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Abstract Medullary thyroid carcinoma (MTC), a C cell
neoplasm, synthesizes large amounts of calcitonin (CT),
its biological marker. However, in some cases with a
poor prognosis, MTC is associated with low basal CT
levels owing to a decrease in the thyroid CT content. Us-
ing a murine model of human MTC, we studied the rela-
tionships between CT biosynthesis, C cell proliferation,
and the circulating CT level during MTC progression.
Cell proliferation was revealed by autoradiography of ra-
dioactive thymidine incorporation in dividing nuclei, af-
ter CT or CT mRNA detection by immunocytochemistry
(ICC) or in situ hybridization (ISH). All rat thyroids
showed a severe hyperplasia of C cells containing signif-
icant amounts of CT and CT mRNA, and a very low mi-
totic index. Tumours were found in 68% of the thyroids.
In the strongly immunoreactive small nodules (ICC+),
many labelled nuclei were observed. Subsequently some
nodular cells, still containing detectable CT mRNA
(ISH+), were not detected by immunocytochemistry
(ICC-) owing to a dramatic decrease in secretory gran-
ules. Their mitotic index increased, and a rise of the bas-
al CT plasma level was noted. These ISH+, ICC- tumour
MTC cells represent a modified aggressive tumour C cell
population exhibiting an increased ability to proliferate
and were detected by the rise in the basal circulating CT
level.
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Introduction

Human medullary thyroid carcinoma (MTC) [14] is a C
cell neoplasm [29] that occurs in spontaneous or familial
forms that are dominantly inherited, two of them associ-
ated with the development of multiple endocrine neopla-
sia (MEN2 A and B) [24]. The gene for MTC has been
assigned to chromosome 10 [22, 35]. Recently, all these
syndromes have been found to be associated with germ-
line mutations of the RET proto-oncogene [12, 17, 26].
For all forms, several successive histopathological steps
have been described for the human disease [10, 38], re-
sulting in multifocal intrafollicular micronodules whose
growth leads to malignant MTCs. It is thought that the
association of cells in micronodules is often preceded by
a local C cell hyperplasia [39]. These normal and tumour
cells secrete calcitonin (CT), the hypocalcaemic and hy-
pophosphataemic hormone [16] that is the best biologi-
cal marker of MTC development [25]. Plasma CT levels
of suspected patients show an abnormal increase when
measured by radioimmunoassay under basal conditions
[1, 23, 25] and/or after stimulation by calcium or penta-
gastrin [15]. However, though CT is the most reliable
marker of MTC, its levels reflect secretions of both nor-
mal and tumour C cells and do not allow a distinction
between the two. Finally, some MTCs are associated
with low basal CT plasma levels and a low intra-tumour
CT content. These clinical observations are always asso-
ciated with a poor prognosis of the disease [21, 32, 33],
suggesting relationships between modifications of the
hormonal production and increased malignancy of the
tumour.

We have validated the WagRij strain of rat as a good
animal model of human MTC: in the course of ageing,
development of a spontaneous MTC that is morphologi-
cally very similar to the human disease is seen with a
high frequency among these animals [3]. In young
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adults, thyroids display a C cell hyperplasia with vari-
able intracellular immunoreactive CT content [19]. The
thyroid contents of CT and its messenger RNA are high-
er than in the original Wistar strain [8]. Finally, these so
called pretumour features are genetically transmitted [9].
However, no MEN-like association seems to exist,
though other tumours have been described, sometimes
with high frequency (pituitary adenomas, 69% of the
aged females [2]: the Wag/Rij rat could thus be a model
of the third form of familial MTC described by Nelkin et
al. [28]. This form is characterized by a late age of onset,
and lacks association with MEN-like endocrine or neural
lesions. However, unlike this human form of the disease,
RET mutations have not been reported.

We have recently reported that, as for the human dis-
ease, many cells of the largest tumours are negative for
anti-CT antibodies [20]. Therefore, we decided to exam-
ine potential relationships between differentiation and
proliferation of tumour C cells during the successive his-
topathological stages of MTC progression and their ef-
fect on the basal circulating CT levels. The simultaneous
visualization of intracellular CT and of C cell prolifera-
tion was achieved using a two-step technique: the specif-
ic ISH or ICC characterization of MTC cells with a
probe directed against CT, followed, on the same slide,
by the autoradiographic detection of a radioactive thymi-
dine in dividing nuclei.

