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Localisation of Lactate Transporters in Rat and Rabbit Placentae
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The distribution of monocarboxylate transporter (MCT) isoforms 1 and 4, which mediate the plasmalemmal transport of l-lactic
and pyruvic acids, has been identified in the placentae of rats and rabbits at different ages of gestation. Groups of three pregnant
Sprague-Dawley rats and New ZealandWhite rabbits were sacrificed on gestation days (GD) 11, 14, 18, or 20 and on GD 13, 18, or 28,
respectively. Placentae were removed and processed for immunohistochemical detection of MCT1 and MCT4. In the rat, staining
for MCT1 was associated with lakes and blood vessels containing enucleated red blood cells (maternal vessels) while staining for
MCT4 was associated with vessels containing nucleated red blood cells (embryofoetal vessels). In the rabbit, staining forMCT1 was
associated with blood vessels containing nucleated red blood cells while staining for MCT4 was associated with vessels containing
enucleated red blood cells. Strength of staining forMCT1 decreased during gestation in both species, but that forMCT4was stronger
than that for MCT1 and was consistent between gestation days. The results imply an opposite polarity of MCT1 and MCT4 across
the trophoblast between rat and rabbit.

1. Introduction

Lactate transport is achieved by members of the monocar-
boxylate transporter (MCT) family, or SLC16 solute carrier
family, a class of plasma membrane transport proteins.
MCT isoforms 1–4 are symporters that mediate the proton-
dependent transport of small monocarboxylic acids, par-
ticularly l-lactic acid; pyruvic acid; and the ketone bodies,
acetoacetic (3-oxobutyric) acid and 3-hydroxybutyric acid [1,
2]. MCT1–4 have widely differing affinities for l-lactate and
pyruvate. The different substrate affinities, as well as tissue
distribution, between these four isoforms reflect their roles in
energy metabolism. MCT1 and MCT2 are expressed in cells
that use lactate as a respiratory fuel or for gluconeogenesis,
while MCT3 and MCT4 are associated with lactate efflux
from highly glycolytic cells, althoughMCT1 can also mediate
lactate efflux under hypoxic conditions [3, 4].

Northern blot analysis of pooled human placenta (Clon-
tech human tissue panels) has identified mRNA for MCT1
and MCT4, but not MCT2 [5, 6]; while early work reported
the presence of MCT3 mRNA or protein expression [6, 7],
this isoformwas later reclassified asMCT4 [3, 6]. Subsequent

Western blot analysis of individual human term placen-
tae showed expression of both MCT1 and MCT4 [7–9],
although the distributions of the two isoforms within the
syncytiotrophoblast differ. While MCT1 is localised predom-
inantly towards the basal plasma membrane opposed to the
foetal blood, MCT4 is localised predominantly towards the
maternal-facing microvillous plasma membrane. They are
not strictly segregated, however, and there is some degree of
coincidence [9–11]. In contrast, while both isoforms are found
in the mouse placenta, their polarity is the opposite of that
in human placenta. Specifically, MCT1 is localised predomi-
nantly on the apical side of the syncytiotrophoblast I, adjacent
to the maternal blood, and MCT4 is found on the basal side
of the syncytiotrophoblast II, adjacent to the foetal blood
[10].

Beyond these findings in human and mouse placenta,
nothing is known of the distribution of lactate transporters
in the placenta. The purpose of the studies reported here
was to investigate the localisation of MCT1 and MCT4 in
the placentae of two species that are commonly used in
reproduction toxicity studies, the rat and the rabbit.
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2. Materials and Methods

2.1. Animals. The animal facilities at WIL Research are fully
accredited by AAALAC International, and all maintenance
and experimental procedures were conducted in compliance
with National Research Council guidelines [12]. All proce-
dures were conducted according to Good Laboratory Prac-
tice.

Sexually mature, virgin female Crl:CD(SD) rats (Charles
River Laboratories, Inc., Kingston, NY) and time-mated
femaleNewZealandWhiteHra:(NZW)SPF rabbits (Covance
Research Products, Inc., Greenfield, IN) were received in
good health from the breeders. Rats were approximately
eighty days old upon receipt; rabbits were approximately six
months old and were received on GD 1. Each animal was
examined on the day of receipt and uniquely identified by ear
tag.

