
the samples incubated with the trypsin 
or tyrosinase were assayed on the hemi- 
bladders from the same frogs. The cul- 
ture media from day 28 were pooled, 
and antidiuretic activity was determined 
after incubation with trypsin and tyro- 
sinase as described above. The anti- 
diuretic activity was reduced by trypsin 
and tyrosinase incubation from 18 
/tunit/ml to less than 5 j/unit/ml. The 
culture media from day 33 were also 
pooled, and antidiuretic activity was 
determined after reductive inactivation 
with sodium thioglycollate. Thioglycol- 
late solution in Sorensen's phosphate 
buffer (0.1 ml) was added to 0.9 ml 
of culture media. Controls (0.9 ml) 
were incubated with 0.1 ml of phos- 
phate buffer at the same temperature 
and pH without sodium thioglycollate. 
The antidiure,tic activity of culture 
media incubated with 0.01M and 
0.05M sodium thioglycollate for 3 
hours at pH 7.4 and 37?C was re- 
duced from 20 punit/ml to 8 ljunit/ 
ml and less than 5 tunit/ml, respec- 
tively. Since sodium thioglycollate af- 
fects bladder permeability (11) no 
hydroosmotic reductive inactivation ex- 
periments were performed. Neither in 
the culture media from brain tissue 
of the same fetuses, nor in the con- 
trol media, could antidiuretic or hydro- 
osmotic activities be detected (hydro- 
osmotic activity of < 500 ,uunit/ml 
and antidiuretic < 5 ,unit/ml). Anti- 
diuretic activity was quantified in three 
samples (days 13, 28, and 33); but 
hydroosmotic activity was not estimated 
on the same samples. If we assume 
that the hydroosmotic activity of the 
days 13, 28, and 33 was about 
that measured in the three samples 
shown in Table 1, we estimate the 
ratio of hydroosmotic to antidiuretic 
activity to be 181. This does not dif- 
fer significantly from the activity ratio 
of 195 that we found for synthetic 
AVT by the same assays. The total 
amount of the AVT-like peptide re- 
leased into the culture media during 
38 days (as deduced from the biologi- 
cal activities assayed every 5 days) is 
about ten times greater than the amount 
contained in the nonincubated pineal 
glands of the same age [the hydroos- 
motic activity from the six nonincubated 
glands being equivalent to 2600 ? 825 
(standard error) U.S.P. /aunit per 
gland]. From day 40 onward, both 
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osmotic activities of the culture media 
from pineal glands from human fe- 
tuses, the ratio of these activities as 
well as their susceptibility to tryptic 
digestion, to specific oxidative inactiva- 
tion by tyrosinase, and to reductive 
inactivation by sodium thioglycollate 
indicate the presence of a peptide con- 
taining at least one basic amino acid 
(12), a tyrosine residue (13), and a 
disulfide bond (14). These character- 
istics are consistent with the specific 
pharmacological profile of AVT (15). 
The total amount of the AVT-like pep- 
tide released into the culture media 
during 38 days of incubation is about 
ten times greater than the amount con- 
tained in the nonincubated glands of 
the same age, which suggests that 
pineal ependymal cells can synthesize 
in vi,tro a basic peptide presumably iden- 
tical with AVT. On the other hand, as 
deduced from the ratio of biological 
activities in conjunction with the en- 
zymatic degradation results, there is no 
evidence for the presence of vaso- 
pressin or oxytocin in the culture 
media, suggesting that ependymal cells 
are not able to synthesize the natural 
analogs of AVT. If chemical analysis 
substantiates our results, our study dem- 
onstrates for the first time the biosyn- 
thesis of AVT by secretory specialized 
ependymal cells. If ependymal cell se- 
cretion represents the first and the most 
primitive secretory activity of the brain 
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Thyroid hormones affect the growth, 
development, and metabolism of vir- 
tually all tissues of higher organisms. 
In spite of extensive studies in vivo. 
the mechanism of action of the thyroid 
hormones remains to be defined. Al- 
though studies in vivo are necessary 
in order to evaluate the effects of the 
hormones on the entire organism, an 
in vitro system offers significant advan. 
tages for the study of the action of the 
thyroid hormones at the molecular 
level. 

