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Abstract. Hyposmolar stimulation of thyroid-stimulating hormone, prolactin, and lutein- 
iring hormone secretion by dispersed perifused rat pituitary cells was not depressed by 
removal of Ca2+ from the perifusion medium or by 0.1 mM colchicine, 20 p M  cytochalasin 
B, 0.1 mM ouabain, or 3 pM tetrodotoxin. The secretory response induced by medium 
hyposmolarity or by thyrotropin-releasing hormone was not appreciably different at 23, 
37, or 43OC, but was markedly reduced or abolished when the experiments were 
performed at 1OC. These data indicate that microtubules or microfilaments, transport of 
extracellular Ca2+ into the cytoplasm, and plasmalemma ion transport mechanisms 
sensitive to ouabain or tetrodotoxin are not essential components of the mechanism by 
which extracellular hyposmolarity induces secretion. [P.S.E.B.M. 1990, Vol 1931 

n studies of the dynamics of in vitro hormone secre- 
tion of dispersed rat adenohypophyseal cells, we I have found that diluting the medium with as little 

as 2% distilled water stimulates secretion of all hor- 
mones we have measured (growth hormone, prolactin, 
thyroid-stimulating hormone, luteinizing hormone, 
adrenocorticotropic hormone) with an immediate se- 
cretory response indistinguishable from that induced 
by specific hypothalamic secretagogue hormones ( 1 ). 
Secretion is proportional to the degree of hyposmolarity 
and is not due to dilution of the medium ingredients 
since no secretion is induced if isosmolarity is main- 
tained by dilution with 5 %  aqueous mannitol. Hyper- 
osmolarity sometimes suppresses basal secretion of hor- 
mone, but return to isosmolarity consistently results in 
a secretory burst indistinguishable from that induced 
by hyposmolarity and which is proportional to the 
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degree of preceding hyperosmolarity (2). The mecha- 
nism of hyposmolar induction of secretion is unknown 
and could be due to a variety of factors. In this study 
we have investigated the role of extracellular calcium 
and the effect of agents which alter ionic flux and 
cytoskeletal integrity. Some of these data have previ- 
ously been reported in preliminary form (3, 4). 

Materials and Methods 
Perifusion of acutely dispersed anterior pituitary 

cells from 2-month-old female Simonsen Sprague-Daw- 
ley rats in unselected stages of the estrous cycle was 
performed in a 0.2-ml column as described previously 
( 5 ) .  An initial equilibration perifusion of Dulbecco’s 
modified Eagle’s medium containing 10% horse serum 
(DMEM; Gibco) alone or containing the drugs tested 
as appropriate was performed for 45 min before the 
start of each experiment. All perifusion media were 
continuously gassed with 95% 0 2 - 5 %  COz beginning 1 
hr before the experiment. Flow rate was 0.5-1 ml/min. 
Fractions were collected at 1 -min intervals. The media 
reservoirs and perifusion chamber were maintained at 
37°C in a water bath. The DMEM was made hypotonic 
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by diluting with the same glass-distilled deionized water 
used to constitute the DMEM. When drugs (e.g., col- 
chicine) were dissolved in the medium, the water used 
to dilute the medium contained the same concentration 
of drug to keep this variable constant. In some experi- 
ments, mannitol was dissolved in the medium to pro- 
duce hyperosmolarity. Osmolarity of the solutions was 
determined by freezing point depression with an Ad- 
vanced Instruments Model 3W Wide Range Osmome- 
ter with a sensitivity and accuracy of 1 mOsm. The 
osmolarity of DMEM was 325 mOsm. Addition of 
distilled water produced a closely proportional reduc- 
tion in osmolarity (e.g.. 50% water added to DMEM 
produced a solution of 163 mOsm, addition of 25% 
water made a solution of 236 mOsm). Addition of 
mannitol to DMEM produced: 0.5% = 349 mOsm; 1 %  
= 379 mOsm; 2% = 433 mOsm: 4% = 547 mOsm. 
Addition of 2% mannitol or 30% water was thus ap- 
proximately equivalent in changing medium osmolarity 
in opposite directions. Toxicity of the hyposmolar so- 
lutions was checked by measuring trypan blue staining 
of the cells after incubation in a 30% hyposmolar 
DMEM solution for various times. Compared with cells 
incubated in isosmolar DMEM for the same time, there 
was no cell death after incubation in hyposmolar me- 
dium for 10 min and only 15% cell death for hypos- 
molar incubation for 1 hr, much longer than we employ 
in any of our experiments. 

