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Summary. Five human fetuses at mid-term (16—
20 weeks) and one with a gestational age of
8 weeks were investigated. The cellular localization
of transthyretin (TTR)-mRNA in different organs
was demonstrated by in situ hybridization with a
35S-labelled, single-stranded RNA probe. Immu-
noreactive TTR (TTR-IR) was localized with a
monoclonal antibody to TTR. In all fetuses, cho-
roid plexus epithelial cells demonstrated intense la-
belling for TTR-mRNA as well as strong TTR-IR.
Hepatocytes, on the other hand, showed weak in
situ labelling and weak or, in some cases, non-
demonstrable TTR-IR. In all mid-term fetuses, but
not in the 8 week fetus, TTR-mRNA and TTR
were also expressed in pancreatic endocrine A-
cells. The degree of in situ labelling in these A-cells
was moderate, whercas that of TTR-IR was
strong. Despite negative findings for TTR-mRNA
in the gut and the kidney, endocrine cells of the
gut and epithelial cells of the renal proximal convo-
luted tubules showed TTR-IR in some of the fe-
tuses. The investigation provides evidence for TTR
synthesis in the human fetal choroid plexus, liver
and endocrine pancreas. However, further studies
are required to demonstrate TTR synthesis in the
gut and the kidney.
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Introduction

Transthyretin (TTR, prealbumin) has an impor-
tant role in the transport of two substances, thy-
roxine and retinol (Robbins and Bartalena 1986;
Goodman 1976), both of which are essential for
normal fetal growth and development (Dussault
and Ruel 1987; Wilson et al. 1953). The 55 kDa

protein consists of four identical subunits and the
amino acid sequence as well as the three-dimen-
sional structure are known (Kanda etal. 1974;
Blake et al. 1978). The structure of the TTR gene
and its location on the human chromosome 18
have also been determined (Wallace et al. 1985).
Mutant TTR is the major component of the amy-
loid deposits in various forms of familial amyloi-
dotic polyneuropathy (FAP) and prenatal diagnos-
tic tests for these diseases are currently being evalu-
ated (Cornwell et al. 1987). In adults, the liver is
believed to constitute the main site for TTR pro-
duction (Felding and Fex 1982). The choroid plex-
us is a further site for TTR synthesis, explaining
the relatively high concentration of TTR in the
cerebrospinal fluid (Dickson et al. 1986; Herbert
et al. 1986; Jacobsson 1989a). Recently, evidence
for TTR synthesis also in the adult human endo-
crine pancreas and in endocrine tumours of the
pancreas and gut was presented (Jacobsson 1989a;
Jacobsson et al. 1989b).

In previous studies, immunological methods
were used to determine the presence and distribu-
tion of TTR in human fetal tissues (Gray et al.
1985, Jacobsen et al. 1982). On this basis it is not
possible to state definitely whether the protein is
produced or absorbed by the TTR-containing cells
or even whether the protein is maternally or fetally
derived. For these reasons, and because of the im-
portant role TTR may play in normal fetal devel-
opment, the cellular distribution of TTR-mRNA
correlated with that of TTR immunoreactivity (IR)
in the human fetus has been investigated.

Materials and methods

The investigation of five legally aborted human fetuses with
gestational ages ranging from 16 to 20 weeks was approved
by the local ethical comittee. Fetal ages were calculated both
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by considering the menstrual age and the crown-heel lengths.
Specimens from the choroid plexus, liver, pancreas, oesopha-
gus, stomach, duodenum, jejunum, ileum, colon, kidney, adre-
nal, spleen, thyroid, lung, thymus and heart were snap-frozen
in liquid nitrogen and stored at —70° C for up to 2 weeks before
being sectioned. The interval between the completion of abor-
tion and freezing of tissues varied between 2 and 4 h. The frozen
sections (4 pm) were stored at —20° C for up to 6 months be-
fore being immersed in 4% phosphate-buffered formaldehyde
for 5 min for in situ hybridization or in Carnoy’s fixative for
10 min for immuno-histochemical stainings (see below).

Pancreatic specimens from the five fetuses at mid-term were
also fixed immediately after removal of the tissues in 4% phos-
phate-buffered formaldehyde for 24 h prior to paraffin-embed-
ding.

