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Abstract. The effect of experimental conditions which alter TSH levels on the number and 
size of the multifollicular thyroid clusters which develop from inoculated monodispersed thyroid 
cells was explored. Five week-old male Fischer rats were used as thyroid cell donors and recipients. 
The recipients were totally thyroidectomized (Tx) 1 week before thyroid cell transplantation 
(group A), hemithyroidectomized (hemi Tx) 1 week before transplantation (group B), or Tx 1 
day before grafting (group C). Additional groups of recipients included intact animals maintained 
on low-iodine diet (LID) (group D), and on normal diet (ND) (group E). The mu,, the number 
of grafted cells required to produce at least one follicular cluster in 50% of the transplant sites, 
was the lowest in group A and the highest in group E. The TSH levels in the serum on the day 
of cell inoculation were highest in group A and lowest in group E. Large follicular clusters tended 
to be more frequent in groups A and C than in group B, but the data were variable; no large 
clusters were found in groups D or E. The TSH levels in groups A and C 28 days after cell 
implantation were higher than in group B. The FDso is thus dependent on the concentration of 
circulating TSH for initiation of follicle formation; large follicular clusters result from continued 
elevation of TSH levels. 

Techniques for the preparation and quan- 
titative transplantation of monodispersed sus- 
pensions of rat mammary (1) and thyroid ep- 
ithelial cells (2-6) have been described pre- 
viously. Normal thyroid follicular units (FU) 
develop when sufficient numbers of viable 
monodispersed rat thyroid cells are inocu- 
lated into the subcutaneous fat pads of his- 
tocompatible recipients. The number of cells 
required for FU formation in 50% of the graft 
sites (FD,,) is less in hypothyroid than in eu- 
thyroid animals (4, 5); in intact recipients the 
FDso depends on donor and recipient age and 
sex (6). FU in thyroidectomized (Tx) animals 
are larger than those in intact animals (4, 5). 
In this study, we investigated the effects of 
experimental manipulations that alter TSH 
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levels on both the number and size of thyroid 
follicle clusters. 

Materials and Methods. Animals and ex- 
perimental groups. Male Fischer rats, 5 weeks 
old on the day of grafting, were used through- 
out. Some intact recipients were fed com- 
mercial rodent chow (ND) and acidified 
deionized water ad libitum. Thyroidecto- 
mized and hemithyroidectomized animals and 
some intact animals were maintained on a 
Remington low-iodine diet (LID) (ICN Nu- 
tritional Biochemicals, Ohio) and deionized 
drinking water supplemented with calcium- 
glucose. All were housed in a temperature- 
and humidity-controlled room with a 12-hr 
light: 12-hr dark cycle. 

The recipients were divided among five 
groups. In one, the rats were totally Tx under 
light ether anesthesia 1 week before thyroid 
cell transplantation (group A); in another, the 
right thyroid lobe only (hemi Tx) was re- 
moved 1 week before grafting (group B); a 
third group was Tx 1 day before m n g  (group 
C). In an additional group, the recipients were 
intact animals maintained on LID from the 
day of grafting (group D); a final group, also 
intact, was fed ND (group E). Extra rats were 
included in groups B and E; these were killed 
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on Day 0 (day of grafting) for determination 
of thyroid lobe weights. Some experimental 
groups were replicated several times. 

Thyroid cell preparation and inoculation. 
Details of the experimental methods have been 
reported (2-5). Briefly, donor thyroid glands 
were dissected free from the trachea, pooled, 
and minced in cold Medium 199. The minced 
tissue was then incubated for 2 hr in 300 U 
collagenase/ml solution (Type 11, Worthing- 
ton Biochemical Co., N.J.) at 37°C followed 
by 1.25% Pronase (Calbiochem-Behring Co., 
Calif.) for 90 min at 4°C and then passed 
through a 53-pm cloth filter to remove cell 
aggregates. A small amount of Deoxyribo- 
nuclease I (Sigma Chemical Co., Mo. ) was 
added to reduce cell clumping. Appropriate 
dilutions of known numbers of cells were pre- 
pared in fresh Medium 199 with the aid of a 
hemocytometer and 400X phase microscope. 
Only nucleated cells with intact plasma mem- 
branes were counted as morphologically “vi- 
able.” Appropriate serial dilutions were then 
prepared in Medium 199 and mixed with an 
equal volume of brain homogenate so that the 
desired number of cells could be injected in 
a volume of 0.06 ml. Each recipient received 
one injection at each of five sites on Day 0, 
one into the interscapular (i.s.) white fat pad 
and two into each of the medioventral and 
laterodorsal inguinal fat pads; all five sites in 
a single recipient were injected with inocula 
from the same cell dilution. Generally, six dif- 
ferent cell dilutions were each injected into 
15 to 24 transplant sites in each experiment. 
Four weeks after cell transplantation, the rats 
were autopsied and their fat pads were re- 
moved for analysis of the graft sites. 

