JF: Lactoferrin in milk from
different species. Comp Biochem Physiol 39 (Part B): 119-
129, 1971

12. NAGASAWA T, KivosawA I, TARKASe M: Lactoferrin

Volume 18, Number 7

RADIOCHEMISTRY AND RADIOPHARMACEUTICALS

and serum albumin of human casein in colostrum and milk.
J Dairy Sci 57: 1159-1163, 1974

13. SORENSEN M, SORENSEN SPL: The proteins in whey.
C R Trav Lab Carlsberg 23: 55, 1939

14. Groves ML: The isolation of a red protein from
milk. J Am Chem Soc 82: 3345-3350, 1960

15. Groves ML: Minor milk proteins and enzymes. In
Milk Proteins, Chemistry and Molecular Biology, McKenzie
HA, ed, New York, Academic Press, pp 367-376, 1971

16. SNick JV, MassoN PL, HEREMANs JF: The affinity
of lactoferrin for the reticulo-endothelial system (RES) as
the molecular basis for the hyposideraemia of inflammation.
In Proteins of Iron Storage and Transport in Biochemistry
and Medicine, Amsterdam, North Holland Publ. Co., 1975

17. MassoN PL, HEREMANS JF, SCHONNE E, et al.: New
data on lactoferrin, the iron binding protein of secretions.
Protides Biol Fluids Proc Collog 16: 633, 1969

18. MassoN PL, HErReMANs JF, DIvé CH: An iron-
binding protein common to many external secretions. Clin
Chim Acta 14: 735-739, 1966

19. MassoN PL, HErReMANs JF, ScHONNE E: Lacto-
ferrin, an iron binding protein in neutrophilic leukocytes.
J Exp Med 130: 643-656, 1969

20. LARsON SM, MILDER MS, JoHNSTON GS: Interpreta-
tion of the "Ga photoscan. J Nucl Med 14: 208-214, 1973

21. HARTMAN RE, HAves RL: Gallium binding by blood
serum. Fed Proc 26: 2, 1967

22. HARTMAN RE, Hayes RL: The binding of gallium by
blood serum. J Pharm Exp Therap 168: 193-198, 1969

23. GUNASEKERA SW, KING LJ, LAvENDER PJ: The be-
havior of tracer gallium-67 towards serum proteins. Clin
Chim Acta 39: 401-406, 1972

24. HARA T: On binding of gallium to transferrin. Int J
Nucl Med Biol 1: 152-154, 1974

25. Haves RL, Byrp BL, CArLTON JE, et al.: Effect of
scandium on the distribution of 67-gallium in tumor bear-
ing animals (Abstract). J Nucl Med 12: 437-438, 1971

26. WINCHELL HS: Mechanisms for localization of radio-
pharmaceuticals in neoplasms. Sem Nucl Med 6: 371-378,
1976

27. HAYEs RL, CARLTON JE: A study of the macro-
molecular binding of *’Ga in normal and malignant animal
tissues. Cancer Res 33: 3265-3272, 1973

28. CLAUSEN J, EpeLiNG CJ, FocH J: “Ga binding to
human serum proteins and tumor components. Cancer Res
34: 1931-1937, 1974

29. AULBERT E, GEBHARDT A, ScHULZ E, et al.: Mecha-
nism of “Ga accumulation in normal rat liver lysosomes.
Nucl Med BD XV /Heft 4

30. LosiLLIER F, GoT R, BURTIN P, et al.: Recherches
sur la localisation tissulaire et ’auto antigenicite de la lacto
transferrine. Prot Biol Fluid 14: 133-142, 1966

717