Materials and methods

Rats were raised under conventional conditions in our laboratory.
The breeding stock was obtained from the TNO Institute (Ri-
jswijk, The Netherlands).

During the past 2 years, 83 rats of both sexes were killed and
their thyroids were examined for CT biosynthesis: 30 were 18
months old and 53 were 24 months old.

Basal CT levels were measured for 67 rats, 30 of which were
18 months old and 37, 24 months old. Blood samples (1 ml) were
obtained by retro-orbital sinus puncture under light ether anaesthe-
sia, collected in heparinized tubes and centrifuged at 4°C, and then
stored at —20°C until assayed. Calcitonin was measured by our
usual procedure [7] using a heterologous assay for human CT
cross-reacting totally with murine CT. In brief, a polyclonal anti-
human-CT serum (As 732) at a final dilution of 1/200,000 was in-
cubated with !25I-labelled hCT in the presence or absence of in-
creasing amounts of synthetic hCT (from 7.8 to 1,000 pg per
tube), or samples (50 pl of unextracted plasma). For plasma sam-
ples, protein effects were matched by the addition of 50 pl per
tube of affinity-stripped control rat plasma. The sensitivity of the
assay amounted to 7-10 pg per tube, corresponding to 100 pg per
ml of plasma. Synthetic human CT was iodinated by the chloram-
ine-T method to a specific activity of 300 Ci/g. Na!25I (17 Ci/ng; 1
Ci=37 1010 Bq) was obtained from Dupont de Nemours-NEN,
France. As 732 was raised in the sheep against the unconjugated
intact synthetic human molecule (As 6732, J.P.Barlet, INRA, The-
ix, France).

Injections of tritiated thymidine were administered to 13 of the
53, 24-month-old rats before sacrifice (I pCi g1, 3.17 Bq mM-1,
NEN Laboratories). Two experiments were performed:

In experiment 1, 5 rats each received one injection of tritiated
thymidine i.p., and all were sacrificed 18 h after the injection.

In experiment 2, 8 rats each received four injections of tritiated
thymidine 1.p./24 h. Animals were sacrificed after lags of 3, 5, 7
and 13 days from the last injection (2 at each time point).

The thyroid glands were removed under a dissecting micro-
scope and processed for histological purposes. They were im-
mersed either in 4% paraformaldehyde in 0.1 M phosphate buffer
at pH 7.4 for 1 day at 4°C (experiment 1), or in Bouin’s fluid for 3
days at 4°C (experiment 2). All the samples were dehydrated and
embedded in paraffin by standard procedures (morphology and
ICC) or as previously reported for comparative ICC and ISH [20].
Serial transverse sections 7 um thick were cut and processed for
routine morphological Mann-Dominici staining (toluidine blue-
Eosin) or for specific peptide and/or mRNA detection, followed by
autoradiography (see below). The absolute number of nuclei per
unit of area (mm?) was calculated on sections stained with tolui-
dine blue.

Specific immunodetection of rat CT was performed using anti-
human calcitonin antibodies and the PAP procedure, as already de-
scribed [37]. The anti-calcitonin antiserum As. 6732 was raised in
the sheep. The specificity of the reaction was tested using normal
sheep serum, or specific antibody saturated with an excess of CT
in the first incubating medium.

In situ hybridization was performed as recently described [20].
The CT probe (+CT 37) was a 37mer oligonucleotide complemen-
tary to exon 4 of the rat calcitonin gene, corresponding to the 2—-14
domain of rat CT amino acid sequence [30]. It was synthesized
and purified by GENSET (France). The probe was labelled at the
3’ end with digoxigenin (d-UTP-dig, Boehringer, France) using
terminal deoxynucleotidyl transferase, according to a protocol al-
ready described [20]. The labelled probe was used without purifi-
cation and could be kept at 4°C for several months.

