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Abstract
Purpose The endocrine secretion of TSH is a finely orchestrated process controlled by the thyrotropin-releasing hormone 
(TRH). Its homeostasis and signaling rely on many calcium-binding proteins belonging to the “EF-hand” protein family. 
The  Ca2+/calmodulin (CaM) complex is associated with  Ca2+/CaM-dependent kinases  (Ca2+/CaMK). We have investigated 
 Ca2+/CaMK expression and regulation in the rat pituitary.
Methods The expression of CaMKII and CaMKIV in rat anterior pituitary cells was shown by immunohistochemistry. Cul-
tured anterior pituitary cells were stimulated by TRH in the presence and absence of KN93, the pharmacological inhibitor of 
CaMKII and CaMKIV. Western blotting was then used to measure the expression of these kinases and of the cAMP response 
element-binding protein (CREB). TSH production was measured by RIA after time-dependent stimulation with TRH. Cells 
were infected with a lentiviral construct coding for CaMKIV followed by measurement of CREB phosphorylation and TSH.
Results Our study shows that two CaM kinases, CaMKII and CaMKII, are expressed in rat pituitary cells and their phos-
phorylation in response to TRH occurs at different time points, with CaMKIV being activated earlier than CaMKII. TRH 
induces CREB phosphorylation through the activity of both CaMKII and CaMKIV. The activation of CREB increases TSH 
gene expression. CaMKIV induces CREB phosphorylation while its dominant negative and KN93 exert the opposite effects.
Conclusion Our data indicate that the expression of  Ca2+/CaMK in rat anterior pituitary are correlated to the role of CREB 
in the genetic regulation of TSH, and that TRH stimulation activates CaMKIV, which in turn phosphorylates CREB. This 
phosphorylation is linked to the production of thyrotropin.
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Introduction

The  Ca2+‑calmodulin‑dependent kinases (CAMK) 
and transcriptional regulation

Ca2+ is an important mediator of cellular signals, and vari-
ations in its concentration play a fundamental role in a 
wide range of biological functions including transcription, 
cell cycle, apoptosis, protein synthesis, exocytosis, prolif-
eration and differentiation [1]. A calcium-binding protein, 
calretinin, has been studied in rat pituitary thyrotrophs [2] 
but the most important intracellular receptor of  Ca2+ is 
calmodulin (CaM), a highly conserved ubiquitous protein, 
sensitive to changes in  Ca2+ levels. It is composed of two 
 Ca2+-binding globular domains joined to a central con-
nector, is flexible and can wrap around the target proteins 
in a characteristic way, with the two globular domains 
grabbing it from both sides [1–4]. When  Ca2+ is linked to 
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all four binding sites, calmodulin undergoes a conforma-
tional change that activates it and allows it to interact with 
its target proteins. Most of the effects of the  Ca2+/CaM 
complex are mediated by CaMKs, to which it binds. The 
kinases include monofactorial CaMKs, such as the myo-
sin light chain kinase (MLCK), phosphorylase kinase and 
CaMKIII, and multifunctional CaMKs such as CaMKI, 
CaMKII and CaMKIV. CaMKI and CaMKII are both ubiq-
uitous, while CaMKIV is tissue-specific, and is expressed 
in the brain, T cells, thymus, cells of the myeloid lineage, 
testicles, ovaries, adrenal gland and pituitary.

From the structural point of view, the CaMKs have 
an N-terminal catalytic domain, and a central regula-
tory region that contains the CaM-binding domain. In the 
absence of  Ca2+/CaM, the kinase is inhibited sterically by 
an internal autoinhibitory region, which prevents it from 
binding to both the substrate and ATP. Binding to the 
 Ca2+/CaM complex removes the intrasteric inhibition and 
initiates enzyme activation [3]. The next step in activation 
is specific to each CaMK.