Analysis of thyroid growth. As previously 
described (2-6), the fat pads were fixed in 
Bouin’s solution, stained with hematoxylin, 
cleared, and examined under a dissecting mi- 
croscope for the presence of thyroid follicles. 
Positive transplantation was scored by the 
presence of at least one follicular unit (FU), 
defined as being comprised of two or more 
follicles. The fraction of positive transplant 
sites within each cell dilution group was de- 
termined and the data were fitted with the aid 
of a computer program designed after the ter- 
minal dilution transplantation assay model of 
Porter et al. (3-5). This model states that: 

p =  1 -e-M 

and 
log M = log K + S log 2 

where P is the probability of one or more FU, 
A4 is the average number of clonogens inoc- 
ulated, K is the clonogenic fraction, 2 is the 
number of morphologically viable thyroid cells 
in the inoculum, and S is the slope of the 
linear portion of the cell-dose-FU-response 
relationship. Log K and S were generated from 
the data with a computerized iterative method 
using a maximum likelihood procedure and 
were then used to calculated FDso values, i.e., 
the average number of morphologically viable 
cells required to produce one or more FU in 
50% of the transplant sites. 

In addition, the number of follicular clus- 
ters in each site was recorded and cluster size 
was measured. Follicular clusters greater than 
300 pm in diameter were classed as large; those 
less than 300 pm were classed as small. Sta- 
tistical evaluations of the data were made by 
Student’s t test and analysis of variance. 

Thyrotropin (TSH) determination. TSH 
levels were determined in the sera of animals 
from each experimental group. Two millili- 
ters of blood was collected by retroorbital 
puncture at the time of transplantation and 
from the abdominal aorta before autopsy 4 
weeks after cell transplantation. Animals were 
lightly anesthetized with Ketamine HCl (Ke- 
talar, Parke-Davis, Morris Plains, N.J.), dur- 
ing blood collection. The blood collections 
were made at 9:OO-1O:OO AM because of re- 
ports of a circadian rhythm in serum TSH 
levels (7-9). The samples were centrifuged and 
the serum was removed and stored at -60°C 
until analyzed. TSH concentrations were de- 
termined by double antibody radioimmu- 
noassay, with the materials and procedure 
provided by the Pituitary Hormone Distri- 
bution Program, National Institute of Ar- 
thritis, Kidney and Digestive Diseases. The 
reference hormone preparation used was 
NIAKDD-rat TSH RP- 1. Goat anti-rabbit 
antiserum was purchased from Calbiochem- 
Behring Corporation, La Jolla, California. 

Results. The TSH assay results and thyroid 
lobe weight data indicate the following. In 
group A, TSH titers were elevated sevenfold 
at the time of grafting, and had doubled again 
by the end of the experiment (Table I). The 
FDs0 was the least (Fig. 1) and the number of 
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TABLE I. SINGLE THYROID LOBE WEIGHTS AND TSH TITERS IN THE TREATMENT GROUPS 

Day 0 Day 28 

Thyroid lobe weight TSH Thyroid lobe weight TSH 

Group Treatment (Day)" mg (n)* mg/100 g pg/ml (n)"' mg (n)* mg/100 g pg/ml ( n ) * s d  