Cytochalasin B, ouabain. and colchicine were ob- 
tained from Sigma, tetrodotoxin from CalBiochem. 
Thyroid-stimulating hormone (TSH), prolactin (PRL), 
and luteinizing hormone were measured with rat radio- 
immunoassay kits supplied by the National Hormone 
and Pituitary Program, NIDDK. The stated potency of 
the standards supplied was used in the calculations. All 
samples from each individual experiment were ana- 
lyzed in the same single-point assay to avoid interassay 
variance. Intraassay coefficient of variance was < 10% 
in all assays. In most experiments both TSH and PRL 
were measured in all fractions. In some experiments 
luteinizing hormone was measured. There was no sig- 
nificant difference between the hormones in the secre- 
tory pattern induced by osmolar changes. In experi- 
ments measuring the integrated response to various 
concentrations of agonist, the hormone secreted during 
the 4 min of basal secretion immediately preceding 
perifusion of the agonist were subtracted from the stim- 
ulated secretion during the first 4 min of exposure to 
agonist to give the net secretion due to agonist. All 
experiments were performed at least twice with essen- 
tially identical results each time except for the experi- 
ment with tetrodotoxin, which was performed only 
once. 

Results 
Replicability and Refractory Period of Secretory 

Response to Hyposmolarity. A 1-min exposure to a 

20% reduction in medium osmolarity was repeated four 
consecutive times at progressive intervals of 5, 10, 15, 
and 20 min (Fig. 1). Essentially the same secretory 
response was induced with each exhibition of the hy- 
posmolar stimulus, although there was insufficient time 
for the secretory rate to return to baseline with 5-min 
intervals. We have previously shown that continuous 
exposure to a given concentration of thyrotropin-re- 
leasing hormone (TRH) or degree of hyposmolarity 
causes an immediate high amplitude secretory burst 
followed by a low level of sustained secretion (5). The 
present data indicate the refractory period for a high- 
amplitude secretory response to hyposmolar stimula- 
tion is <5 min, similar to that for TRH (5). There was 
an approximately 50% decrease in basal secretion of 
PRL during the perifusion period, as is usually seen in 
our laboratory with freshly dispersed cells which have 
an initial high PRL secretion rate, presumably because 
of the acute loss of hormones which inhibit PRL secre- 
tion. The absolute secretory amplitude in response to 
the hyposmolar stimulus remained constant, but the 
decrease in basal secretion with time magnified the 
relative height of the secretory response. 

Effect of Removal of Ca2+ from the Medium. 
Because of the expense involved, we were unable to 
obtain Ca’+-free DMEM. However, when DMEM con- 
taining 3 or 60 mil4 EDTA, sufficient to chelate several- 
fold more Ca” than contained in the DMEM, was 
perifused there was no inhibition of the luteinizing 
hormone (Fig. 2), PRL, or TSH responses to hypos- 
molarity but the PRL and TSH secretory responses to 
TRH were markedly reduced. In other experiments 
using a simpler medium of Krebs-Ringer-bicarbonate, 
if the Krebs-Ringer-bicarbonate was made without Ca2+ 
similar results were obtained as when using DMEM 
plus EDTA. 

In repeated experiments comparing the effect of 
TRH and hyposmolarity, there was a highly significant 
difference between the requirements for extracellular 
Ca2+ of these two agonists (Table I). The removal of 
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Figure 1. Replicability and refractory period of PRL secretory re- 
sponse of perifused pituitary cells to hyposmolarity. Each vertical bar 
indicates a 1-min perifusion of DMEM diluted 20% with water. 
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Figure 2. Acutely dispersed adenohypophyseal cells were perifused for 1 or 5 min with DMEM diluted with 10 or 20% water, as indicated by 
the width and height, respectively, of the stippled bars. At the vertical line separating the panels, the perifusing medium was changed to DMEM 
containing 3 mM EDTA. 

Table 1. Effect of [Ca"], on Nanograms of Hormone Secreted in Response to Hyposmolarity or TRH" 