2.2. Animal Procedures. All animals were kept in environ-
mentally controlled roomswith a twelve-hour light/dark pho-
toperiod,maintained at a temperature of 22±3∘C (rats) or 19±
3∘C (rabbits), and relative humidity of 50±20%. Upon arrival
and until pairing, all rats were housed individually in clean,
stainless steel, wire-mesh cages suspended above cage-board
that was changed at least thrice weekly. The rats were paired
for mating in the home cage of the male. Following positive
evidence of mating, designated GD 0, the females were
returned to individual suspended wire-mesh cages. Rabbits
were housed individually in clean, stainless steel cages sus-
pended above ground corncob bedding which was changed
twice weekly. For the duration of the study, animals were
maintained on Certified Rodent LabDiet� 5002 or Certified
Rabbit LabDiet� 5322 (PMINutrition International, St. Louis,
MO); rabbits were also provided kale leaf.

Groups of three rats were euthanised by carbon dioxide
inhalation on GD 11, 14, 18, or 20. Groups of three rabbits
were euthanised by an intravenous injection of sodium
pentobarbital via a marginal ear vein on GD 13, 18, or 28.
The thoracic, abdominal, and pelvic cavities were opened by
a ventral mid-line incision, and the contents were examined.
The uterus was exposed, excised, and trimmed. Placentae
were collected from three embryos or foetuses from each
gestation day and retained in 10% neutral-buffered formalin.
Viable foetuses were euthanised by a subcutaneous injection
of sodium pentobarbital in the scapular region.

2.3. Immunohistochemistry. Following fixation for 48–72
hours, placentae were transferred to 70% ethanol. The tissues
were trimmed and processed into paraffin blocks, sectioned,
and mounted on glass microscope slides.

MCT1 Staining. Slides were stained immunohistochemically
using the Ventana Discovery XT automated slide stain-
ing system (Ventana Medical Systems Inc., Tucson, AZ).
The Ventana DabMap detection system was used. Antigen
retrieval was obtained using CC1 (cell conditioning solution,
pH 8.0). The primary antibody was chicken anti-rat MCT1
(EMDMillipore, Billerica,MA; catalogue numberAB1286-I),
and the secondary antibody was donkey anti-chicken IgY
(Jackson Immunoresearch, reference number 703-065-155).

MCT4 Staining. Antigen retrieval was obtained in a DIVA
decloaker at full power for two 5-minute cycles. Background
staining was blocked by two procedures, using hydrogen per-
oxide and the Stirrup blocking solution. Slides were stained
immunohistochemically using the Ventana Discovery XT
slide staining system with rabbit anti-humanMCT4 (Biorbyt
LLC, San Francisco, CA; catalogue number orb137272) as
the primary antibody, and goat anti-rabbit as the secondary
antibody (Jackson Immunoresearch, reference number 111-
066-003). The avidin-biotin (ABC) detection method was
used followed by diaminobenzidine (DAB) as the chromagen.

Slides were counterstained with haematoxylin. Qualita-
tive microscopic examination, including determination of
staining localisation and staining intensity on a scale of 1 to 4,
was performed on the stained sections by a board-certified
veterinary pathologist.

3. Results

3.1. Localisation of MCT in Rat Placenta. Staining for both
MCT1 and MCT4 in rat placentae on GD 11, 14, 18, and
20 was limited to the labyrinth zone. Within the labyrinth,
MCT1 was present on the maternal side of the trophoblasts
(Figures 1(a)–1(d)). The staining was moderate and formed
a thick line outlining the lakes or vessels that were filled
with enucleated red cells (i.e., the maternal vessels) and in
many cases existed circumferentially around the trophoblasts
forming a “chicken-wire” pattern. This moderately intense
specific staining of the maternal side of trophoblasts, with
nonstaining of the foetal side, was most apparent at GD
14 where there was a significant number of foetal vessels
that were distinguished by foetal nucleated red cells and
surrounded by unstained syncytiotrophoblasts. There was
linear moderate staining of cytotrophoblasts at edge of
maternal vessels (Figure 1(b)). At GD 11, there was a limited
amount of labyrinth present, and foetal vessels were not
readily identified in the deep labyrinth. There was moderate
staining for MCT1 in cytotrophoblasts bordering maternal
vessels, but no staining was present immediately around
the foetal blood vessels (Figure 1(a)). Specific staining for
MCT1 was less intense (mild) at the periphery of maternal
vessels in the GD 18 and GD 20 placentae, when compared
to GD 11 and GD 14, and there was nonspecific background
staining of maternal, enucleated, red cells (Figures 1(c) and
1(d)). Few nucleated foetal red cells, surrounded by unstained
trophoblasts, were identified in the GD 18 placentae and were
rarely identified in the GD 20 placentae.