One fetus with a gestational age of 8 weeks, obtained after
surgery for an extrauterine pregnancy, was also included in
the study. The fetus was formaldehyde-fixed and paraffin-em-
bedded in toto as described above for pancreatic specimens.

All fetuses were free from disease and the tissues showed
no pathological changes in haematoxylin/eosin-stained control
sections.

For the in situ hybridization procedure a 500 base pair
c¢DNA insert (specifying an almost full-length human TTR-
mRNA), cloned into SP 65 plasmids at the ECO R1 site (So-
prano et al. 1985), was used. The linearized template DNA was
transcribed to produce sense or antisense 2°S-labelled RNA
sequences with a specific activity of approximately 10° cpm/ug
(Jacobsson 1989a).

The formaldehyde-fixed frozen sections were pre-treated,
hybridized and post-treated as previously described for deparaf-
finized sections (Jacobsson 1989a) with the exception of the
pre-treatment steps no. 3-5 (see below), which were omitted.

The pre-treatment steps for deparaffinized sections in-
cluded: (1) Acetylation in acetic anhydride/triethanol amine,
pH 8.0 (Hayashi et al. 1978) (2) Immersion in 0.1 M Tris-HCI,
pH 7.0/0.1 M glycine for 30 min (3) Treatment with 0.2 M HCl
for 20 min (4) Immersion in 2 x SSC for 30 min at 50° C (5)
Incubation with proteinase K (Boehringer, Mannheim, Ger-
many) 1 pg/ml for 30 min at 37° C (6) Dehydration in ethanol
and air-drying. Brief washings in 2 x SSC were performed be-
tween each of the different steps described above. The hybrid-
ization mixture contained 3°S-labelled RNA probe (10® cpm/
ml), 50% deionized formamide, 0.6 M NaCl, 50 mM Na phos-
phate buffer, pH 7, 0.05% herring sperm DNA (Type IV,
Sigma), 0.05% yeast total RNA (type III, Sigma), 0.005% yeast
tRNA (Sigma), 0.005% polyadenylic acid (Sigma), 1 mM
EDTA, 0.02% Ficoll (mw 400000, Sigma), 0.02% polyvinyl
pyrrolidine (mw 40000, Sigma), 0.02% bovine albumin (Sigma)
and 10-100 mM dithiothreitol. The mixture, heated at 90° C
for 10 min, was applied to the sections (10 pul/18 x 18 mm cover
slip) and the hybridization was carried out at 50°C for 3 h
as recommended by Cox et al. (1984).

The post-treatment steps included: (1) Rinsing in 50% for-
mamide/2 x SSC at 52° C for 30 min. (2) Treatment with RNase
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A (100 pg/ml, Sigma) and RNAse T (I pg/ml, Sigma) in
2 x SSC for 30 min at 37° C. (3) Rinsing in 50% formamide/2 x
SSC at 52° C for 5 min. (4) Dehydration in ethanol and air-
drying. The sections, coated with G5 emulsion (Ifford, Mobber-
ley, England), were developed after 5 days in G150 and fixed
in G334 (Agfa-Gevaert). After light counterstaining in hema-
toxylin, the sections were dehydrated and mounted.

Consecutive deparaffinized sections (4 pm) from the for-
maldehyde-fixed pancreatic specimens were prepared in order
to compare the distribution of TTR-mRNA as revealed by the
in situ hybridization procedure with that of TTR-IR as de-
scribed below.

An indirect immunofluorescence (IF) or immunoperoxi-
dase (IP) method was used on the Carnoy-fixed frozen sections
or the deparaffinized formaldehyde-fixed sections, respectively
(Jacobsson et al. 1989c¢). Briefly, the sections were pre-treated
with 1% hydrogen peroxide (IP-method only) followed by 5%
albumin prior to the application of a monoclonal antibody
to TTR (MAD, clone 25) (Collins et al. 1986) with overnight
incubation at room temperature. A fluorescein- or peroxidase-
conjugated rabbit antibody to mouse IgG (DACO, Santa Bar-
bara, USA) was applied for 30 min and diaminobenzidine was
employed as the chromogen in the IP-method. Substitutions
of the MADb with buffer and non-immune mouse serum were
included as controls. Sections from the choroid plexus, liver
and pancreas of one mid-term fetus were included in each run
of immunohistochemical staining or in situ hybridization to
provide an internal standard in the semiquantitative grading
of the results from different experiments.