Autoradiography was performed on the same slides after im-
muno- or hybridocytochemistry. The slides were acetylated,
washed overnight, dehydrated and dipped in NTB2 Kodak nuclear
emulsion diluted 1:1 in distilled water. After a 4-week exposure,
the slides were developed in Kodak D19, 4 min at 20°C, and fixed
for 15 min in a solution of sodium thiosulfate, 30% in distilled wa-
ter. Occasionally, the slides were counterstained with methyl
green.

For electron microscopic observation, the thyroids were per-
fused with isotonic buffer saline (2 min) and fixed by perfusion in
a solution containing 3% glutaraldehyde in O.1 M cacodylate
buffer pH 7.4 (10 min); the lobes were removed under a dissecting
microscope and immersed in the same fixative for 30 min at 4°C.
The samples were postfixed for 2 h in osmium tetraoxide, 1% in
the same buffer, dehydrated and embedded in Epon 812. Sections
70 nm thick were routinely stained with uranyl acetate and lead ci-
trate and examined with a JEOL 100B electron microscope. Con-
trol 1-pm-thick sections were stained with 1% toluidine blue in
borax and observed with light microscopy.

The quantitative analysis of the labelled nuclei was performed
using computerized techniques that are conventional in video mi-
croscopy. The microscopic image was digitalized and saved as a
disk file in the best conditions of illumination and contrast. The
image was then processed using the Optilab V 2.01 computer pro-
gram. The region of interest was delimited under visual control
and the area measured in pixels. The results were converted to
square millimetres after standardization with a Malassez cell. The
number of labelled nuclei was determined on the digitalized image
in the defined region of interest.

All data were subjected to variance analysis, and comparisons
between two means were made using the Dunnet’s #-test. Relations
between two variables were studied using the Snedecor and Coch-
ran correlation test {36].

Results

Principal C cell abnormalities of the old Wag/Rij rat
thyroid: modifications of calcitonin expression.

The histopathological tissue structure was studied in the
83 thyroids removed from rats 18 and 24 months old.



Fig. 1a—¢ Calcitonin (CT) detection by the in situ hybridization
(ISH) method in diffuse and nodular hyperplastic C cells, and in
medullary thyroid carcinoma (MTC) cells. No counterstain, 60. a
General overview of a thyroid lobe of an aged (24-month-old)
Wag/Rij rat. All C cells are specifically detected by the alkaline
phosphatase activity tagged on the anti-digoxigenin antibody. The
right side shows the severe diffuse hyperplasia in the thyroid tis-
sue (Thy). A multifocal nodule is seen on the left side (N). Arrows
focus on hyperplastic thyroid follicles in the course of being in-
cluded in the nodule. b Overview of a medullary carcinoma. All
the MTC cells are detected by ISH using a CT probe. There is no
remnant of thyroid tissue, but thyroid follicles are still apparent in
the middle of large bulks of MTC cells (arrows). ¢ Same tumour,
corresponding area in the adjacent section, examined by ISH using
a CGRP probe. Same staining pattern as above, but the stain is fa-
inter though performed simultaneously under the same condi-
tions

Diffuse C cell hyperplasia

Both lobes of all the thyroids displayed a severe diffuse
hyperplasia, which is regarded as normal in aged rats.
The numerous C cells were located intrafollicularly,
close to the basal lamina, and often organized in a com-
plete peripheral layer. They contained large amounts of
both immunoreactive CT and its messenger RNA
(Figs. 1a, 2a, b).

Tumours

Many (68.7%) of the thyroids also harboured C cell
masses, varying in size between 50 and 5,000 um. All
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Fig. 2a, b Immunoreactivity of two nodules of the same size (700
im maximal diameter). As 6732 and PAP-Nickel procedure, no
counterstain, (x60) a All diffuse and nodular C cells are strongly
immunoreactive. The follicular structure is apparent all over the
nodule. Basal CT level: 200 pg/ml. b As a, except that the immu-
noreactivity of the nodular cells is variable. The centre of the nod-
ule looks completely disorganized, with the follicular structure
confined to the periphery (arrows). Basal CT level: 600 pg/ml

the tumour C cells contained large amounts of CT mR-
NA, which were detected by ISH with a CT probe
(Fig. 1a, b).