Staining for MCT4 in the labyrinth zone of the placenta
was uniformly and very strongly positive (Table 1) and was
limited to the foetal side of the syncytiotrophoblasts (Figures
1(e)–1(h)), forming a thick line outlining foetal blood vessels,
which were characterised by nucleated foetal erythrocytes.
Cells with larger nuclei were unstained cytotrophoblasts that
border the maternal blood vessels which contain enucleated
erythrocytes. The cellular location of the stain (i.e., whether
basement membrane or cell membrane) could not be deter-
mined by light microscopy. Nucleated red cells were apparent
within the lumina of foetal blood vessels at GD 11, 14, and 18
but were few at GD 18 and were exceedingly rare at GD 20.
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Figure 1: Localisation of MCT1 andMCT4 in rat placenta at four different ages during gestation.The staining of rat placenta with antibodies
to (a–d) MCT1 and (e–h) MCT4 is shown for (a, e) GD 11; (b, f) GD 14; (c, g) GD 18; and (d, h) GD 20. Maternal blood vessels and cells are
indicated with stars (‰) and foetal blood vessels and cells are indicated with arrow heads (). Original objective 40x, bar 15 𝜇m.
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Table 1: Strength of staining for MCT isoforms 1 and 4 in rat and
rabbit placentae at different days of gestation.

Species GD MCT1 MCT4

Rat

11 3 4+
14 3 4+
18 2 4+
20 2 4+

Rabbit
13 2 4
18 1 4
28 0 4

Graded staining intensity: 0, none; 1, minimal; 2, mild; 3, moderate; 4, strong;
4+, very strong.

There was occasionally cell surface staining of glycogen
cells of the giant cell layer and of the decidua; however, this
staining was far less intense than that of syncytiotrophoblasts
and was considered to represent nonspecific background
staining.

3.2. Localisation of MCT in Rabbit Placenta. There was mild
staining of MCT1 along the lining of blood vessels containing
nucleated foetal red cells at GD 13 (Figure 2(a)), which was
reduced to minimal intensity at GD 18 (Figure 2(b)). These
positive vessels were located at the periphery of the chorion
and labyrinth. At GD 28, there was no specific positive
staining of trophoblasts surrounding maternal red blood
cells, and there were no vessels containing foetal red blood
cells (Figure 2(c)). There was no specific positive staining
for MCT1 within the body of the labyrinth at any stage of
gestation. Both vessels and lakes filled with either maternal
or foetal red cells were lined by syncytiotrophoblasts that had
no surface staining for MCT1. There was slight nonspecific
(i.e., background) staining of maternal red cells.

Staining for MCT4 was strong on GD 13, 18, and 28
and limited to the maternal side of the syncytiotrophoblasts
(Figures 2(d)–2(f)). At GD 13 and 18, the positive staining
formed a thick line outlining the maternal blood vessels
throughout the entire labyrinth. At GD 28, there was more
extensive staining of the cytoplasmicmembrane of the syncy-
tiotrophoblasts, where the staining was not limited to the side
of the cell facing the lumen of the vessel.This more expansive
staining resulted in a “chicken-wire” appearance. Nucleated
foetal red cells are no longer present in the placenta at this
stage of gestation. There was no staining along trophoblasts
lining the foetal vessels at any stage.

There was nonspecific cell surface staining of glycogen
cells of the giant cell layer and of the decidua and light
background staining of maternal red blood cells.

4. Discussion

By using antibodies against the C-termini of MCT1 (chicken
anti-rat) andMCT4 (rabbit anti-human), both isoforms have
been identified in the placenta of rat and rabbit at different
days of gestation. MCT1 was predominantly localised to
the maternal side of the trophoblast in the rat, but to the
foetal side in the rabbit. Conversely, MCT4 was localised

towards the foetal side in the rat and the maternal side in the
rabbit. The localisation of the two isoforms in the rabbit is
similar to that previously reported in human placenta [9–11];
localisation in the rat is similar to that previously reported in
mouse placenta [10].

The polarity remained constant throughout gestation in
both species, as has also been reported for the mouse [10].
MCT1 is also localised at the basal membrane in the four-
month old human placenta as well as the term placenta [10],
which indicates that its distribution, at least in qualitative
terms, also may not change during gestation.