A Tx, LID (-7) - - 4.8 f 0.9 (8) - - 11.0 f 1.2 (6) 
B hemi Tx, LID (-7) 6.0 f 0.8 (21) 10.0 f 1.5 1.3 f 0.1 (5) 24.4 f 7.5 (20) 17.8 f 5.4 0.6 f 0.1 (6) 
C Tx, LID (-1) - - 1.6 & 0.7 (5) - - 9.7 f 1.6 (6) 
D LID (0) - - - 12.9 f 3.8 (19) 8.6 * 2.1 0.6 f 0.1 (6) 
E ND 4.4 f 0.7 (19) 4.8 +- 0.6 0.7 f 0.1 (6) 6.0 +- 0.6 (6) 3.6 i 0.3 - 

Tx indicates complete thyroidectomy; hemi Tx indicates unilateral thyroidectomy; LID and ,ND are low-iodine and normal diets, 

* Mean & SD. Numbers in parenthesis indicate number of observations. Note: Differences between thyroid lobe weights of groups 

' A  vs B, C, or E, P < 0.001. B vs E, P < 0.001. C vs E, P < 0.02. 
d A  or C vs B or D, P < 0.001. 

respectively; numbers in parenthesis indicate 7 days before, 1 day before, and day of grafting, respectively. 

B and E (Day 0) and among thyroid lobe weights of groups B, D, and E (Day 28) all significant at P < 0.001. 

follicular clusters the greatest in this group 
(Fig. 2). 

In groups B and C, TSH levels were sig- 
nificantly higher than in intact rats of group 
E at the time of grafting (Table I). The F D 5 0  

values and total number of follicular clusters 
per 1 O00 cells were similar in these two groups; 
the FD5o values were significantly greater and 
the numbers of follicular clusters less than in 
group A (Figs. 1 and 2). In group B, however, 
compensatory hypertrophy of the remaining 
thyroid lobe was evident by the day of graft- 
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FIG. 1. The FDso values following various Tx and diet 
conditions. Vertical lines indicate 95% confidence limits. 
See Table I for treatment regimens. Significant differences 
(P < 0.05): A vs B, C, D, or E; E vs B or C. 

ing. With continued compensatory hypertro- 
phy of the remaining host thyroid tissue, a 
near-euthyroid condition was reestablished, 
as indicated by normal TSH levels at the ter- 
mination of the experiment. In group C, hy- 
pothyroidism became progressively more se- 
vere during the experiment, and final TSH 
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FIG. 2. Effect of Tx and diet on the number of follicular 
clusters per lo00 cells implanted per injection site. Open 
bars: total follicular clusters; hatched bars: large follicular 
clusters; lines: SD. See Table I for treatment regimens. 
Significant differences, total follicular clusters (P < 0.002): 
A vs B, C, D, or E; B or C vs D or E; D vs E. 
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FIG. 3. The correlation of follicular clusters per lo00 
grafted cells with the FDso values. ( r  = -0.95, y = 2.73 
- 0 . 3 8 9 ~ ,  P < 0.01) 

titers were very high (Table I). In groups A, 
B, and C, in contrast to groups D and E, large 
follicular clusters were observed (Fig. 2), but 
there were no statistically demonstrable dif- 
ferences in their numbers among these three 
groups. 

In group D, compensatory thyroid hyper- 
trophy appears to have compensated for the 
reduced iodine of the low iodine diet, and 
final TSH titers were normal (Table I). The 
FD50 value and the number of clusters ob- 
served in the group were not significantly dif- 
ferent from those of the euthyroid group E 
(Figs. 1 and 2). No large follicular clusters 
were observed in either of these two groups. 

Discussion. Mulcahy et al. (4) have pre- 
sented evidence that the proportion of poten- 
tial thyroid clonogens “triggered” to give rise 
to FU after transplantation is dependent on 
the levels of TSH; i.e., the FD5o values in rats 
Tx 1 day before grafting were approximately 
one-eighth those of grafted euthyroid animals. 
The higher FDso values in euthyroid hosts were 
not due to loss of thyroid clonogens from the 
graft site; FD50 values of recipients Tx 1 day 
before grafting, fed a normal iodine diet, and 
autopsied 4 weeks after grafting were insig- 
nificantly different from F D 5 0  values of recip 
ients grafted, TX 4 weeks later, fed a normal 
diet throughout, and autopsied 8 weeks after 
grafting, 4 weeks after Tx (4). Mulcahy et al. 
(4) also presented evidence that the inclusion 
of some dietary iodide is necessary for optimal 
initiation of FU formation. 