In contrast to the homogeneous ISH stain, the ICC
stain was heterogeneous. The immunonegative cells that
we have already described in large MTCs [20] were ob-
served in tumours as small as 300 wm, and their number
increased during tumour development (Fig. 2b). The tu-
mours were thus classified into two groups, nodules and
MTCs, on the basis of both histological criteria and pat-
tern of immunoreactivity after ICC with anti-CT antibod-
ies: (i) In the so-called nodules (42%), the follicular
structure of the thyroid was preserved and the strongly
immunoreactive C cells were still enclosed in the basal
lamina of the thyroid follicle. Most (79%) were smaller
than 400 wm, while the largest had a maximal diameter
of 700 um. (ii) In contrast, MTCs were characterized by
a variable tissue structure: though some immunoreactive
follicles were still present at the periphery of the tumour,
a largely immunonegative centre displayed a disorga-
nized aspect owing to the destruction of the basal lami-
nae and the fusion of the enlarged follicles. The tumour
mass, wrapped in a dense layer of connective tissue, was
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Fig. 3 Fine structure of both
types of tumour cells. General
overview of a tumour area,
achieved by combining four
original micrographs, showing
variable densities of secretory
granules (SG). A cell almost
devoid of this compartment (A)
is surrounded by cells with an
apparently normal endocrine
phenotype (B). However, the
pre-Golgi (RER) and the Golgi
(GA) compartments are con-
spicuous. Routine stain,
x4,000

finally invaded by capillaries. Many (70%) were larger
than 400 um in diameter. The fine structure of the im-
munonegative cells was characterized by a dramatic se-
cretedecrease in the number of secretory granules that
usually store the secreted peptides (Fig. 3), explaining
the loss of CT immunoreactivity.

The frequencies of the abnormalities described above
are reported in Table 1, lines 1 and 2; no sex difference
was noted. In lines 3, 4, and 6 the morphology and the
CT biosynthetic parameters of the hyperplastic, nodular
and MTC cells are summarized.

Effects of the pathological thyroid status on basal CT
plasma levels (Table 1, line 5)

Diffuse hyperplasia (n=23)

The mean value was 647146 pg/ml, which was taken as
the normal value for aged rats.

Immunoreactive nodules (n=22, size range 50-700 um)

The mean value was 466113 pg/ml, not significantly
different from that in hyperplasia. Furthermore, the CT
levels were not correlated with tumour size.

Heterogeneously stained MTCs (n=20, size range
500--5,000 pm)

These were all associated with a rise of basal CT plasma
levels to a mean value of 2,800+652 pg/ml, significantly
different from those in both diffuse hyperplasia and im-
munoreactive nodules (P=0.0001). The basal CT levels
were closely correlated with the size of MTCs (r=0.627,
P=0.003). Furthermore, when only the small MTCs

Table 1 Frequencies, morphology, CT biosynthetic variables and
proliferative ability of the C cell abnormalities of the old Wag/Rij
rat

Hyperplasia Nodules MTCs
Animals 18 m. 37% 53% 10%

24 m. 28% 15% 57%
Tissue structure Diffuse C cell masses

50 to 700 um 300 to 5000 um

ISH + + +
Basal CT Low Low High
plasma levels
ICC + + + -
Mitotic index Low High High High
Mitotic rate Slow Slow Slow Rapid

(<1,500 um) were considered, the mean value
(1,694+513 pg/ml; n=14) remained significantly differ-
ent from that for immunoreactive nodules (466+113
pg/ml; n=22).

Proliferative ability and division rate of hyperplastic
and tumour C cells

C cell differentiation and proliferation were detected
consecutively on the same section. In both experiments,
the diffuse hyperplastic cells displayed only a few heavi-
ly labelled nuclei, preferentially located close to a nodu-
lar area (Fig. 4a). All the nodules, even those that were
small and strongly immunoreactive, showed numerous
directly labelled nuclei (Fig. 4a). This number was obvi-
ously increased in the immunonegative areas of large
MTCs (Fig. 4b).