The staining for both isoforms was generally stronger
in the rat than in the rabbit at equivalent stages of ges-
tation (Table 1). In both species, the expression of MCT1,
as evidenced by strength of staining, appeared to decrease
during gestation, while that of MCT4 remained consistent.
The expression of both MCT1 and MCT4 mRNA is reported
to diminish during later gestation, in contrast to that of
the type 1 glucose transporter the expression of which was
consistently intense [10].

Both MCT1 and MCT4 have a low degree of substrate-
specificity, transferring a relatively wide range of substituted
and unsubstituted monocarboxylic acids across the plasma
membrane [13–16]. The major difference between the two
isoforms is their substrate affinity. The affinity of MCT1
towards l-lactate and pyruvate is relatively high, within the
normal physiological range for blood concentrations [13, 14],
while that of MCT4 is relative low [15, 16]. These differences
are postulated to underlie the function of the two isoforms,
MCT1 sequestering lactate as a source for energy metabolism
and growth and MCT4 releasing lactate during periods of
high cellular production [1, 3, 4].

It follows, therefore, that human and rabbit trophoblasts
have a high-affinity (MCT1) transporter on the foetal side and
a low-affinity (MCT4) transporter on thematernal side, while
murine trophoblasts have a low-affinity (MCT4) transporter
on the foetal side and a high-affinity (MCT1) transporter on
the maternal side. The MCT is a proton-sensitive symporter,
and the rate and direction of plasmalemmal transfer will
be determined not only by the concentration gradient of
the monocarboxylate anion but also by the proton gradient,
whichmay change during gestation as the foetus becomes net
lactogenic and the foetal blood becomes acidic in comparison
to that of the maternal blood towards the end of gestation.

In conclusion, there is a difference in the localisation of
MCT1 and MCT4 between the murine placenta on the one
hand and the rabbit and humanplacentae on the other. Essen-
tially, the “polarity” of these isoforms across the trophoblast
is reversed. The functional significance of this difference is
unclear, although it has been postulated that it is relevant to
the direction of substrate transport [10]. It may also reflect
differences in the role of the trophoblast in lactate supply,
either by transfer from the maternal blood or by metabolism
of glucose or amino acids, and the disposition of mater-
nally derived 2- and 3-hydroxyl- or carbonyl-substituted
carboxylic acids that are also MCT substrates. Given the
complexity of monocarboxylic acid transport across the tro-
phoblast, further data from specifically designed, integrated
studies are required to elucidate the functional significance
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Figure 2: Localisation of MCT1 and MCT4 in rabbit placenta at three different ages during gestation. The staining of rabbit placenta with
antibodies to (a–c) MCT1 and (d–f) MCT4 is shown for (a, d) GD 13; (b, e) GD 18; and (c, f) GD 28. Maternal blood vessels and cells are
indicated with stars (‰) and foetal blood vessels and cells are indicated with arrow heads (). Original objective 40x, bar 15 𝜇m.

of the differences in MCT isoform localisation and changes
in expression during gestation.

Abbreviations

GD: Gestation day(s)
MCT: Monocarboxylate transporter.

Disclosure

This work was conducted by Catherine A. Picut and Jeffrey
H. Charlap under the conditions of their regular employment
and by Nigel P. Moore as a paid consultant to the sponsors.

Current address of Jeffrey H. Charlap is Charles River
Laboratories, Horsham, PA 19044, USA.

Competing Interests

There is no undisclosed conflict of interests regarding publi-
cation of this paper.

Acknowledgments

This work was funded by member companies of the Ethy-
lene Oxide and Derivatives Producers’ Association, Brussels,
Belgium; a sector group of Cefic, the European chemical



6 International Journal of Cell Biology

industry association. The authors gratefully acknowledge
Sirena Hudgins (WIL Research) for technical expertise in the
conduct of this work.

References

[1] A. P. Halestrap and N. T. Price, “The proton-linked mono-
carboxylate transporter (MCT) family: structure, function and
regulation,” Biochemical Journal, vol. 343, no. 2, pp. 281–299,
1999.

[2] V. N. Jackson and A. P. Halestrap, “The kinetics, substrate,
and inhibitor specificity of themonocarboxylate (lactate) trans-
porter of rat liver cells determined using the fluorescent intra-
cellular pH indicator, 2,7-bis(carboxyethyl)-5(6)-carboxy-
fluorescein,”The Journal of Biological Chemistry, vol. 271, no. 2,
pp. 861–868, 1996.