Results

In situ hybridization, to determine the localization
of TTR-mRNA, was used on formaldehyde-fixed
frozen sections (Table 1) and, in some cases (see
below), on sections from formaldehyde-fixed and
paraffin-embedded specimens. The sensitivity was
found to be higher when the in situ method was
used on frozen sections as compared to that ob-
tained on deparaffinized sections. The specificity
of the method was shown by obtaining autoradio-
graphic labelling only with the anti-sense probe
(complementary to human TTR-mRNA) and not
with the control sense probe.

In the deparaffinized whole-body sections from
the fetus at 8 weeks of gestation, a strong specific
labelling of epithelial cells of the primitive choroid
plexus was demonstrated (Fig. 1), whereas weak
labelling was observed in hepatocytes. Only back-
ground level of grains was seen in other parts of

Table 1. The degree of in situ labelling for TTR-mRNA and of TTR immunoreactivity (IR) in different organs from the five

human fetuses at mid-term (1620 weeks)?

Choroid plexus liver hepatocytes  pancreas A-cells gut endocrine cells  kidney tubular cells
epithelial cells

TTR-mRNA +4 4+ + ++ - ~

TTR-IR + 4+t +/— +4+++ +++/— ++/—

® + 4 4+ + very strong, + + + strong, + + moderate, + weak, — negative
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Fig. 1. In situ demonstration of TTR-mRNA in the primitive
choroid plexus of the human fetal brain (lateral ventricle) at
8 weeks of gestation. A 33S-labelled, single-stranded anti-sense
RNA probe was hybridized to a section (4 pm) from a formal-
dehyde-fixed and paraffin-embedded specimen. Note the in-
tense labelling of the epithelial cells (300 x )

the body including the pancreas, gut, kidney and
heart. The sections did not, however, include the
yolk sac.

All fetuses at mid-term (Table 1) also demon-
strated an intense specific labelling for TTR-
mRNA in the epithelial cells of the choroid plexus
and a weak specific labelling in almost all hepato-
cytes. Only background grains were observed in
the brain adjacent to the choroid plexus and in
the hematopoietic cells of the liver. In addition
to the findings in the 8 week fetus, all mid-term
fetuses exhibited TTR-mRNA in pancreatic endo-
crine cells (mainly A-cells, see below) (Fig. 2a) and
the intensity of labelling per A-cell was found to
be intermediate between that of choroid plexus epi-
thelial cells and hepatocytes (Table I). No specific
signal could be detected in the different parts of
the gut nor in the kidney, adrenal, spleen, thyroid,
lung, thymus and heart. In 2 of the 5 mid-term
fetuses, a few cells of tissue macrophage appear-
ance in the spleen, thymus and small bowel were
labelled both by the sense and the anti-sense probe,
hence the labelling was considered non-specific.

Indirect immunofluorescence or immunoperox-
idase techniques, to determine the localization of
the TTR protein, were applied to frozen or depar-
affinized sections, respectively. Both techniques
were found to be cqually sensitive in localizing
TTR.

The 8 week fetus demonstrated strong TTR-IR
in the epithelial cells of the developing choroid
plexus, whereas hepatocytes were only weakly
TTR immunoreactive. TTR-IR of moderate degree
was also seen in tubular epithelial cells of the devel-
oping kidney, despite the fact that this organ was
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Fig. 2. In situ demonstration of TTR-mRNA and of TTR im-
munoreactivity (TTR-IR) in the human fetal pancreas at mid-
term. Consecutive sections (4 um) from a formaldehyde-fixed
and paraffin-embedded specimen showing that both the specific
labelling of TTR-mRNA a and the TTR-IR b are confined
to islet(A)-cells. a In situ hybridization with a 3°S-labelled, sin-
gle-stranded anti-sense RNA probe. b Immunostaining with
a monoclonal antibody to TTR followed by a peroxidase-conju-
gated antibody to mouse IgG and diaminobenzidine as the
chromogen (300 x )

negative for TTR-mRNA as judged by the in situ
method. No TTR immunoreactive cells were found
in the pancreas, gut or heart.