Once activated by binding to the  Ca2+/CaM complex, 
CaMKII self-trans-phosphorylates in threonine 286, 
located in a hydrophobic pocket of the catalytic domain. 
The return to the inactive state is promoted by protein 
phosphatases 1 and 2 (PP1 and PP2) which dephospho-
rylate the residue of threonine 286 [1]. The regulatory 
properties of the other multifunctional CaMKs show 
interesting similarities and differences with respect to 
CaMKII. CaMKI and CaMKIV require phosphorylation 
by an upstream kinase for their activation, i.e. a CaM 
kinase–kinase (CaMKK). CaMKI is activated by binding 
to  Ca2+/CaM but, unlike CaMKII and CaMKIV, it has no 
residual autonomous activity. It is phosphorylated at the 
threonine 177 autophosphorylation site, which is located 
inside the activation “loop”. The mechanism that leads 
to the activation of CaMKIV is more complex and takes 
place in several phases. Once activated, CaMKIV shows 
activity independent of  Ca2+/CaM. Inactivation of the 
kinase is mediated by the phosphatase PP2A, to which it 
is found to be constitutively associated [3, 5]. CaMKIV 
unlike CaMKII does not multimerize and exists in solution 
as a monomer.

CaMKs are involved in many physiological functions, 
including cell cycle, smooth muscle contraction, secretion 
and a number of important neuronal functions. They phos-
phorylate a wide range of substrates and are involved in 
transcription control. Their location can be variable [1, 6].

One of the most important nuclear targets of CaMKs is 
CREB, a transcription factor responsible for the expression 
of cAMP-containing response element (CRE) genes in their 
promoter. Initially CREB was identified as a cAMP-depend-
ent factor, which was activated by protein kinase A (PKA). 
Subsequent studies have shown that  Ca2+ also generates 

signals capable of activating CREB, producing events that 
involve CaMKs [7].

CaMKII and CaMKIV are found both in the nucleus and 
in the cytoplasm, while CaMKI is mainly in the cytoplasm 
[6, 8–11] and our unpublished results show that it is not 
present in the rat pituitary, which expresses both CaMKII 
and CaMKIV. Nuclear CaMKIV regulates gene expression 
through the phosphorylation of several transcription factors, 
including CREB and CREB binding protein (CBP) [12–15]. 
Furthermore, CaMKIV phosphorylates CREB in Ser 133 
and induces the formation of a transcriptional complex at the 
CRE site of the promoter, thus mediating the formation of a 
transcriptional complex following increases in concentration 
of intracellular  Ca2+ [14]. In response to increased calcium 
levels, CaMKII also phosphorylates CREB on Ser 133 but, 
in addition, phosphorylates it at Ser 142. This phosphoryla-
tion has an inhibitory and dominant effect, thus suggesting 
that CamKII is not an activator of CREB in all cellular mod-
els. Moreover, phosphorylation of CaMKII nuclear isoforms 
by CaMKIV has been observed to obstruct the admission 
of CaMKII to the nucleus; thus, CaMKIV could act as a 
negative regulator of CaMKII nuclear activity, acting on 
translocation from the nucleus [14, 16].

Many data indirectly suggest a role of CaMKs in the regu-
lation of gene transcription in pituitary gonadotrophs and 
somatotrophs. However, a direct demonstration of CaMK 
involvement in TSH gene regulation has not been shown yet. 
Since the gene expression of TSH is regulated by CREB, we 
hypothesized that CaMKIV plays a role in the regulation of 
TSH gene expression through CREB activation. Therefore, 
our purpose was to confirm the sub-cellular localization of 
CaMKs in the rat anterior pituitary and their effect after 
TSH stimulation with TRH. Finally, we wished to deter-
mine the effect of CaMK-specific activation and inhibition 
on CREB and TSH gene expression in response to TRH. 
The chosen cellular model was normal rat pituitary cells in 
primary culture.