This early marked effect of Tx, presumably 
mediated through elevated TSH titers, is on 
the proportion of clonogens triggered to FU 
formation. Once FU development is initiated 
it proceeds similarly in euthyroid and Tx an- 
imals; i. e., the morphology of early individual 
FU development is indistinguishable in the 
presence of normal or elevated TSH levels 
until normal follicles are distinguishable 7 days 
after grafting (3). Thereafter FU morphology 
is again dependent on TSH titers. 

Recently, Watanabe et al. (6) have related 
age- and sex-dependent differences in F D 5 0  
values to published reports of TSH titers. The 
current experiments were designed to further 
test this hypothesis, and to determine the re- 
lationship among the numbers and sizes of 
follicular clusters and F D 5 0  values 4 weeks 
after grafting, and the TSH levels. We con- 
clude (a) that, in accord with Mulcahy et al. 
(3, 4), “triggering” of potential thyroid clon- 
ogens to form FU is directly related to the 
levels of TSH acting over a relatively short 
time span, (b) that the subsequent growth of 
these FU to form large follicular clusters is 
dependent on sustained elevated TSH titers, 
and (c) that the number of follicular clusters 
per lo00 inoculated cells may be a useful in- 
dex of clonogen survival. 

Our current findings are consistent with 
those of Mulcahy et al. (3,4) on triggering of 
potential clonogens, and with results of oth- 
ers. Previous reports show that complete thy- 
roidectomy causes an increase in TSH levels 
within 24 hr, and that this increase is sus- 
tained ( 10- 1 3). Hemithyroidectomy has been 
found to be followed rapidly by compensatory 
hypertrophy of the remaining lobe presum- 
ably under the influence of elevated TSH ti- 
ters; this procedure has been employed to 
measure the capacity of the pituitary gland to 
respond to thyroid hormone deficiency (14). 

Plasma TSH ( 1  5-1 7) and thyroid weight 
(18-20) have both been reported to increase 
in animals on restricted iodine, and TSH 
stimulates proliferation of thyroid epithelium 
in vivo and in vitro (2 1-24). Indeed, the degree 
of increase in both TSH and gland weight has 
been shown to be directly related to the iodine 
content of the specific diet employed (25,26). 

In the current studies, a modest elevation 
in TSH titers in the hemi-Tx group B as com- 
pared to intact group E was apparent on the 
day of grafting, and was reflected in a signif- 
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icantly lower FD50 value, greater number of 
follicular clusters, and the occurrence of large 
follicular clusters. However, by the time of 
autopsy 4 weeks after grafting and 5 weeks 
after hemi-Tx, TSH titers in group B were 
normal. These findings suggest that given an 
adequate bulk of thyroid tissue resulting from 
compensatory hypertrophy under transient 
elevation of TSH, there was adequate iodide 
in the low-iodine diet employed to reestablish 
a balanced pituitary-thyroid axis. 

Mulcahy et al. (4) found that thyroxine lev- 
els did not fall below the normal range in such 
rats until 3-4 weeks afler initiation of a low- 
iodine diet. In the current studies, compen- 
satory thyroid hypertrophy had occurred in 
group D by autopsy 4 weeks after initiation 
of the low-iodine diet. This was presumably 
in response to a transient elevation in TSH 
levels which had returned to normal by the 
time of autopsy, in agreement with the results 
in group B. The elevation in TSH was not 
adequate, however, to significantly decrease 
the FD50 in group D as compared to euthyroid 
group E, but it did significantly increase the 
number of follicular clusters which developed 
from triggered clonogens. 

The inverse relationship between the num- 
ber of follicular clusters per 1000 inoculated 
cells and the FDsO values was found to be 
highly significant (Fig. 3). This suggests that 
these two are parameters of the same phe- 
nomenon, the triggering of potential clono- 
gens to FU formation. Under controlled con- 
ditions, the number of follicular clusters per 
1000 grafted cells might be a useful clonogen 
assay endpoint. 
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