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The concentration o f  iron in all mammalian milks,t~flls during lactation while the inJbnt's iron require- 
ment increases. Little is known, however, about ttle entry of  iron into milk. Recently, transferrin 
receptors have been identified on lactating rat mammaD' plasma membranes, which may regulate 
iron entt3' into mammary tissue, potentiating its availability,fbr subsequent transport into milk. This 
study wos conducted to determine what relationship exists betu'een the declining concentration qJmilk 
iron and the tran,sl/~'rrin receptor concentration during various stages qf  lactation. Minimul tl'an~sJ~rrin 
receptors u'ere detected in nttlliparotts rats. Total t?lttttlnlOtq' tran.sjbrrin receptor content increased 
during early and mid-lactation while milk iron concentration decreased. 77re continued appearance q[" 
high levels of  tran~sj~,rrin receptors throttghout lactation, without a concomitant increase in milk iron 
concentration, suggest,s a need.[br iron,[br [unctions other than cellular growth or secretion into nlilk 
to meet it~[~tnt need.s. 
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Introduction 

The concentrat ion of iron in all mammalian milks de- 
clines during the course of  lactation at the same time 
as the infant's demand for iron is high due to the rapid 
growth. ~ In humans,  milk iron concentrat ion has been 
shown to be remarkably similar when comparing not 
only different populations but also when comparing 
milk from women having varying iron status. Moder- 
ate maternal iron deficiency as well as high iron status 
does not appear  to affect milk iron. These observa- 
tions suggest that milk iron concentrat ion is regulated 
by some as yet unknown mechanism(s). 

Recent work, using either immunological or radiola- 
beling techniques,  suggests a transferrin receptor (Tf- 
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R) system may be responsible for iron entry into the 
secreting mammary epithelial cell. 2'3 Shulman et al., 4 
using radiolabeling techniques, demonstrated an in- 
crease in Tf-R activity in the epithelial cell during glan- 
dular development  which occurs during pregnancy 
and lactation. Using immunochemical techniques, we 
isolated and character ized a transferrin receptor  from 
plasma membranes of  lactating rat mammary cells. 2 
This study was conducted to determine the relation- 
ship of  milk iron concentrat ion relative to the concen- 
trations of  mammary Tf-R during the stages of lacta- 
tion (early lactation at day 2, mid-lactation at day 14 
and during involution at day 20). 

Methods and materials 

Animals 

Twenty-eight female Sprague-Dawley rats were pur- 
chased from a commercial  supplier (Bantin & King- 
man, Inc.,  Fremont ,  CA). Seven were nulliparous: 
twenty-one were lactating with litters of 10 pups. On 
day 2, 14, or 20 of  lactation, seven dams each were 
used. 
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Milk collection. To avoid the damage to mammary tis- 
sue that occurs  in traditional milk collection proce- 
dures, 5 an internal milking procedure  was developed. 
Five to 6 hours following separation from pups, lactat- 
ing dams were anesthetized with CO 2 for 20 seconds 
and injected intramuscularly with oxytocin (12 IU). 
After 10 minutes,  dams were reanesthetized with CO~ 
for 1 min and decapitated. Skin covering the mammary 
tissue was teased away, exposing both tissue and 
blood supply. After piercing the galactophore,  the 
milk was quickly collected into a disposable glass pi- 
pet. Both inguinal and thoracic glands were milked. 

Preparation of mammary tissue. After milk collection, 
the inguinal glands were removed,  weighed, and finely 
minced. Following the procedures  of  Seligman and Al- 
len, 6 the tissue was homogenized in an ice-cold buffer 
(1:2) of  10 mM KPO4, containing 150 mM NaCl, 0.005 
mM phenylmethylsuifonyl  fluoride, and 0.02% NaN 3, 
using a Janke & Kunkel Ultra-Turrax Tissumizer at 70 
rpm, 3 to 5 bursts of  I0 seconds, separated by 30 sec- 
onds of  cooling. The mixture was centrifuged (Sorval 
RC-5B) at 2000 × g for 15 minutes and the supernatant 
respun at 30,000 × g for 90 rain. The pellet was resus- 
pended through a 22 gauge needle in homogenization 
buffer. Triton-X 100 reduced (Sigma Chemical Com- 
pany, St. Louis,  MO) was added to a final concentra- 
tion of  1%. The mixture was kept at 4°C for 4 hours, 
with constant stirring, until solubilized. The mixture 
was centrifuged at 30,000 × g for 1 hour and the super- 
natant respun for an additional 30 minutes. The solubi- 
lized preparations were stored at -70°C until ana- 
lyzed. Protein content  was determined by a modified 
Lowry  procedure.  7 

Analytical methods 

Milk iron concentration. The iron concentrat ion of 
milk was analyzed using flame absorption spectropho- 
tometry  (Instrumentation Laboratories  551, Wilming- 
ton, MA) as described earlier. 8 Rat milk lactose was 
determined by the enzymatic  method of Dahlquist. 9 