Materials and methods

Adult male Wistar rats (about 250 g) were used. Animals 
were cared for according to the “Guide for the Care and 
Use of Laboratory Animals” by the US National Institutes 
of Health (NIH Publication No. 85.23, revised 1996) and 
to institutional rules for the care and handling of experi-
mental animals of University of Naples Federico II, Italy. 
Several methodological approaches were used for this study: 
immunohistochemistry either with fluorescence on frozen 
sections or with immunoperoxidase on paraffin sections was 
carried out to localize CaMKs in the rat pituitary gland. 
Immunofluorescence often seemed the better tool for visual-
izing the CamKs, which could be present in low quantities. 
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In vitro experiments used dispersed anterior pituitary cells 
in culture. The presence of Pit 1 authenticated the origin and 
viability of these cells which were then used to verify the 
effect of TRH on CaMK activation as well as the effect of 
CaMK on CREB and TSH production after TRH stimula-
tion. Measurements were made by Western blotting or RIA.

Immununohistochemistry

Pituitary glands of male Wistar rats were formalin-fixed 
and paraffin-embedded. Four µm-thick sections were used. 
An immunohistochemical method, as previously described 
[17], was performed based on the use of a primary poly-
clonal rabbit antibody directed against CaMKIV (gift 
from Dr Jiro Kasahara, 1/500), and a polyclonal rabbit 
anti-CaMKII (Santa Cruz Biotechnology, cat# sc-9055, 
RRID:AB_2108768, 1/1000). The secondary antibody, goat 
anti-rabbit immunoglobulin, was labeled with peroxidase 
which catalyzes a reaction that forms a brown product in the 
presence of its substrate and a chromogen. The enzyme was 
developed in a solution containing the peroxidase substrate, 
0.03%  H2O2, and the chromogen, 0.05%. 3,3′diaminobenzi-
dine tetrahydrochloride dihydrate (DAB).

An immunofluorescence method as previously reported 
[18] was also carried out on cryostat sections and on cul-
tured cells. Briefly, after postfixation washes, the pitui-
tary glands were placed in a cryoprotective solution of 
phosphate buffered saline (PBS)/30% sucrose for 24/36 h 
and subsequently included in O.C.T. and frozen with dry 
ice. Sections (5 µm-thick) were cut in a cryostat. Rab-
bit anti-CaMKIV (J. Kasahara) and rabbit anti-CaMKII 
(RRID:AB_2108768, 1/100), were used for immunoflu-
orescence on cryostat sections. The secondary antibody 
was conjugated to fluorescein isothiocyanate (FITC), 
which gave a green fluorescence (495 nm wavelength). 
The nuclei were counterstained with DAPI to produce blue 
fluorescence.

Controls

A rabbit anti-ACTH antibody (Dako, cat# A571, 1/4000) 
was used as a positive method control on sections of rat 
pituitary glands. PBS was used instead of the primary anti-
body as a negative control.

Cell cultures

Three animals were used for each of the five experiments 
and each experiment was repeated at least three times. The 
anterior lobe of the pituitary gland was separated from the 
neuro-intermediate lobe under sterile conditions, in a bal-
anced Earle saline solution without calcium and magnesium 
(EBSS), and finely cut with a sterile scalpel. The tissue was 

suspended in Hanks’ balanced saline solution without cal-
cium and magnesium (HBSS) with 0.25% trypsin and kept 
at 37 °C with constant mechanical grinding for 10′–15′. 
After washing, the dispersed cells were cultured at a con-
centration of 5–10 ×  105 cells per  mL−1 for up to 6 days, in a 
culture medium consisting of Dulbecco’s modified Eagle’s 
medium (DMEMH) containing fetal bovine serum (FBS). 
On the day before the experiment the cells were counted, and 
their vitality tested with Trypan Blue. The cell suspension 
was placed in DMEMH medium with 0.5% bovine serum 
albumin (BSA). Cells in culture before the different experi-
ments were suspended at a concentration of 5 ×  105 ×  mL−1 
of medium. TRH (Sigma-Aldrich, cat# P2161) was always 
used at a concentration of 1 µM in double distilled  H2O. 
KN93 (Sigma-Aldrich, cat# K1385), the pharmacological 
inhibitor of CaMKI, CaMKII and CaMKIV, [19] was used 
at a concentration of 1 µM in dimethylsulfoxide.