Investigations in vitro of the mecha- 
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nisms of action of L-thyroxine (T4) 
and L-triiodothyronine (T3) at physio.- 
logical concentrations (1) have not been 
successful. The hormone concentra- 
tions required to induce biological 
effects in subcellular components (such 
as mitochondria) range from 104 to 
106 times greater than physiological 
free hormone concentrations (2). Al- 
though other investigators have used 
cell-culture systems to study the action 
of the thyroid hormones, the cells re- 
sponded only minimally, even at high 
hormone concentrations (3). In addi- 
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Thyroid Hormone Action: A Cell-Culture System 

Responsive to Physiological Concentrations of Thyroid Hormones 

Abstract. Cells from a rat pituitary tumor cell line will respond in vitro to 
physiological concentrations of L-thyroxine and L-triiodothyronine. The cells are 
grown in a culture medium that contains serum from a hypothyroid calf. Dose- 
response relationships of a variety of thyronine derivatives indicate that this sys- 
tem has a specificity of response which is similar to that observed in vitro. 
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tion, when these investigators described 
the hormone concentrations in the cul- 
ture medium, they did not consider 
either the hormone content of 'the serum 
in the medium or the interaction of the 
added hormones with the serum com- 
ponent of the medium (1). 

Both T3 and T4 exist in serum in 
bound and free forms. Only a very 
small fraction exists in the free form 
but it is the free fraction which corre- 
lates best with biological activi,ty (4). 
Theoretical considerations as well as 
experimental studies indicate that as 
the serum is diluted, bound hormone 
dissociates ,to form free hormone and 
the free hormone concentra'tions re- 
main relatively constant in spite of 
serum dilution (5). Therefore, unless 
one determines the concentrations of 
free T4 or T3, the biological effects of 
the thyroid hormones would be ex- 
pected to be correlated with the hor- 
mone concentrations in the serum frac- 
tion of the medium rather than with 
the hormone concentrations in the com- 

A 

Time (hours) 

Fig. 1. Effect of triiodothyronine on (A) 
Cell growth and (B) glucose utilization. 
Each of 24 flasks was inoculated with 
106*cells, and the cells were incubated in 
growth medium for 72 hours. The cells 
were washed with serum-free mediunl and 
were then incubated at 37?C in either 
hypothyroid medium or medium contain- 
ing T3 (5 X l0-'M, in the serum fraction 
of the medium). The cells and mediums 
were harvested at the times indicated. We 
determined in each flask the total cell 
protein and DNA and the amount of glu- 
cose in the medium. Only cell protein is 
illustrated; the ratio of DNA to cell pro- 
tein remained constant. Each point repre- 
sents the average of a pair of flasks and 
the results of each pair agreed within 5 
percent. 
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plete medium. Likewise, at identical 
total hormone concentrations, expressed 
as moles per liter of cell culture me- 
dium, the free hormone concentration 
and the biological effect would be ex- 
pected to be inversely proportional to 
the serum content of the medium. This 
has been demonstrated by Siegel in hu- 
man kidney cells (2). In previous cell 
culture studies commercial preparations 
of serum containing physiological con- 
centrations of T4 and T3 were used 
(1). Therefore, in spite of serum dilu- 
tion in preparing culture mediums, the 
concentrations of free hormones would 
be expected to remain in the physio- 
logic range. Since control cell cultures 
were not depleted of the thyroid hor- 
mones, the regulatory effects of physi- 
ologic concentrations of T3 and T4 
could not be effectively studied. 

We describe the development of a 
cell-culture system in which cellular 
growth and metabolism are regulated 
by physiologic concentrations of T4 and 
T3 as well as by concentrations of T4 
and T3 present in thyroitoxic man. The 
cells are a somato.trophic, rat pitui- 
tary tumor cell line, clone GH1, origi- 
nally derived by Yasumura, Tashjian, 
and Sato (6). Central to our experi- 
mental design was the use of hypo- 
thyroid calf serum obtained from a 
thyroidectomized calf. The hormone 
concentrations in this serum were 
0.8 X 10-9M, (50 ng/100 ml) for T3 
and 3 X 10-9M, (0.233 /cg/100 ml) 
for T4, determined by radioimmuno- 
assay and gas-liquid chromatography, 
respectively (7). In all experiments we 
used Ham's F-10 medium (Gibco) sup- 
plemented to a final concentration of 
10 percent hypothyroid serum (hypo- 
thyroid medium). Because of the con- 
siderations discussed above, we have 
expressed all hormone concentrations 
as those prepared in hypothyroid serum 
prior to the tenfold dilution with me- 
dium. Therefore, execp,t for estimated 
levels of free hormone, the concentra- 
tions are expressed as those in the 
serum fraction of the medium. The 
hormone concentration in the complete 
medium is one-tenth of this value. 