TSH PRL 

Ca2+ Ca2+ 
- n n + - + 

Hyposmolarity (YO) 
5 

10 
20 
30 

TRH (nM) 
0.1 
1 

10 
100 

2 1.7 1.7 
3 2.2 * 1.7 3.1 k 2.0 
3 4.4 k 2.9 6.6 * 3.6 
1 1.2 3.8 

P = 0.012 

2 0.5 0.1 
2 3.4 0.1 
2 4.5 0.1 
1 5.7 0.2 

P < 0.001 

8.0 k 6.3 
13.3 k 8.9 
21.2 * 14.8 

0.0 
3.2 ? 2.4 

11 .O k 5.8 
3.8 10.6 

P = 0.009 

1.2 * 1.1 
5.8 5 4.1 

15.6 k 4.9 
36.8 8.4 

1.1 * 1.0 
0.2 ? 0.2 
0.3 k 0.2 

P = 0.007 

a Data (mean +. SE) are combined from the number of experiments indicated under n. Variance is high because the experiments were performed 
at different times. The data are paired from experiments in which the same pool of cells was perifused with medium with a normal Ca2+ 
concentration (+) or without Ca2+ plus 0.1 mM EDTA (-), The probability value in each group indicates Student's paired t comparison of the 
effect of Ca2+ for the combined pool containing each stimulus intensity within that group. 
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extracellular Ca” not only did not reduce the stimula- 
tion of TSH and PRL secretion by hyposmolarity but 
actually produced a significant increase in this effect. 
This contrasts with the marked decrease in TRH-in- 
duced secretion produced by reducing extracellular 
Ca” (Table I). 

Colchicine and Cytochalasin B. Addition of 0.1 
m M  colchicine or 20 pA4 cytochalasin B did not alter 
the secretory response to hyposmolar stimulation (Figs. 
3 and 4), indicating that perturbation of the microtu- 
bule or microfilament system of the dispersed cells does 
not affect the secretory response to hyposmolarity. 

Ouabain and Tetrodotoxin. Addition of 0.1 m M  
ouabain or 3 p.M tetrodotoxin to the medium also did 
not alter the secretory response to hyposmolarity (Figs. 
5 and 6), indicating that the hyposmolar stimulus is not 
dependent on the transplasmalemma sodium flux af- 
fected by these substances. 

Combined Exposure to TRH and Hyper- or Hy- 
posmolarity. Various combinations of TRH with os- 
molar changes are shown in a representative study in 
Figure 7. During continuous perifusion of TRH. both 
hyposmolarity and hyperosmolarity induced essentially 
the same net secretory response as if they were given 
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Figure 3. Parallel pituitary cell columns were perifused with DMEM 
without (upper panel) or containing (lower panel) 0.1 mM colchicine. 
One-minute perifusions of medium diluted with 4, 8, 16, or 32% water 
were given as indicated by the relative height of the stippled bars. 
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Figure 4. Acutely dispersed adenohypophyseal cells were perifused 
with DMEM alone (upper panel) or DMEM containing 20 pM cyto- 
chalasin B (lower panel). Medium to which 0.25,0.5, 1, or 2% mannitol 
(hatched bars) or 4, 8, 16, or 32% water had been added (solid bars) 
was perifused for 1 min each, as indicated by the spacing and height 
of the vertical bars. Hyperosmolarity from addition of mannitol pro- 
duced a typical “off-response’’ (2). 

alone. Similarly, TRH produced the same net increase 
in secretion when given alone or in the presence of a 
hyper- or hyposmolar perifusate. This could indicate 
that hyposmolarity and TRH have different mecha- 
nisms of action which are additive. However, a clear 
interpretation is not possible since addition of a higher 
concentration of TRH to a continuous perifusion of a 
constant TRH concentration (5) or of a greater degree 
of hyposmolarity to a continuous perifusion of a con- 
stant degree of hyposmolarity (unpublished data) will 
produce an additional high-amplitude secretory burst 
as a “staircase” phenomenon indicating “all or none” 
responses of multiple secretory units with different 
response thresholds (5, 6). The additive effects seen in 
this experiment with different types of agonist thus 
could also indicate that TRH and hyposmolarity have 
a similar mechanism of action. 
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Figure 5. Parallel pituitary cell columns were perifused with DMEM 
without (upper panel) or containing (lower panel) 0.1 mM ouabain. 
Medium diluted with 10% water (open bar) or containing 0.5, 1, 2, or 
4% rnannitol (hatched bars) was perifused for 1 rnin each. 

Temperature Dependency. Both hyposmolarity 
and TRH stimulated secretion to approximately the 
same degree at 23,  37, and 43°C. However, stimulation 
was markedly reduced at 1°C; the response to osmolar 
changes was undetectable and that to TRH was almost 
completely abolished. 

