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While it is increasingly evident that 

many hormones act at the cellular level 
in producing peripheral effects, the sub- 
cellular sites that are involved require 
identification and the responsible mech- 
anisms elucidation. In pursuing our 
earlier findings of the end-organ action 
of thyroid hormones on human leuko- 

cytes in vitro (1), we thought that cul- 
tured mammalian cells would be a par- 
ticularly suitable test system. Although 
tissue-culture studies that deal with the 
mode of action of thyroid hormones 
were conducted from inception of the 
technique until three decades ago (2), 
no such applications appear to have 
been made of modern monolayer cell 
cultures. We found that several cul- 
tured mammalian cell lines simulate in 
vivo behavior in their response to 
pathophysiological concentrations (1.78 
X 10-5M to 1.78 X 10-7M) of thy- 
roid hormones, and we inferred that 
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these effects involved modifications in 

protein and nucleic acid metabolism, 
with the nucleus participating as an 
initial locus (3). Studies were under- 
taken with the antibiotics puromycin 
and actinomycin D and with I125-L- 

thyroxine to characterize these actions 
more precisely. 

Human kidney epithelial cells (T-l) 
(4) were grown in a water-saturated 
mixture of CO2 (5 percent) and air 
(95 percent) at 37?C in Eagle's mini- 
mum essential medium (5) supple- 
mented with 10 percent fetal bovine 
serum. Plating efficiency (PE) was de- 
termined by seeding 300 cells, in the 
logarithmic phase of growth, that had 
been dispersed with trypsin into 100- 
mm plastic petri dishes; after 2 weeks 
of incubation the colonies that were 
made visible by staining with methylene 
blue were scored. As has been reported 
(3), the PE for this cell line, which 
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ranged between 40 and 70 percent, 
could be enhanced substantially by ad- 
dition of thyroid hormones L-thyroxine 
(T4) or 3,5,3'-L-triiodothyronine (T3). 
The modifications in PE produced by 
either puromycin or actinomycin in 
hormone-treated and untreated cells 
were compared. Exposure of the ex- 
perimental cells to either antibiotic was 
started 1 week after seeding to permit 
unimpaired establishment of colonies. 

Suppression of colony-formation by 
puromycin depends not only upon 
concentration of the antibiotic and the 
duration of exposure but also upon the 
presence and titer of thyroid hormones. 
Treatment for 2 to 4 hours with con- 
centrations of puromycin below or 

equal to 2.5 j/g/ml produced no inhi- 
bition of PE. When 5 ptg/ml of puro- 
mycin was used PE was depressed al- 
most linearly with duration of exposure 
from the 4th to the 15th hour, reach- 
ing zero by 24 hours (Fig. 1). For 
hormone-treated cells, however, there 
was a marked inactivation of the effect 
of puromycin on PE. Thus, the PE for 
cells incubated in 4.45 X 10-6M of T4 
and exposed to 5 tg/ml of the anti- 
biotic for 9 hours was 37 percent 
greater than for cells grown without 
hormone; extending the exposure to 15 
hours resulted in a relative rise of 67 
percent in PE. Similar reversals of in- 
hibition of colony-formation by puro- 
mycin occurred with other concentra- 
tions of hormone; moreover, these ef- 
fects were independent of the sequence 
in which hormone land antibiotic were 
introduced. 

Formation of colonies was obliterat- 
ed by immersing the cells in concen- 
trations of puromycin exceeding 0.5 

ptg/ml during the entire 2nd week. For 
this period of exposure, 0.25 f/g/ml of 
puromycin caused a fall in PE to 16 
percent from 75.5 percent for the con- 
trols, but the addition of 1.78 X 
10-7M of T3 produced twice as many 
colonies (PE, 37.6 percent). Figure 2 
illustrates the variation of PE with the 
concentration of T3 for cells grown in 
0.15 -tg/ml of puromycin. 

Such reversal by thyroid hormones 
could not be demonstrated for cells 
treated with actinomycin. No colonies 
developed from cells incubated for the 
entire 2nd week in 0.005 to 0.5 Kug/ml 
of this antibiotic. The formation of col- 
onies began between 0.005 and 0.0005 
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Interactions in Cultured Cells 

Abstract. Both actinomycin D and puromycin suppress the formation of 
colonies by cultured human kidney epithelial cells (T-I), but inactivation by 
puromycin is partially reversed with thyroid hormones. Uptake by the cells of 
L-thyroxine labeled with iodine-125, 60 to 80 percent of which is nuclear, is 

depressed by actinomycin and enhanced by puromycin. Genome and possibly 
nuclear membrane are implicated as initiating loci. 
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Fig. 1. Effect of 4.45 X 10-?M of L-thyrox- 
ine (T4) on T-l cells exposed to puro- 
mycin (5 Aug/ml). Points plotted represent 
the means of triplicate dishes with stand- 
ard deviation indicated by the length of 
the bars. 

suited in no alteration in colony 
development due to the presence of 
hormones. 