All mid-term fetuses (Table 1) demonstrated
strong TTR-IR in the epithelial cells of the choroid
plexus, whereas adjacent parts of the brain were
TTR-negative. Hepatocytes were TTR immunore-
active in only 3 of the 5 cases and then to a slight
degree. A strong TTR-IR, comparable to that of
choroid plexus epithelial cells, was seen in pancre-
atic islet cells (Fig. 2b) as well as in a few single
cells and small cell clusters dispersed in the exoc-
rine parenchyma. These TTR positive cells of the
pancreas have previously been shown to represent
glucagon-containing A-cells (Gray etal. 1985).
Comparison of paired serial deparaffinized sec-
tions showed coexistence of TTR-mRNA and its
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corresponding protein in these A-cells (Fig. 2). De-
spite there being no evidence for TTR-mRNA in
the gut and kidney, some mid-term fetuses demon-
strated a few TTR immunoreactive cells of endo-
crine type in the gastric (1 of the 5 fetuses), duode-
nal (2/5), jejunal (3/5) and the ileal (1/5) mucosa
as well as TTR-IR in epithelial cells of the renal
proximal convoluted tubules (2/5). No TTR posi-
tive cells were observed in sections from the oeso-
phagus, colon, adrenal, spleen, thyroid, lung, thy-
mus or heart. TTR-IR was, however, seen in serum
inside blood vessels and, in some specimens, also
in interstitial fluid.

Discussion

The present data clearly indicate TTR synthesis
in the primitive choroid plexus and liver as early
as the 8™ week of gestation. The data also indicate
TTR synthesis in the choroid plexus and liver as
well as in the pancreas of the human fetus at mid-
term. Although not included in the present study,
the yolk sac is a further site for TTR synthesis
in the early stages of fetal development (Gitlin and
Gitlin 1975; Soprano et al. 1986).

The choroid plexus epithelial cells demon-
strated intense labelling for TTR-mRNA as well
as strong TTR-IR. This was in contrast to hepato-
cytes, which showed weak labelling for TTR-
mRNA and weak or non-demonstrable TTR-IR.
This relationship between the two cell types (TTR-
mRNA and TTR in choroid plexus epithelial cells
> TTR-mRNA and TTR in hepatocytes) remained
the same throughout the human gestational weeks
8-20 and a similar relationship between the corre-
sponding cell types has previously been observed
in adult humans (Jacobsson 1989a). The result ob-
tained for the human choroid plexus and liver are
in agreement with findings in the rat (Thomas et al.
1988; Fung etal. 1988) and mouse (Wakasugi
et al. 1986; Murakami et al. 1987) — the animal
models mainly used in TTR studies.

The present data also clearly indicate that TTR
synthesis occurs in the human fetal endocrine pan-
creas although it begins at a later stage in fetal
development than in the choroid plexus and liver.

Gray et al. (1985) have previously shown TTR-
IR in the secretory granules of the pancreatic A-
cells, thus suggesting TTR synthesis. The present
demonstration of TTR-mRNA in these cells pro-
vides proof of such synthesis. In a similar manner
the A-cells of adult human pancreas have also been
shown to synthesize TTR (Jacobsson 1989a). It
is notable that the presence of TTR-mRNA in the
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endocrine pancreas has not previously been re-
ported in the rat (Soprano et al. 1985) nor in the
mouse (Murakami et al. 1987).

The presence of TTR-IR in endocrine cells of
the gut as well as in renal tubular epithelial cells
are in agreement with results obtained in previous
human studies (Jornvall et al. 1981; Gray et al.
1985). The failure to detect TTR-mRNA in these
cells could be due to the in situ method not being
sufficiently sensitive to detect very small amounts
of TTR-mRNA per cell. This hypothesis is sup-
ported by the findings in the mouse, which showed
the presence of TTR-mRNA by blotting analysis
of renal tissue homogenates (Wakasugi et al.
1986), whereas no specific signal for TTR-mRNA
was obtained in kidney sections by in situ hybrid-
ization (Murakami et al. 1987). Gray et al. (1985),
on the other hand, have shown that the TTR-IR
in renal tubular epithelial cells is located in large,
polymorphic vacuoles in the cytoplasm at the EM
level and these vacuoles are thought to contain
protein reabsorbed from the tubular lumen. Fur-
ther studies are thus required to demonstrate TTR
synthesis in the human gut and kidney.