Fig. 4 a, b Autoradiographic labelling of dividing nuclei. a Over-
view of a thyroid lobe showing diffuse and nodular hyperplastic
cells detected by the immunoperoxidase technique with nickel
omitted, followed by autoradiography. Lag-time 3 days, x150.
Note the heavily labelled nuclei at the periphery of two hyperplas-
tic follicles. Arrows focus on labelled nuclei in the diffuse tissue
located close to the nodule. b Intense proliferation in a large MTC.
The major part of the labelling is located in unstained cells. Same
technique and lag-time as in a, x150

Experiment 1

The 5 rats were sacrificed 18 h after a single injection of
the radioactive tracer; the labelled nuclei underwent only
one mitotic cycle. Five ICC+ tumours and 1 heteroge-
neously stained MTC were available. In immunoreactive
tumours and in the ICC+ areas of the large MTC, the to-
ta] number of labelled nuclei was 5611 mm-2, repre-
senting 1% of total nuclei, with no significant difference
attributable to tumour size. In fact, it was significantly
higher in the ICC~ areas of the large MTC, with 115%1,
mm2 (P<0.01), representing 1.8% of the total nuclei.

Experiment 2

The 8 rats were sacrificed at four different times after the
injections, in an attempt to evaluate the mitotic rate. The
number of mitotic cycles undergone by a given nucleus
since the moment of the last injection was indicated by
its density of labelling : n silver granules after the first
division, n/2 after the second one, and n/4 after the third
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Table 2 Thyroid abnormalities observed after each latency period
in experiment 2

Latency (days)

3 5 7 13
Diagnosis Nodule Carcinoma  Carcinoma Carcinoma
Nodule Carcinoma  Nodule Nodule

Table 3 Number of labelled nuclei per square millimeter in each
mitotic cycle. Comparative values in small immunoreactive tu-
mours (nodules) and in a large heterogencous MTCs

No of Latency
cycle
7 Days 13 Days
Nodule Carcinoma Nodule Carcinoma
nl 58+4 7113 83x13 82+17
n2 69+14 132+13 214 199+44
P=0.01 P<0.01
n3 8+5 47x7 2+2 127+23
P<0.005 P<0.001

one. The n/8 labelling of the 4th division could not be
distinguished from the general background. The histo-
pathological diagnosis for each latency is reported in Ta-
ble 2.

In the smallest nodules observed, which were all to-
tally immunoreactive, the number of labelled nuclei was
high, 13213 (n=4), representing 2.1% of total nuclei. It
was quite stable in the four nodules, though they were
removed at different times after the injections, suggest-
ing that the probability of an immunoreactive cell’s un-
dergoing mitosis is the same however many mitotic cy-
cles it has undergone. The twofold increase compared
with experiment 1 was due to the four injections of the
tracer instead of one.

In larger tumours, strongly and faintly stained areas
were estimated separately (respectively ICC+ and ICC-).
The number of labelled nuclei in ICC+ areas was
147.6+16.0 for two MTCs, which is not significantly dif-
ferent from the estimation made for the nodules de-
scribed above. The number was significantly higher in
the ICC- areas: 396.6+54.7 for 4 MTCs (P<0.05 ;
Fig. 4 b), a value that did not depend on the latency be-
fore sacrifice. It represented a larger fraction of total nu-
clei, 6.3%.

At both 7 and 13 days after injections, a nodule and a
carcinoma were available; the mitotic rates of these
pathological stages were compared by evaluating the
number in each cycle separately. Data are reported in Ta-
ble 3. In both cases, the number of heavily labelled nu-
clei (one mitotic cycle) was roughly identical, confirm-
ing data reported above. However the number of nuclei
that underwent two and, notably, three, cycles were in-
creased in ICC- areas of carcinomas. Therefore, the high
number of labelled nuclei in MTCs was due to a more
rapid rate of division.
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Taken together, these data suggest that [CC+ and ICC-
cells behaved as two homogeneous populations differing
in two negatively correlated variables, the mitotic index
and the immunoreactivity, indicating the importance of
the hormonal storage. They also show that, during MTC
development, the ICC- areas, in which the cells divide
rapidly, should grow more rapidly than areas ICC+, as is
in fact almost always observed in large MTCs.

These results are summarized in Table 1, lines 7 and 8.