Transferrin receptor concentration. Solubilized mam- 
mary homogenates  were applied directly onto 0.45 ~m 
nitrocellulose membrane (Schleicher and Schuell, 
Keene,  NH) as described by Hawkes l° using the PR 
600 Slot Blot apparatus (Hoeffer  Scientific Industries, 
San Francisco,  CA). The membrane was placed in a 
blocking solution of  5% non-fat dry milk solids in Tris 
buffered saline (NFDMS-TBS) ,  pH 7.5, containing 
0.2% NaN 3. After blocking overnight at room temper- 
ature, the membrane was gently shaken in a 1 : 75 dilu- 
tion of  mouse monocional  rat Tf-R antibody (MRC- 
OX26) (USA Bioproducts for Science, Inc., Indianap- 
olis, IN) in 1% NFDMS-TBS for 2 hours, followed by 
four 5 minute washes with TBS-Tween and one 5 min- 
ute wash with TBS. Incubation of the nitrocellulose 
with alkaline phosphatase-conjugated anti-mouse IgG 
antibody (Promega, Madison, WI) in TBS (1:7500 di- 
lution) was followed by three 5 minute washes with 
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TBS-Tween  and one 5 minute wash with TBS. Detec- 
tion of  the receptor  was performed using the Proto- 
Blot R color  detect ion system by Promega Biotech., 
Madison, WI (substrates: nitro blue tetrazolium 
and 5-bromo-4-chloro-3-indolyl-phosphate).  Transfer- 
rin receptor  concentrat ions were determined using the 
GS-370 data system attached to a GS-300 Scanning 
Densi tometer  (Hoeffer  Scientific Instruments,  San 
Francisco,  CA). 

Statistical analysis 

One-factor  analysis of  variance (ANOVA) was used 
to analyze the data. Analysis of covariance was used 
to determine interrelationships between the variables. 
The Fisher LSD and/or  Scheffe HSD tests were used 
to compare differences between groups. 

Results 

Milk iron concentrat ion was significantly higher (p < 
.002) at d 2 of lactation than at either d 14 or d 20 
(Figure la), while lactose concentrat ion was signifi- 
cantly higher (p < .01) during mid-lactation than in 
early lactation (Table 1). The mammary gland weights 
and their percentage of body weight were significantly 
lower in the early stage of  lactation (Table 1). 

All measurements  of receptor  concentrat ions [Tf- 
R] were made using arbitrary units/~g protein as de- 
termined by scanning densi tometry and are thus de- 
scribed as relative arbitrary units. As Grigor et al. ~ 
have described, the absolute amount of transferrin re- 
ceptor  protein within the rat mammary tissue is very 
low, making it technically difficult to obtain enough 
receptor  protein for use as a standard. 

Minimal amounts  of  Tf-R were found in non-lactat- 
ing tissue (Figure 2), while mammary homogenates 
from pregnant dams showed a significant amount of 
Tf-R. The relative [Tf-R]/~g protein was significantly 
higher (p < .0001) in early lactation than at either day 
14 or 20 of  lactation (Figure Ib). However ,  due to the 
larger gland sizes, total gland Tf-R content was higher 
in mid- and late-lactation (Figure lc). The ratio of milk 
iron concentrat ion to relative [Tf-R] was not signifi- 
cantly different between stages (Figure ld). 

Using one-factor  ANOVA,  a significant effect of 
stage of  lactation on all parameters:  milk iron concen- 
tration, relative [Tf-R], and total receptor  content,  was 
demonstrated (Table 2). When the effect of stage on 
milk iron was controlled, a significant relationship be- 
tween relative [Tf-R] (p < .001), and Tf-R content,  on 
milk iron was seen (p < .01). 

Discussion 

The procedure normally used to collect rat milk has 
been shown to affect milk composition. 5 The internal 
milking procedure  we developed and used in this study 
did not appear  to affect the values normally seen for 
lactose and iron concentrat ions in rat milk collected 
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g land transferrin receptor  concentrat ion dur ing lactation. Values 
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using a single sample external collection procedure,  ~ 
thus validating the use of our  procedure.  

There is a pronounced increase from pre-pregnancy 
to mid-lactation in relative [Tf-R] within the mammary 
tissue, as can be seen on the nitrocellulose membrane 
(Figure 2). These results agree with those obtained by 
others 3'4 using radiolabeling techniques for the deter- 
mination of Tf-R activity on the secreting epithelial 
cells. However ,  while Grigor et al. 3 observed in- 
creased Tf-R activity from early to mid-lactation, we 
observed a decrease in the relative concentrat ion of 
Tf-R for the same period. Only when we accounted 
for increased glandular protein content did we observe 
an increase in total Tf-R content.  

Glandular development  (mammogenesis) in the rat 
begins in pregnancy and continues until day 5 of lacta- 
tion. ~l Although most of the growth is due to prolifera- 
tion of epithelial cells, there are substantial increases 
in the stromal components  of  the gland as well. 12 Re- 
quirements for iron by either of these glandular con- 
stituents can be high during this phase. 