L-Triiodothyronine (T3), L-thyroxine 
(T4), D-triiodothyronine (D-T3), and 
D-thyroxine (D-T4) were obtained 
from Sigma. We investigated the purity 
of these compounds by gas-liquid 
chromatography and by radioimmuno- 
assay (7). Our T4 was contaminated 
by T3 (1.6 percent) and purification 
by chromatography reduced the T3 

contamination to a constant 0.3 per- 
cent (8). The D-T4 was contaminated 
by 7.0 percent D-T3. The 3,3',5'- 
triiodo-DL-thyronine (reverse T3) was 
a gift from Warner Lambert. L-Thyro- 
nine and 3,5-diiodothyronine were ob- 
tained from Sigma. 

The GH1 cells (American Type Cul- 
ture Collection, Rockville, Maryland) 
were grown in 75-cm2 T flasks (Fal- 
con) with Ham's F-10 medium sup- 
plemented with horse serum (15 per- 
cent) and fetal calf serum (2.5 percent) 
(growth medium). In general, the me- 
dium was replaced 'twice weekly and 
the cells were routinely subcultured after 
dispersion with an ethylenediamine- 
tetraacetic acid (EDTA) salt solution 
(9). For growth and metabolic experi- 
ments, the cells were harvested in the 
late stages of exponential growth with 
EDTA salt solution and were inocu- 
lated with growth medium and incu- 
bated in 25-cm2 T flasks or in the wells 
of a micro culture plate (Linbro). The 
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Fig. 2. Relation of glucose utilization to 
(A) hormone concentration (mole/liter 
in the serum fraction) and (B) free hor- 
mone concentration (mole/liter of total 
medium). Cells (2 X 105) were inoculated 
into each chamber of a Linbro culture 
plate. The initial cell density was 1.5 X 
105 cell/cm2. After 3 days of incubation, 
each well was washed with serum-free 
medium and then filled with a medium 
containing a specified concentration of T3 
or T4. The cells were incubated at 37?C 
and samples of the mediums were re- 
moved every 12 hours for 3 days. The 
rates of glucose utilization were deter- 
mined (corrections being made for serial 
media sampling) and found to be linear 
throughout the experiment. Results of 
each duplicate pair agree to within 5 
percent. The results are expressed as mi- 
cromoles of glucose utilized per 24 hours 
per 106 inoculated cells. 
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final monolayer cell density was 40,000 
,to 100,000 cell/cm2. After 24 to 48 
hours at 37?C (95 percent air, 5 percent 
CO,), the medium was aspirated and re- 

placed with serum-free Ham's F-10 me- 
dium. Each culture was incubated at 
37?C for an additional 30 to 60 min- 
utes. The serum-free medium was then 

replaced with hypothyroid medium. In 
some experiments, T3 or T4 was added 
when hypothyroid medium was added. 
In other experiments, the cells were in- 
cubated for 24 to 48 hours with hypo- 
thyroid medium before the addition of 
T3 or T4 in order to produce a "hypo- 
thyroid state" at the beginning of the 

experiment. Cells that were incubated 
with hypothyroid medium alone served 
as controls. 

The concentrations of glucose were 
determined in samples of the medium 

by either a glucose oxidase procedure 
(Worthington) or with o-toluidine re- 

agent (Dow). In some experiments, we 
studied glucose utilization by sampling 
the medium from the same set of 
flasks every 10 to 24 hours. We cal- 
culated the rate of glucose utilization 

by correcting for the volume of the 
medium and for the number of micro- 
moles of glucose removed because of 
the sampling technique. In other ex- 

periments, particularly those which 
were associated with growth studies, we 

prepared a series of flasks and harvested 
the cells and mediums from those flasks 

every 15 to 24 hours for 4 to 6 days; 
we calculated the glucose utilization 
rates from the change in the total of 

glucose in each flask as a function of 
time. 