Discussion

The three specific stages of MTC progression that we
found in the old Wag/Rij thyroid are remarkably similar
to the histopathological changes occurring in the familial
form of the human disease [10, 38, 39]. All the Wag/Rij
thyroids, both sexes, showed a severe diffuse C cell hy-
perplasia, that can thus be considered as normal for old
rats. Besides diffuse hyperplasia, C cell tumours were
found in 68.7%, a higher frequency than in the two other
strains of rats already studied [11, 13]. However, a sig-
nificant number of the 2-year-old rats did not develop
any tumour, though the whole 3-month-old population
shows the pretumour characters established for the hu-
man MTC [4, 8, 9, 19]. In the human disease, two differ-
ent germline mutations of the proto-oncogene RET have
been found, one associated with MEN2B, and the other
with MEN2A and the familial “"MTC only” [12, 26], both
of which are regarded as predictive of MTC development
in family members at risk. If they exist in the rat model,
our data suggest that these germ-line mutations alone
would not be able to provoke a tumour, though very re-
cently, the altered RET genes have been shown to be
transformant in NIH 3T3 [34]. They also suggest that the
predictive value of the pretumour features, including the
recent genetic markers, might be questionable for this
form of the disease, or that these features might be too
limited in extent.

Data obtained after ISH with a CT probe expand our
previous report [20]. We show here that, in tumours of
all sizes, almost all the cells contained detectable
amounts of CTmRNA. ISH with a CT probe is thus the
most accurate way of detecting a C cell tumour, in rats as
in humans [5]. In contrast, ICC revealed a sub-popula-
tion of tumour cells unstained with anti-CT antibodies.
In the Wag/Rij rat, this loss of hormonal stores occurred
in all the tumours, at any moment of their development.
We have already reported such an alteration of the CT
storage in some diffuse hyperplastic cells during the pre-
tumour period of the young Wag/Rij rat [19]. The same
defect has also been depicted in human MTCs [10] and
in rat [40] and human [28] MTC cell lines. These data
suggest that routine anatomopathological detection of the
tumour by the ISH procedure would be more accurate
than using 1CC, as this procedure detects all MTCs, even
the most aggressive cases.

We show here that the loss of immunoreactivity was
associated with the dramatic decrease of the secretory

granules in which the mature peptides are classically
packaged. The decrease of the granules could be generat-
ed by changes affecting the aggregation of CT in the
trans Golgi network (TGN), including the structure of
the peptide itself [6, 18]; however, neither in vitro nor in
vivo studies revealed any modification in the post-trans-
lational maturation of the CT promolecule. It might bet-
ter be imputed to modifications of the mechanisms of ve-
sicular budding from the TGN [31]: after infection of a
human MTC cell line with the mutated viral small G-
protein v-Ha-ras, the presence of numerous secretory
granules and a slower proliferation have been reported
[27]. Finally, the relative number of immunoreactive
nodules decreased with age, while the number of MTCs
increased. Therefore, this intracellular modification of
the endocrine secretory pathway seems to be a necessary
step in the growth of C cell tumours.

The lack of the post-Golgi compartment of storage
apparently induced an abnormally elevated basal circu-
lating CT level. This rise could thus be considered as a
good marker of dedifferentiation of the tumour cells in
this model. This observation seems in complete disagree-
ment with data reported for patients bearing an immuno-
negative tumour associated with abnormally low basal
CT levels. However, in these human cases, the CT mR-
NA content of the MTC cells has not been investigated,
and thus a lack of expression of the CT gene cannot be
excluded.

Results of a simultaneous study of C cell proliferation
and differentiation suggest that two consecutive events
occur during C cell neoplasia: First, a local rise of the
mitotic index in several immunoreactive C cells repre-
sents the initial, non-inherited stage in the progression
towards medullary carcinoma. It affects differentiated C
cells, excluding a possible stem cell lineage. Second,
there is a loss of CT immunoreactivity, coexisting with a
higher mitotic index in a growing fraction of nodular
cells, principally due to the presence of shorter mitotic
cycles (numerous labelled nuclei, 2nd and 3rd cycles).
Extrapolating this to human MTCs, in which the de-
crease of immunoreactivity has often been associated
with a greater malignancy [21, 32 33], we propose that
analysis of tumours with ICC and ISH procedures could
both warrant the diagnosis of the disease and predict the
growth rate of the nodules.
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