Discussion 
We have previously suggested that external hypos- 

molarity may induce adenohypophyseal secretion by 
producing an increase in cell volume and expansion of 
the outer cell membrane (1). This expansion draws 
secretory granules to the plasma membrane where they 
are extruded through some as yet undelineated exocy- 
totic process. Conversely, contraction of cell volume 
induced by a hyperosmotic external environment draws 
the secretory granules away from the outer cell mem- 
brane and generally tends to reduce secretion. The 
relative rather than absolute osmolarity of the external 
environment appears to be the critical factor, since 
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Figure 6. Parallel pituitary cell columns were perifused with DMEM 
without (upper panel) or containing (lower panel) 3 pM tetrodotoxin. 
Medium containing 2% rnannitol (hatched bar) or diluted with 20% 
water (stippled bars) was perifused for 1, 2, 5,  or 10 rnin, as indicated 
by the width of the bars. 

returning cells to a normal osmotic milieu from a 
hypertonic environment induces a secretory pattern 
very similar to that observed if the medium is changed 
from normal to hypotonic (1, 2). We postulated that 
since the dynamics of the acute response to hyposmo- 
larity and to specific secretagogues are indistinguisha- 
ble, the secretory phenomena induced by both stimuli 
might be exerted through a common pathway. The 
specific secretagogues, however, stimulate only those 
cells in which there is a specific receptor-activated 
mechanism. 

In this study, we evaluated various mechanisms by 
which hyposmolarity might induce secretion. Ca2+ ap- 
pears to be an essential requirement for the secretory 
response in many systems (7-10). However, although 
PRL and TSH secretion induced by TRH were mark- 
edly inhibited in a Ca2+-free medium, the secretory 
response to hyposmolarity was actually increased by 
depletion of extracellular CazC. It is possible that Ca” 
might be required and would be supplied by mobiliza- 
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Figure 7. Acutely dispersed adenohypophyseal cells were perifused with DMEM containing 20% water to produce hyposrnolarity, 2% rnannitol 
to produce hyperosrnolarity, or 100 nM TRH. All solid vertical black bars, except that in B, represent 2 rnin of 100 nM TRH. The hatched 
blocks indicate at A and C: 20 rnin of 2% rnannitol; at B: 20 rnin of 100 nM TRH with a 2-min pulse of 2% rnannitol in the middle; and at D: 20 
rnin of 20% water. 

tion from internal calcium, as has been shown for GH3 
cells ( 1  I ) ,  but in the acutely dispersed cells of our studies 
there clearly was a difference in calcium requirements 
between TRH-induced stimulation and hyposmolarity- 
induced stimulation. Not only was the initial high- 
amplitude secretory burst induced by hyposmolarity 
increased by depletion of extracellular Ca” but the low- 
level “second phase” secretion of TSH and PRL seen 
with prolonged exposure to the same concentration was 
also not diminished. This contrasts with the concept 
that TRH-induced second phase secretion of PRL is 
due to influx into the cytosol of extracellular Ca” ( 1  2- 
14). However, this concept of the role of Ca2+ in secre- 
tion is largely derived from studies in tumor-derived 
growth hormone cells which have markedly different 
needs for extracellular Ca” than do normal pituitary 
cells ( 1  5 ) .  

The increased secretory response to hyposmolarity 
when [Ca”], is reduced, although unexpected, is ap- 
parently not unique to secretion by anterior pituitary 
cells. Cardiac myocytes secrete atrial natriuretic peptide 
in response to external osmotic change. This secretory 
response is also significantly increased through some as 
yet undefined mechanism by depleting extracellular 
Ca2+ ( 16). Hyposmolar stimulation of renin secretion 
by superfused rat glomeruli is also enhanced by reduc- 
ing medium Ca2+ (17). 

Microtubules and/or microfilaments within the 
cell may be important constituents of movements of 
the plasma membrane and in migratory movements of 
vesicles within the cell. However, neither colchicine nor 
cytochalasin B had any effect on hyposmolar stimula- 
tion of secretion, suggesting that neither of these two 
subcellular organelles are required for this phenome- 
non. 

Volume changes in the cell induced by alterations 
of external osmolarity might also be strongly linked 
with changes in sodium and potassium flux mediated 
by regulated ionic channels. However, neither ouabain 
nor tetrodotoxin had any effect on hyposmolar stimu- 
lation. 

Only decreasing the temperature to 1°C caused a 
marked decrease in hyposmolar-induced secretion. This 
indicates that a membrane-associated phenomenon is 
involved since membrane mobility is markedly de- 
creased at this temperature. However, a much more 
extensive exploration of temperature effects is required 
before any firm conclusions can be drawn. 

Although the present data do not establish the 
mechanism by which hyposmolarity induces secretion 
in acutely dispersed anterior pituitary cells, they indi- 
cate that the phenomenon does not require extracellular 
calcium and that microtubules and microfilaments and 
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changes in sodium flux across the plasma membrane 
are not involved. 
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