Analysis by western blot

5 ×  105 cultured cells were incubated with 1 µM TRH, in the 
presence and absence of KN93, and then lysed at different 
timepoints. Cells were lysed in RIPA/SDS buffer [50 mM 
Tris–HCl (pH 7.5), 150 mM NaCL, 1% Nonidet P-40, 0, 
25% deoxycholate, 9,4 mg/50 ml sodium orthovanadate, 
20% SDS]. Protein concentration was determined using 
BCA assay kit (Pierce). 50 µg of whole extracts were elec-
trophoresed by SDS/PAGE and transferred to nitrocellulose; 
targeted proteins were visualized using specific primary anti-
bodies: rabbit anti-CaMKIV (gift from Dr Jiro Kasahara), 
rabbit anti-CaMKII from Santa Cruz Biotechnology (cat# 
sc-9055), mouse anti-p-CREB-1 (10E9) from Santa Cruz 
Biotechnology (cat# sc: 81486) and rabbit anti-Pit1 anti-
body from Babco (cat# PRB-230C-200, RRID:AB_291590). 
Primary antibodies were incubated overnight at 4 °C fol-
lowed by 1 h of incubation with specific HRP-conjugated 
secondary antibody (Santa Cruz Biotechnology) and stand-
ard chemiluminescence (Pierce).

Verification of the cell dissociation procedure

The cell dissociation procedure in whole anterior lobes and 
in the lysate of cultured pituitary cells obtained by gland dis-
sociation was checked by Western blotting for the expression 
of Pit1, a pituitary-specific transcription factor that acts on 
the differentiation of all anterior pituitary secreting cells. 
Rabbit anti-Pit 1 was used as primary antibody.

CaMK‑dependent stimulation of CREB by TRH

To assess CaMK-dependent stimulation of CREB by TRH, 
5 ×  105 cells were incubated with TRH for 30 min, in the 
presence and absence of KN93. Cells were subsequently 
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lysed, and phosphorylated CREB (p-CREB) was visual-
ized after blotting and incubation with the monoclonal 
antibody p-CREB-1 (10E9), 1/200. The functional effect 
of TRH stimulation on the cell cultures was verified with 
time-dependent stimulation to quantify the release of TSH 
in the culture medium by means of a commercially available 
R.I.A. (Amersham Biosciences). The cells were removed for 
analysis at 5, 15, and 30 min intervals.

Effects of stimulation with TRH on the activation of CaMKII 
and CaMKIV

To evaluate the effects of stimulation with TRH on the acti-
vation of CAMKII and CAMKIV, 5 ×  105 cultured cells were 
incubated with 1 µM TRH for 5, 15 and 30 min. Cells were 
subsequently lysed and CaMKII/CaMKIV activation was 
determined by western blot and incubation with the same 
specific antibodies as used for immunohistochemistry.

Effect of CaMKIV on CREB and TSH production 
by TRH stimulation

Infection with lentivirus

The cells were infected with lentiviral constructs (gift from 
Dr. Anthony R. Means) [20, 21] coding for CaMKIV-WT 
(wild type), or CaMKIV-K72M, its negative dominant, or 
CaMKIV-K71M, as superinfectant. Approximately 5 ×  105 
cells were subjected to a superinfection with at least 100 
(MOI 100) viral particles per cell. The lentiviral vector 
codes for the enzyme beta-galactosidase (b-gal) which, 
when developed, gives a blue stain to cells that contain it. 
An empty virus was used as a control. CREB phosphoryla-
tion after TRH stimulation was determined by western blot 
and phospho-specific antibody. TSH was measured by RIA.

Radioimmunoassay

TSH levels in the culture medium from control and treated 
cells were measured using a commercially available R.I.A. 
(Amersham Biosciences). The manufacturer’s instructions 
were followed.

Statistical analysis

The different experimental groups were compared according 
to paired t test or one-way ANOVA to assess statistical sig-
nificance. Bonferroni’s multiple comparison test was then per-
formed where applicable. A significance level of p < 0.05 was 
assumed for all statistical evaluations. Statistics were com-
puted with GraphPad Prism software (San Diego, CA, USA).