Iron, which is essential for normal growth and met- 
abolic function, is transported bound to transferrin 
and enters cells via a transferrin receptor-mediated 
process.  Cells that are in log phase growth demon- 
strate increased transferrin receptor  density. 13 Thus, 
the increase in mammary [Tf-R] during pregnancy and 
early lactation could be a response to rapid cellular 
growth, stimulated by various growth factors, and the 
uptake of Tf. 

It is possible that cellular needs at each stage of 
lactation dictate the requirement for diferric-transfer- 
tin. Iron is required for cell proliferation (DNA syn- 
thesis), collagen synthesis,  and mitochondrial electron 
transport (energy production).14 In early lactation, di- 
ferric-transferrin may be required for rapid cell prolif- 
eration, as well as for milk synthesis, so that on a 
concentrat ion basis, there are more receptors ex- 
pressed than in mid-lactation. One can speculate that 
during mammogenesis  there is a greater need for trans- 
ferrin for cell division than there is for the iron which 
is also internalized. Therefore,  more iron is available 
for secretion resulting in a higher concentration of 
milk iron at day 2 of lactation. In addition, total milk 
production is low during this period. 

The fact that the Tf-R content remained high be- 
yond the initial growth phase presents an interesting 
question. If the primary growth phase is complete, 
why are transferrin receptors still expressed? Since 
epithelial cell ferritin levels are decreased, ruling out 
increased storage of  iron, Shulman et al. 4 suggested 
that the continued presence of Tf-R may reflect a func- 
tion involving the transport of  iron into milk via trans- 
ferrin produced within the cell. Our results showed 
that as lactation progressed beyond the initial growth 
phase, milk iron concentrat ion decreased. However ,  
there was no significant difference between each stage 
of  lactation in the total milk iron content (Table I) 
(based on calculations using values determined by 
Knight et al.15 for daily milk yield in rats). Addition- 
ally, not all the iron found in rat milk is associated 



Table 1 
lactation) 
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Changes in inguinal mammary gland weight and milk lactose concentration in lactating rats (day 2, day 14, and day 20 of 

Day 2 Day 14 Day 20 p value 

Gland weight (g) 59  + 0.2 a 13.7 -+ 0.8 b 9.4 +_ 0.7 c p < .0001 
Mammary tissue 2.0 _+ 0.1 a 4.2 _+ 0.1 b 3.5 +- 0.5 b p < 001 

as % body weight 
Lactose (%) 1.0 +_ 0.1 a 2.6 + 0.5 b 1.6 _+ 0.1 aD p < 01 
Total milk iron 264 -+ 54 225 + 24 251 _+ 49 NS 

(~g) (estimated) 

Numbers are expressed as means + SEM with n = 5-7  animals per group. 
Differences are determined by analysis of variance and are designated by different superscripts. 

Table 2 Changes in relative concentration of transferrin receptor, total content of transferrin receptors and milk iron during lactation 

Day 2 Day 14 Day 20 p value 

Relative [Tf-R]/~.g protein 100% 65% 54% <.001 
(35% decrease) (46% decrease) 

Total Tf-R content 100% 268% 274% <.0001 
(168% increase) (174% increase) 

[Milk Fe] (#.g/ml) 100% 38% 49% <.001 
(62% decrease) (51% decrease) 

1 5 " " "  9 

2 

3 m 

4 m 

6 ~ I0 

7 m 

Figure 2 Representative slot blot of mammary tissue homoge- 
nates. Samples applied directly to nitrocellulose in pairs of 50 and 
200 #1 each 

Category Slot Number 

Non-lactating 1,2 
Pregnant 3,4 
Lactating, day 2 5,6 

day 14 7,8 
day 20 9,10 

with transferrin; there is a significant portion of  iron 
bound to the non-whey  fractions of  milk. ]6 

Our interest in determining the relationship of the 
mammary Tf-R to milk iron stems from our concern 
for the high iron requirements of rapidly growing 
mammalian neonates and the relatively low levels of 
iron present in mammalian milk to meet these needs. 
The observations from this study suggest that it is the 
maternal need for iron for adequate mammogenesis  
and milk production, and not the growth needs of the 
neonate,  which dictate the amount of  iron present in 
mammalian milk. We hypothes ize  that iron may be 
required for milk production itself and/or for the oxi- 
dative phosphorylat ion cytochrome system as lacta- 
tion is an energy expensive process.  We have demon- 
strated that in rat dams fed a low iron diet throughout 

pregnancy and lactation, there is reduced milk produc- 
tion accompanied by reduced milk iron concentra- 
tion.J7 At the same time, the amount of  Tf-R present 
was the same as that for dams fed normal levels of 
dietary iron. Further work is needed to determine why 
milk iron levels decrease when there is an increase in 
total Tf-R in mammary tissue as well as to determine 
the extent of  iron internalization into the mammary 
epithelial cell at different stages of  lactation. 
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