Radioautographic studies of the dis- 
tribution pattern of 1125-L-thyroxine (6) 
together with modifications produced 
by the antibiotics we used implicate 
the nucleus as a center for hormonal 
localization and action. For the prep- 
aration of radioautographs, microscope 

40 

slides were placed in petri dishes over- 
grown by 2 X 105 cells for 2 to 3 days 
before labeling, and then dipped into 
melted Kodak NTB-2 emulsion. Iodine- 
125 (half-life, 60 days) is effectively a 
weak beta emitter (7), hence radio- 
autographs can be obtained that have 
resolutions similar to those attainable 
with H3. In four such studies, 60 to 80 
percent of the photographic grains over 
cells were associated with nuclei. 
Iodine-125 was frequently localized in 
the perinuclear zone; nucleoli were not 
appreciably tagged (Fig. 3a). Pretreat- 
ment with puromycin elicited significant 
enhancement of 1125 uptake throughout 
the cell, with perinuclear labeling again 
noted. Exposure to actinomycin greatly 
depressed radioiodine uptake, particu- 
larly by the nucleus (Fig. 3b). For the 
study illustrated, radioautographs as- 
sayed after treatment with 0.05 Itg/ml 
of actinomycin for 8 hours yielded a 
mean grain count per cell of 4.1 com- 
pared with 10.3 for the controls; the 
corresponding grain count per nucleus 
was 1.2 and 7.2, respectively. After ex- 
posure to puromycin (5 gxg/ml for 8 
hours) the uptake results were 12.7 
grains per cell and 8.7 grains per nu- 
cleus. These figures, corrected for back- 
ground, were derived from scoring 50 
cells on each duplicate slide. 

Our experiments with cultured cells, 
together with those reported previously, 
imply interactions at several subcellu- 
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Fig. 2. Variation of plating efficiency with concentration of L-triiodothyronine (T3) 
for T-1 cells exposed to 0.15 ,ug/ml of puromycin for the entire 2nd week after seeding. 
Each point is the mean of triplicate dishes; length of bars indicates standard deviation. 
The point labeled "control" designates plating efficiency for puromycin-exposed cells 
not treated with T3. 
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lar levels. After exposure to labeled 
thyroxine, uptake by nuclei of I125 is 
correlated with colony development. 
Plating efficiency, a parameter for ex- 

pressing colony-formation, has proved 
to be highly specific and sensitive to 
thyroid hormonal activity (3). Unlike 
the effects of puromycin, nuclear up- 
take of I125 and PE are both pro- 
foundly and irreversibly depressed by 
actinomycin. Since actinomycin pre- 
sumably interferes with the template 
function requisite for synthesis of mes- 
senger RNA by inhibiting DNA-de- 
pendent polymerase (8), it seems plausi- 
ble to assume that ithe tagged hormone 
interacts, as the radio autographs sug- 
gest, with either the genome or the 
nuclear membrane, or with both. On 
the other hand, the block in colony- 
formation produced by puromycin can 
be partially overcome by thyroid hor- 
mones. Although puromycin impairs 
incorporation of amino acids into pro- 
tein at the level of the ribosome (9), 
it is unsettled whether the hormones 
effect reversal directly or through the 
nucleus. Exposure to puromycin prior 
to labeling with I125-L-thyroxine actu- 

ally augments radioiodine uptake, so 
that a feedback mechanism may be 

operative. Additional experiments are 

required, however, with other tagged 
compounds and analogs to establish 
these views more firmly. The thyroid- 
puromycin antagonism has an interest- 

ing in vivo counterpart in the observa- 
tion made by Weiss and Sokoloff of 
the reversal, produced with puromycin, 
of the hypermetabolism induced by 
thyroxine in rats (10). 

Among these several participating 
loci, evidence does exist for favoring 
the nucleus as the initial site of hor- 
monal action (3). Thus, prior pro- 
tracted exposure to thyroid hormones 

promoted RNA and protein synthesis 
in these cells, which was demonstrable 
by radioautography after the cells were 
labeled with tritiated precursors. How- 
ever, the increased production of nu- 
clear RNA, particularly that associating 
with nucleoli, was manifested within 
minutes in contrast to hours required 
for the enhancement of incorporation 
of amino acids. A related structural 

sequela, the appearance of supernumer- 
ary nucleoli, whose frequency distribu- 
tion was dependent on the dose, was 
observed within several hours of hor- 
mone introduction. Unpublished deter- 
minations of the duration of latency for 
several cellular responses to thyroid 
hormones, including 'enhancement of 

protein synthesis, revealed that the rise 
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Fig. 3. Radioautographs of T-1 cells la- 
beled with I'2"-L-thyroxine (2 uAc/ml) for 
30 minutes and exposed for 3 days (X 
900). (a) Cells pretreated 30 minutes 
with 4.45 X 10-M of L-thyroxine. Note 
high localization 'by nuclei, especially by 
perinuclear zone. (b) Cells pretreated with 
actinomycin D (0.05 ug/ml) for 8 hours. 
Virtually no grains appear over nuclei. 