[3] A. P. Halestrap, “The monocarboxylate transporter family–
structure and functional characterization,” IUBMB Life, vol. 64,
no. 1, pp. 1–9, 2012.

[4] A. P. Halestrap and M. C. Wilson, “The monocarboxylate
transporter family–role and regulation,” IUBMB Life, vol. 64,
no. 2, pp. 109–119, 2012.

[5] R.-Y. Lin, J. C. Vera, R. S. K. Chaganti, andD.W.Golde, “Human
monocarboxylate transporter 2 (MCT2) is a high affinity
pyruvate transporter,” The Journal of Biological Chemistry, vol.
273, no. 44, pp. 28959–28965, 1998.

[6] N. T. Price, V. N. Jackson, and A. P. Halestrap, “Cloning and
sequencing of four new mammalian monocarboxylate trans-
porter (MCT) homologues confirms the existence of a trans-
porter family with an ancient past,” Biochemical Journal, vol.
329, no. 2, pp. 321–328, 1998.

[7] M. C. Wilson, V. N. Jackson, C. Heddle et al., “Lactic acid efflux
fromwhite skeletal muscle is catalyzed by the monocarboxylate
transporter isoformMCT3,”The Journal of Biological Chemistry,
vol. 273, no. 26, pp. 15920–15926, 1998.

[8] P. Settle, C. P. Sibley, I. M. Doughty et al., “Placental lactate
transporter activity and expression in intrauterine growth
restriction,” Journal of the Society for Gynecologic Investigation,
vol. 13, no. 5, pp. 357–363, 2006.

[9] P. Settle, K. Mynett, P. Speake et al., “Polarized lactate trans-
porter activity and expression in the syncytiotrophoblast of the
term human placenta,” Placenta, vol. 25, no. 6, pp. 496–504,
2004.

[10] A. Nagai, K. Takebe, J. Nio-Kobayashi, H. Takahashi-Iwanaga,
and T. Iwanaga, “Cellular Expression of the Monocarboxylate
Transporter (MCT) family in the placenta of mice,” Placenta,
vol. 31, no. 2, pp. 126–133, 2010.

[11] M.Willis, N. Zaidi, M. Li, A. Husain, and H. Kay, “765: defining
the role of placental lactate transporters (MCT1 and MCT4) in
preeclampsia,” American Journal of Obstetrics and Gynecology,
vol. 201, article S275, 2009.

[12] National Research Council, Guide for the Care and Use of
Laboratory Animals, National AcademyPress,Washington,DC,
USA, 2011.

[13] L. Carpenter and A. P. Halestrap, “The kinetics, substrate
and inhibitor specificity of the lactate transporter of Ehrlich-
Lettre tumour cells studied with the intracellular pH indicator
BCECF,” Biochemical Journal, vol. 304, no. 3, pp. 751–760, 1994.

[14] R. C. Pools, S. L. Cranmer, A. P. Halestrap, and A. J. Levi,
“Substrate and inhibitor specificity of monocarboxylate trans-
port into heart cells and erythrocytes. Further evidence for the

existence of two distinct carriers,” Biochemical Journal, vol. 269,
no. 3, pp. 827–829, 1990.

[15] K.-S. Dimmer, B. Friedrich, F. Lang, J. W. Deitmer, and S.
Bröer, “The low-affinity monocarboxylate transporter MCT4 is
adapted to the export of lactate in highly glycolytic cells,” Bio-
chemical Journal, vol. 350, no. 1, pp. 219–227, 2000.

[16] J. E.Manning Fox, D.Meredith, andA. P.Halestrap, “Character-
isation of human monocarboxylate transporter 4 substantiates
its role in lactic acid efflux from skeletal muscle,”The Journal of
Physiology, vol. 529, no. 2, pp. 285–293, 2000.



Submit your manuscripts at
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Anatomy 
Research International

Peptides
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 International Journal of

Volume 2014

Zoology

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Molecular Biology 
International 

Genomics
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Bioinformatics
Advances in

Marine Biology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Signal Transduction
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Evolutionary Biology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Biochemistry 
Research International

Archaea
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Genetics 
Research International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Advances in

Virolog y

Hindawi Publishing Corporation
http://www.hindawi.com

Nucleic Acids
Journal of

Volume 2014

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Enzyme 
Research

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Microbiology