During the preparation of this manuscript, evi-
dence for TTR synthesis in the adult rat and bo-
vine eye was reported (Martone et al. 1988). Al-
though the eyes of the mid-term fetuses were not
included in the present study, neither TTR-mRNA
nor TTR could be detected in the eye of the 8 week
fetus.

The TTR synthesized by the liver has an impor-
tant role in the transport and distribution of thy-
roxine and retinol. The TTR derived from the cho-
roid plexus seems to be mainly involved in the
transfer of thyroxine from the bloodstream to the
cerebrospinal fluid and in the distribution of thy-
roxine to the brain (Dickson et al. 1987). The TTR
derived from the yolk sac may be involved in the
transfer of thyroxine and retinol from the maternal
blood supply to the fetus in the early stages of
development (Soprano et al. 1986). The functional
role for the TTR synthesized by the endocrine pan-
creas is presently unknown. A relationship to gas-
tro-intestinal prohormones has been suggested
(Jornvall et al. 1981) and a thymic hormone-like
activity intrinsic to the TTR molecule has recently
been demonstrated (Burton et al. 1987). TTR may
also have a role in the packaging and sorting of
regulatory peptides and/or of biogenic amines or
function as a carrier for such substances. Studies
along these lines are in progress.

In summary, evidence for TTR synthesis in the
human fetal choroid plexus, liver and endocrine
pancreas has been presented. However, further stu-
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dies are needed to show that TTR synthesis occurs
in the human gut and kidney.

Acknowledgements. Professor DeWitt S. Goodman is gratefully
acknowledged for supplying the TTR probe. I wish to thank
Drs. V. Peter Collins and Anders Carlstrém for helpful com-
ments on the manuscript and for valuable support. 1 thank
Helen Lundborg and Annika Pousette for technical assistance.
The investigation was supported by grants from the Swedish
Medical Research Council, project 03X-6231.

References

Blake CCF, Geisow JJ, Oatley SJ, Rerat B, Rerat C (1978)
Structure of prealbumin: secondary, tertiary and quartern-
ary interactions determined by Fourier refinement at 1.8 A.
J Mol Biol 121:339-356

Burton PM, Horner BL, Jones GH, Lin T, Nestor JJ Jr, New-
man SR, Parks TL, Smith AJ, White A (1987) Immuno-
enhancing activity of the amino-terminal domain of preal-
bumin: isolation, characterisation and synthesis. Int J Im-
munopharmacol 9:297-305

Collins VP, Jacobsson B, Pettersson T, Carlstrom A (1986)
Monoclonal antibodies to transthyretin. Scand J Clin Lab
Invest 46:761-769

Cornwell GG, Sletten K, Olofsson BO, Johansson B, Wester-
mark P (1987) Prealbumin: its association with amyloid.
J Clin Pathol 40:226-231

Cox KH, DeLeon DV, Angerer LM, Angerer RC (1984) Detec-
tion of mRNAs in sea urchin embryos by in situ hybridiza-
tion using asymmetric RNA probes. Dev Biol 101:485-502

Dickson PW, Aldred AR, Marley PD, Bannister D, Schreiber
G (1986) Rat choroid plexus specializes in the synthesis
and the secretion of transthyretin (prealbumin). J Biol Chem
261:3475-3478

Dickson PW, Aldred AR, Menting JGT, Marley PD, Sawyer
WH, Schreiber G (1987) Thyroxine transport in choroid
plexus. J Biol Chem 262:13907-13915

Dussault JH, Ruel J (1987) Thyroid hormones and brain deve-
lopement. Annu Rev Physiol 49:321-334

Felding P, Fex G (1982) Cellular origins of prealbumin in the
rat. Biochim Biophys Acta 716:446-449

Fung WP, Thomas T, Dickson PW, Aldred AR, Milland J,
Dziadek M, Power B, Hudson P, Schreiber G (1988) Struc-
ture and expression of the rat transthyretin (prealbumin)
gene. J Biol Chem 263:480-488

Gitlin D, Gitlin JD (1975) Fetal and neonatal development
of human plasma proteins. In: Putnam FW (ed) The Plasma
Proteins, vol. II, 2nd ed. Academic Press, New York,
pp 264-317