in production of nuclear RNA was the 
first evoked in this way and was detect- 
able after treating for a fraction of an 
hour. These findings are consonant with 
those of Widnell and Tata (11), which 
indicate that exogenous thyroid hor- 
mones in vivo affected RNA polymer- 
ase activity prior to the augmentation 
of protein synthesis. Nevertheless, the 
possibility of direct action by these hor- 
mones on protein production indepen- 
dent of RNA messenger intervention 
must be entertained, especially in view 
of such findings with cell-free rat liver 
preparations made by Sokoloff, Francis, 
and Campbell (12), who used 6.5 X 
10-'M to 6.5 X 10-4M L-thyroxine. 
Since these superphysiological and toxic 
concentrations of thyroxine were inef- 
fective or inhibitory in influencing 
proliferation and plating efficiency of 
T-1 cells (3), the relation of their ob- 
servations to in vivo response patterns 
should be explored further. Similar res- 
ervations may hold for the more recent 
studies of the inability of L-thyroxine 
to alter the DNA melting profile (13). 

The loci within peripheral cells which 
concentrate thyroid hormones have not 

12 AUGUST 1966 

Fig. 3. Radioautographs of T-1 cells la- 
beled with I'2"-L-thyroxine (2 uAc/ml) for 
30 minutes and exposed for 3 days (X 
900). (a) Cells pretreated 30 minutes 
with 4.45 X 10-M of L-thyroxine. Note 
high localization 'by nuclei, especially by 
perinuclear zone. (b) Cells pretreated with 
actinomycin D (0.05 ug/ml) for 8 hours. 
Virtually no grains appear over nuclei. 

in production of nuclear RNA was the 
first evoked in this way and was detect- 
able after treating for a fraction of an 
hour. These findings are consonant with 
those of Widnell and Tata (11), which 
indicate that exogenous thyroid hor- 
mones in vivo affected RNA polymer- 
ase activity prior to the augmentation 
of protein synthesis. Nevertheless, the 
possibility of direct action by these hor- 
mones on protein production indepen- 
dent of RNA messenger intervention 
must be entertained, especially in view 
of such findings with cell-free rat liver 
preparations made by Sokoloff, Francis, 
and Campbell (12), who used 6.5 X 
10-'M to 6.5 X 10-4M L-thyroxine. 
Since these superphysiological and toxic 
concentrations of thyroxine were inef- 
fective or inhibitory in influencing 
proliferation and plating efficiency of 
T-1 cells (3), the relation of their ob- 
servations to in vivo response patterns 
should be explored further. Similar res- 
ervations may hold for the more recent 
studies of the inability of L-thyroxine 
to alter the DNA melting profile (13). 

The loci within peripheral cells which 
concentrate thyroid hormones have not 

12 AUGUST 1966 

yet been detected, despite intensive 
search. In a detailed and painstaking 
study, Tata, Ernster, and Suranyi (14) 
determined the subcellular distribution 
in liver and skeletal muscle of endog- 
enously labeled thyroid hormone as 
well as of I13l-labeled T4 and T3 added 
to tissue homogenates; no specific sub- 
cellular sites of localization were found. 
It would seem that hunting with radio- 
autography for such centers has the 
overriding merit of analysis being con- 
ducted on intact cells, particularly 
when coupled to a cultured homogene- 
ous population capable of hormonal 

response. 
While it appears that thyroid hor- 

mones mediate their effects by way of 
the nucleus and participating messenger 
RNA, the precise mechanism for this 
interaction remains to be established. 
The I125 radioautographs suggest the 

genetic matter and the nuclear envelope 
as possible primary foci of thyroid 
hormonal activity. If the latter is in- 
volved, a conceivable hormonal role 
would be regulation of the transfer of 
synthesized messenger RNA and of its 
precursors across the nuclear-cytoplas- 
mic interface. Interaction of hormone 
and DNA could be the mode by which 
the milieu triggers genetically predeter- 
mined latent behavior and could ac- 
count for the differential specificity of 
cellular response (15). Distinguishing 
among these and other possible mech- 
anisms must await attack by higher res- 
olution techniques, perhaps by electron 
microscope radioautography of these 
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Tetrodotoxin Does Not 
Block Excitation from 
Inside the Nerve Membrane 

Abstract. Tetrodotoxin does not 
block the action potential or mem- 
brane sodium current when internally 
perfused through the giant axon of a 
squid at much higher concentrations 
than those required for blocking by 
external application. It is suggested 
that the gate for the sodium channel 
is located on the exterior surface of 
the axon, because tetrodotoxin is not 
lipid soluble. 

Tetrodotoxin, the active component 
of the puffer fish poison, has now 
become a very popular and important 
tool for electrophysiological studies of 
excitable tissues. This is primarily be- 
cause o,f its unique ability, at very 
low concentrations, to selectively block 
the voltage-dependent mechanism for 
increase in sodium conductance, the 
mechanism that is responsible for the 
excitation in axons. The action is quite 
distinct from that of procaine or co- 
caine, which block the mechanism for 
increase in potassium conductance as 
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