Results

Expression of CaMKII and CaMKIV in rat pituitary

The immunohistochemical investigation, aimed at ascer-
taining the presence and intracellular localization of the 
two  Ca2+ calmodulin-dependent kinases in sections of rat 
pituitary gland, revealed a fairly widespread distribution of 
CaMK-containing cells. Scattered immunoreactive CaMKII 
cells detected by both immunoperoxidase and immunofluo-
rescence showed both nuclear and cytoplasmic localization 
(Fig. 1a), while CaMKIV seemed to be cytoplasmic only 
(Fig. 1b).

Fig. 1  a CaMKII-immunoreactive cells. The brown product of per-
oxidase reaction shows rat endocrine anterior pituitary cells. Darker 
nuclear staining indicates that CamKII is present in the nucleus as 
well as the cytoplasm. Bar, 10 µm. b Immunofluorescent CaMKIV-
containing rat anterior pituitary cells. Labelling with FITC-conju-
gated secondary antibody occurs in cytoplasm only. DAPI counter-
stain. Bar, 10 µm
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Expression of Pit1 in primary pituitary cells

To verify the pituitary cell dissociation procedure, the 
expression of the Pit1 protein, specific for pituitary cells, 
was assessed by the western blot method. (Fig. 2a). It is sig-
nificantly expressed in a comparable measure in the anterior 
pituitary in toto and in the lysate of pituitary cells.

CaMK‑dependent stimulation of CREB by TRH

To evaluate the involvement of CaMKs in the regulation of 
CREB in response to TRH, cells were incubated with TRH 
in the presence and absence of the CaMK inhibitor KN93.

Stimulation with TRH for 30 min induced significant 
phosphorylation of CREB, while the presence of KN93 
almost completely abrogated it (Fig. 2b).

Modulation of CaMKIV in rat pituitary cells

To specifically assess the effect of CaMKIV activation on 
CREB in rat pituitary cells, lentiviral vectors coding for 
CaMKIV-WT (wild type form) or CaMKIV-K72M (domi-
nant negative form) were used. Infection with empty control 
virus did not modify the basal phosphorylation of CREB. 
Stimulation with TRH resulted in strong phosphorylation 
of CREB at 30 min in cells infected with an empty virus 
(TRH), while stimulation with TRH of cells previously 
infected and superinfected with CaMKIV-K71M-coding 
virus completely abrogated the phosphorylation of CREB 
(TRH-CamKIV). Finally, CaMKIV-WT induced a massive 
expression of phosphorylated CREB in the absence of TRH 
(Fig. 2c). These results suggest that CaMKIV regulates the 
activation of CREB in primary cultures of pituitary cells.

Effects of stimulation with TRH on the activation 
of CaMKII and CaMKIV

Stimulation with TRH induces CaMKII activation later than 
CaMKIV. CaMKII is activated significantly after 10 min; 
maximal stimulation is still visible at 30 min (Fig. 2d).

Fig. 2   a Western blot analysis of Pit1 expression in rat pituitary cell 
culture. The expression of whole pituitary Pit1 (1) is comparable to 
that of isolated pituitary cell lysate (2). b Western blot analysis of 
p-CREB CaMK-dependent stimulation in rat pituitary cells in  vitro 
after TRH administration. After 30 min of TRH stimulation, p-CREB 
almost dephosphorylates in presence of the CaMK inhibitor KN93, 
while it significantly increases in the presence of TRH only. c West-
ern blot analysis of CaMKIV activity modulation in rat pituitary 
cell culture. Cells were infected with lentiviral vectors for 30  min. 
p-CREB immunoreactive blots were positive only in cells infected 
with empty virus (TRH) and in cells infected but not exposed to TRH 
(CaMKIV-WT). On the contrary, superinfection of cells with CaM-
KIV-K72M abolished completely CREB phosphorylation in response 
to TRH. d Western blot analysis of p-CaMKII following stimulation 
of rat pituitary cells in vitro by TRH. The cells were removed at 5, 
10, 15 and 30 min. Synthesis of p-CaMKII was active at 10 min and 
still evaluable at 30 min. e Western blot analysis of p-CaMKIV fol-
lowing TRH stimulation of rat pituitary cells in vitro. Production of 
p-CaMKIV started at 3 min to reach its peak at 10 and disappeared 
by 15 min.