Cell growth was quantified either by 
cell count with a hemocytometer or by 
determining the amount of cellular 
DNA (10) or cell protein (11). One 
million cells are equivalent to 13 ,ug of 
DNA or 130 tLg of cell protein. Free 
hormone concentrations (12) were de- 
termined by equilibrium dialysis of cell 
culture medium against serum-free me- 
dium at 37?C in a CO., incubator. We 
calculated the free T3 and T4 concen- 
trations by multiplying the percentage 
of unbound hormone by the hormone 
concentration in the serum prior to 
dilution. 

The mean generation time for cells 
incubated with T3 was 39 hours (Fig. 
1), whereas cells incubated with hy- 
pothyroid medium had a mean genera- 
tion time of 120 hours. During the first 
45 hours, the glucose utilization rates 
were linear and three times greater in 
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Table 1. Concentrations of various thyronines 
that induce a half-maximal effect upon glucose 
utilization in GHi cells. As illustrated for T3 
and T4 in Fig. 2, dose-response relation- 
ships were determined for L-thyroninc and 
thyronine derivatives: D-thyroxine (D-r4), n- 
triiodothyronine (D-T3), 3,5-diiodo-DL-thyro- 
nine (T2), and 3,3',5'-triiodo-DL-thyronine 
(reverse T3). The concentrations indica:ed are 
those in the serum fraction of the medium 
which induce a half-maximal effect. The high- 
est concentration studied was 5 X 10-5M. 
Therefore, the values listed for thyronine, T2, 
and reverse T3 are based on the maximal 
effect determined for T3. 

Concentration 
^_Thyroni__ne _(mole/liter) 

T3 6.5 X 10-" 
T4 3.5 X 10-7 
D-T3 6.0 X 10-- 
D-T4 4.0 X 10-6 
T2 2.2 X 10-5 
Reverse T3 1.5 X i0-5 

L-Thyronine 1.7 X 10-5 

the cultures incubated with T3. This 
value was similar to the relative differ- 
ence in the rates of cell growth. At 
longer incubation times, the glucose 
utilization rates become nonlinear. This 

may be due to the fact that glucose util- 
ization reflects processes related both to 
cell growth (13) and to basal meta- 
bolic activity, and, at high cell densi- 
ties, the effect of basal activity becomes 

significan,t. 
Since early glucose utilization rates 

correlate directly with rates of cell 
growth, we have used this parameter 
to determine a dose-response relation- 

ship for T3 and T4 (Fig. 2). The re- 
sults are expressed as micromoles of 
glucose utilized per 24 hours by 106 
inoculated cells during the first 48 
hours of incubation. 

Figure 2 illustrates a dose-response 
curve relating glucose utilization to 
hormone concentration in the serum 
fraction of the medium (Fig. 2a) and 
to free hormone concentration (Fig. 
2b). For T3, the glucose utilization 
rates increase with increasing hormone 
concentrations to a maximal rate of 
2.2 /,umole of glucose utilized within 
24 hours per 10" inoculated cells 
(14). The hormone concentrations in 
the serum fraction of the medium 
which induced a half-maximal ef- 
fect were 6.5 X 10 --M for T3 and 
3.5 X 10-7M for T4. On the basis of 
the free hormnone concentrations, a 
half-maximal response was induced by 
8 X 10-12M T3 and 1 X 10-1(M T4. 
Since T3 is a contaminant of T4 (0.3 
percent), we corrected for the biologi- 

cal activity of the T3. We then esti- 
mated that T4 had 2 percent of the 
intrinsic activity of T3 on the basis of 
the concentrations in the serum frac- 
tion of the medium (Table 1) and 8 

percent of the activity on the basis of 
the free hormone concentrations. In 
contrast, T3 is three to four times as 
active as T4 in stimulating oxygen 
consumption in vivo (15). Recent 
studies indicate, however, that T4 is 
converted to T3 to a significant degree 
in vivo (16) and, therefore, the ex- 
tent of the intrinsic biological activity 
of T4 is not established. The lower 

degree of activity of T4 relative to T3 
in this system compared to activity in 
vivo may be due to a low rate of T4 
to T3 conversion or may reflect low 
intrinsic T4 activity. To differentiate 
between these possibilities, detailed T4 
to T3 conversion rates as well as dose- 

response relationships would have to 
be determined. 

In order to evaluate the specificity 
of the cell culture response and to 
relate the response to thyroid hormone 
effects in vivo, we determined dose- 

response relationships for a variety of 

thyronine derivatives in addition to T3 
and T4 (Table 1). 