Goodman DS (1976) Retinol-binding protein, prealbumin and
vitamin A transport. IN: Jamieson GA, Grenwalt TJ (eds)
Trace components of plasma: isolation and clinical signifi-
cance. AR Liss, New York, pp 313-330

Gray HDA, Gray ES, Horne CHW (1985) Sites of prealbumin
production in the human fetus using the indirect immuno-
peroxidase technique. Virchows Arch [A] 406:463-473

Hayashi S, Gillam IC, Delaney AD, Tener GM (1978) Acetyla-
tion of chromosome squashes of Drosophila melanogaster
decreases the background in autoradiographs from hybrid-
ization with !?5I-labeled RNA. J Histochem Cytochem
26:677-679

263

Herbert J, Wilcox JN, Pham KTC, Fremeau RT, Zeviani M,
Dwork A, Soprano DR, Macover A, Goodman DS, Zim-
merman EA, Roberts JL, Schon EA (1986) Transthyretin:
A choroid plexus-specific transport protein in human brain.
Neurology 36:900-911

Jacobsen M, Jacobsen GK, Clausen PP, Saunders NR, Mdll-
gird K (1982) Intracellular plasma proteins in human fetal
choroid plexus during development II. The distribution of
prealbumin, albumin, alpha-fetoprotein, transferrin, IgG,
IgA, IgM, and alpha l-antitrypsin. Dev Brain Res 3:251—
262

Jacobsson B (1989a) In situ localization of transthyretin-
mRNA in the adult human liver, choroid plexus and pancre-
atic islets and in endocrine tumours of the pancreas and
gut. J Histochem 91:299-304

Jacobsson B, Carlstrom A, Collins VP, Grimelius L (1989b)
Transthyretin in endocrine pancreatic tumours. Am J Pathol
134:465-471

Jacobsson B, Collins VP, Grimelius L, Pettersson T, Sandstedt
B, Carlstrom A (1989c¢) Transthyretin immunoreactivity in
human and porcine liver, choroid plexus and pancreatic
islets. J Histochem Cytochem 37:31-37

Jornvall H, Carlstrom A, Pettersson T, Jacobsson B, Persson
M, Mutt V (1981) Structural homologies between prealbu-
min, gastrointestinal prohormones and other proteins. Na-
ture 291:261-263

Kanda Y, Goodman DS, Canfield RE, Morgan FJ (1974) The
amino acid sequence of human plasma prealbumin. J Biol
Chem 249:6796-6805

Martone RL, Herbert J, Dwork A, Schon EA (1988) Transthyr-
etin is synthesized in the mammalian eye. Biochem Biophys
Res Commun 151:905-912

Murakami T, Yasuda Y, Mita S, Maeda S, Shimada K, Fuji-
moto T, Araki S (1987) Prealbumin gene expression during
mouse development studied by in situ hybridization. Cell
Differ 22:1-10

Robbins J, Bartalena L (1986) Plasma transport of thyroid hor-
mones. In: Henneman G (ed) Thyroid hormone metabo-
lism. Marcel Decker, New York, pp 3-38

Soprano DR, Herbert J, Soprano KJ, Schon EA, Goodman
DS (1985) Demonstration of transthyretin mRNA in the
brain and other extrahepatic tissues in the rat. J Biol Chem
260:11793-11798

Soprano DR, Soprano KJ, Goodman DS (1986) Retinol-bind-
ing protein and transthyretin mRNA levels in visceral yolk
sac and liver during fetal development in the rat. Proc Natl
Acad Sci [USA] 83:7330-7334

Thomas T, Power B, Hudson P, Schreiber G, Dziadek M (1988)
The expression of transthyretin mRNA in the developing
rat brain. Dev Biol 128:415-427

Wakasugi S, Maeda S, Shimada K (1986) Structure and expres-
sion of the mouse prealbumin gene. J Biochem 100:49-58

Wallace MR, Naylor SL, Kluve-Beckerman B, Long GL,
McDonald L, Shows TB, Benson MD (1985) Localization
of the human prealbumin gene to chromosome 18. Biochem
Biophys Res Commun 129:753-758

Wilson JG, Roth CB, Warkang J (1953) An analysis of the
syndrome of malformations induced by maternal vitamin
A deficiency. Effects of restoration of vitamin A at various
times during gestation. Am J Anat 92:189-201

Received January 13, 1989 / Accepted March 13, 1989