▸
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Stimulation with TRH-activated CaMKIV starting at 
3 min and reaching a maximum at 10 min. (Fig. 2e).

TSH production

We evaluated the release of TSH in the culture medium in 
response to TRH that induced an increase of TSH release 
in a time-dependent manner (Fig. 3a). While infection with 
empty control virus (b-gal) did not modify the amount of 
TSH in the culture medium, stimulation with TRH caused a 
significant (p < 0.05) increase (Fig. 3b). Infection with domi-
nant virus negative for CaMKIV-K72M completely inhib-
ited TRH-induced TSH stimulation, whereas infection with 
CaMKIV-WT virus significantly increased the amount of 
TSH in the medium (p < 0.05). These results confirm that the 

stimulation of TSH production in thyrotrophs is positively 
controlled by CaMKIV.

Discussion

In this study, we evaluated the expression of CaMKs in the 
rat pituitary and their potential role in the regulation of TSH 
expression in response to TRH.

We have provided the first morphological evidence for 
the cellular localization of CaMKs in rat pituitary gland, 
using specific antibodies. At least some of the immunoposi-
tive cells appear to be thyrotrophs, corresponding with the 
response we obtained after TRH input, but further study 
is necessary to assign the CaMKs to particular pituitary 
cell types. The sparse literature available on the differential 
expression of CaMKII and CaMKIV suggests that each iso-
form may be involved in different functions [12, 22].

The expression of Pit1 in both whole anterior lobes and pri-
mary pituitary cell cultures was demonstrated by western blot. 
This confirmed that the cells were genuine pituitary cells and 
that the dissociation and culture procedures had not altered their 
normal protein expression. Further confirmation for the charac-
terization of anterior pituitary primary cultured cells was that 
they expressed TSH in several experimental conditions.

TRH is the elective stimulating factor for pituitary thyro-
trophs and plays a fundamental role in regulating the expres-
sion of genes for TSH subunits. The hypothesis of this study 
is that CaMKs can regulate the expression of TSH induced 
by TRH. To define whether TRH had an effect on CaMKII 
and CaMKIV activity, pituitary cells in primary culture were 
stimulated with TRH. The results demonstrate that stimulation 
with TRH induces both CaMKII and CaMKIV activation, 
although with different kinetics. CaMKIV is phosphorylated 
at 3 min and is dephosphorylated within 15 min. This rapid 
dephosphorylation and inactivation is due to protein phos-
phatase 2 (PP2A) [5, 23]. CaMKII is activated later, starting 
at 10 min and still detectable at 30 min. These results suggest 
that CaMKs could play an important role in the signal gener-
ated by TRH. Among the intracellular mechanisms regulated 
by CaMKs is that of transcriptional regulation. Both CaM-
KII and CaMKIV phosphorylate CREB, with CaMKIV being 
activating and CaMKII inhibitory [14].

The expression of genes coding for TSH subunits is regu-
lated by CREB. In particular, TRH stimulates the promoter 
of the TSH beta subunit inducing CREB phosphorylation 
and CBP recruitment to the transcriptional complex [24]. 
We, therefore, examined whether stimulation with TRH 
induces CREB’s CaMK-dependent phosphorylation. Stimu-
lation with TRH induced a strong activation of CREB, which 
was abrogated in presence of the pharmacological inhibitor 
of CaMK, KN93. Infection with a lentiviral vector encod-
ing a dominant negative of CaMKIV [25, 26] significantly 
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Fig. 3   a R.I.A. analysis of TSH production following stimulation of 
rat pituitary cells in vitro by TRH. Measurements were taken at 5, 15 
and 30 min and peaked at 30 min. P value < 0.05 vs control. b CaM-
KIV direct effect on TSH production after stimulation of lentivirus-
infected thyrotrophs. TRH stimulation of cells infected with empty 
control viruses (b-gal TRH) increases TSH production with reference 
to empty control virus (b-gal)-infected cells. CaMKIV-K72M virus-
infected cells were unable to produce TRH-stimulated TSH, while 
cells infected with CaMKIV-WT positively affect TSH production. P 
value < 0.05 vs control.
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inhibited both the phosphorylation of CREB and the TRH-
induced increase in TSH in the culture medium. These 
results show for the first time that TRH induces transcrip-
tional activation of CREB through CaMKIV.