Table 1 indicates the concentrations 
of T3 and T4 in the serum fraction 
of the medium which induce a half- 
maximal response as well as the serum 
concentrations of the derivatives D- 

thyroxine (D-T4), D-triiodothyronine 
(D-T3), 3,3',5'-triiodo-D,L-thyronine (re- 
verse-T3), 3,5-diiodothyronine, and L- 

thyronine which induce a half-maximal 

response. On an equimolar basis, D-T3 
has one-tenth of the activity of T3. The 
specific optical rotation for the D-T3 
studied was - 21.6 (National Research 
Council standard L-T3 is + 21.5) (c = 
2 in 1N HCI/EtOH, 1:2). This indi- 
cates that the biological activity of 
D-T3 is likely to be intrinsic and not 
related to T3 contamination. After cor- 
rection for D-T3 contamination (7.0 
percent), D-T4 has approximately 
one-tenth the activity of T4. Reverse 
T3, 3,5-diiodo,thyronine and thyronine 
have less than 0.5 percent the activity 
of T3. This may, however, reflect T3 
contamination. The relative response 
of the GH1 system to the iodothyronine 
derivatives (Table 1) correlates well 
with their observed effects in vivo on 
oxygen consumption and goiter pre- 
vention (15). We have examined sev- 
eral times the response of this cell 
culture system to T3, T4 and to the 
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other thyronines described in this re- 
port. It has remained essentially un- 
changed after more than 1 year of cell 
culture. These cells also continue to 
elaborate growth hormone (18). 

This GH, somatotrophic cell system 
is the first in vitro system which re- 
sponds significantly to T3 and T4 at 
physiological concentrations determined 
in man and other species, as well as 
to concentrations which have been ob- 
served in thyrotoxic man (1, 7, 17). 

Pituitary somatotrophs also appear 
in vivo to be a sensitive target cell 
for thyroid hormone (19). The so- 
matotrophic pituitary population de- 
creases in vivo from 40 percent to less 
than 5 percent of the total cell popula- 
tion in a period of 2 to 3 weeks 
after thyroidectomy (20). Therefore, 
the thyroid hormone regulation of 
growth and metabolism of GH1 cells 
likely reflects its action on. pituitary 
somatotrophs in vivo. 

On the basis of the dose-response 
relationships for T3 and T4 and other 
iodothyronines, the GH1 cell system, 
as described, appears to reflect certain 
of the biological actions of the thyroid 
hormones in vivo and has promise as a 
model system for study of the regula- 
tory effects of physiological concentra- 
tions of thyroid hormone on mamma- 
lian cells. 
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ships or by frequent social interactions 
or social position in the groups (2). 
The animals, weighing 7 to 12 kg, 
were implanted with permanent can- 
nulas placed stereotaxically in the lat- 
eral ventricle (1). After recovery from 
surgery each pair of awake animals 
was injected intraventricularly with 6- 
hydroxydopamine or the carrier (3) as 
follows: 2 mg on the first day, then 4 
mg, 8 mg, 8 mg, and 8 mg at 12-hour 
intervals for a total of 30 mg. On a 
similar schedule 31 mg produced whole 
brain norepinephrine depletions of 69 
percent in the laboratory (1). The ani- 
mals were observed for adequate oral 
intake and general condition. On the 
fourth day after the final injection all 
monkeys were released across the 80- 
acre (- 32-hectare) island from their 
usual territory. They were followed 
and observed for an average of 5 hours 
daily for 10 days from their release. 
An experienced observer who was 
blind to their treatment condition re- 
corded the total time during which 
each individual could be seen, and the 
frequency or duration of major social 
interactions (social grooming, self- 
grooming, threats, attacks, sexual pres- 
entations, copulation) and responses to 
social interactions (4). In addition to 
the four treated and four sham-treated 
animals, three animals who were not 
trapped served as field controls. 

The monkeys tolerated the cannula 
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Behavior of Free-Ranging Macaques after 

Intraventricular 6-Hydroxydopamine 
Abstract. Macaques (Macaca mulatta) observed in a free-ranging colony on 

Guayacan Island, Puerto Rico, were significantly different in their social inter- 
actions, initiatives, facial expressions, and postures after intraventricular 6-hy- 
droxydopamine compared with sham-treated and field controls. This study extends 
the known effects of 6-hydroxcydopamine and catecholamine depletion to the 
social interactions of a higher primate species under free-ranging conditions. 
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