A role for CaMKs in the regulation of gene expression 
by hypothalamic releasing factors has been indirectly sug-
gested: CaMKII is involved in GnRH stimulation of the 
gonadotropin subunit [27–29], and CaMKIV regulates TRH 
induction of TSH and PRL gene activity [30], but there has 
been no direct evidence in pituitary cells of the involve-
ment of a specific CaMK in CREB phosphorylation. A later 
publication [31] indicated that GH3 cells were not suitable 
as in vitro models for studying prolactin modulation in rat 
pituitary. We, therefore, used rat pituitary cells in primary 
culture in our experiments. Although these may be more 
difficult to handle, the results should be more reliable. Our 
results, in fact, directly demonstrate for the first time that:—
CaMKII and CaMKIV are expressed in the rat adenohy-
pophysis;—TRH induces phosphorylation of both CaMKII 
and CaMKIV with different kinetics;—TRH-induced CREB 
phosphorylation is CaMKIV-dependent;—the specific inhi-
bition of CaMKIV abolishes both the phosphorylation of 
CREB and the TRH-induced increase of TSH in the culture 
medium. The presence of TSH in the culture medium shows 
indirectly that CaMK and TSH beta may coexist. It is not 
necessary to demonstrate that the target of TRH induction 
is the thyrotroph. However, a systematic study of the dis-
tribution of CaMKs in anterior pituitary cells could help to 
clarify further the roles of these kinases.

We, therefore, suggest that stimulation with TRH acti-
vates CaMKIV, inducing CREB phosphorylation and 
increasing TSH expression. The reason for the almost simul-
taneous activation of CaMKII, which negatively regulates 
CREB, could be explained by its different activation kinet-
ics with respect to CaMKIV: in fact, following stimulation 
with TRH, CaMKIV would be activated in a short time to 
phosphorylate CREB; subsequently CaMKII would turn off 
the activation signal by an additional inhibitory-type CREB 
phosphorylation event. At present, the data available in the 
literature do not uniquely define the kinases responsible for 
CREB activation following stimulation with TRH: in lac-
totrophs, TRH would induce CREB activation in a PKA-
independent manner [32].

Thus, the present results allow us to identify a CaMKIV-
dependent signaling pathway responsible for the regulation 
of TRH-induced gene expression in pituitary cells, and at the 
same time, raise the question of whether the sub-cellular local-
ization of CaMKII and CaMKIV is a determining element in 
the regulation of the transcriptional complex through CREB 
phosphorylation. Our results showing the cytoplasmic locali-
zation of CamKIV in pituitary tissue could support a function 
different that of other tissues, such as brain neurons [33] for 
example, where the kinase has been reported to be localized 

in the nucleus. However, a possible explanation could be 
that CamKIV is present in the cytoplasm of pituitary cells as 
unphosphorylated kinase, and therefore the catalytic activity 
required for calcium/calmodulin-dependent protein kinase IV 
to enter the nucleus [26] has not yet begun. The second pos-
sible explanation for the lack of nuclear immunoreactivity in 
pituitary tissue could be our use of antibody to unphosphoryl-
ated CaMKIV. The cellular compartmentalization of kinases 
in fact controls their activation and their access to substrates: 
in differentiated smooth muscle cells the targeting of CaMKII 
is essential for the signal mediated by Erk [34]. In conclu-
sion, these results overall indicate that rat thyrotrophs could 
be a new model for defining the sub-cellular localization of 
CaMKII and CaMKIV following stimulation with TRH and 
for correlating it with their functional role in CREB activation. 
In addition, they might suggest a role for CaMKs in regulating 
CREB transcription in thyrotrophs.
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