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Adult-onset thyroid disorders in humans impair several important central nervous system functions, causing
various neuropsychiatric diseases. However, the mechanisms of thyroid hormone (TH) action in the mature
mammalian brain remain unclear. Recent nongenomic actions of TH in adult brains are spotlighted. Many
nongenomic mechanisms are modulated by phosphorylation-dephosphorylation of substrate proteins. In the
present study, L-triiodothyronine (L-T3) demonstrated differential regulation of phosphorylation status of five
different synaptosomal proteins (63, 53, 38, 23, and 16 kD) in both a Ca?*/calmodulin (CaM)-dependent and
-independent manner. L-T3 increased the level of phosphorylation of all these five proteins. Ca?*/CaM further
stimulated phosphorylation of 63- and 53-kD proteins by L-T3, which were inhibited both by EGTA (Ca®*-
chelator) or KN62 (Ca?*/CaM kinase-II [CaMK-I] inhibitor), suggesting the role of CaMK-II. L-T3 increased the
phosphorylation of 23- and 38-kD proteins; the effect was independent of EGTA or KN62. The presence of Ca®*
decreased L-T3-induced phosphorylation of 63-, 53- and 38-kD proteins. Surprisingly, L-T3-induced
phosphorylation of 16-kD protein was not augmented further with Ca?* or Ca%*/CaM; instead, the presence
of CaM abolished the L-T3-induced phosphorylation. EGTA or KN62 could not restore the effect of CaM-induced
dephosphorylation of this protein. This study identified the role of Ca®*/CaM in the regulation of L-T3-induced
protein phosphorylation and supported a unique nongenomic mechanism of second messenger-mediated
regulation of protein phosphorylation by TH in mature rat brain. This has profound implications for higher
mental functions and strategies for novel therapeutics.
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Introduction

Thyroid hormones (TH) contribute their vital actions all through
our life. Adult-onset thyroid dysfunctions are well-known to impair
various central nervous system (CNS) functions, resulting in several
neuropsychiatric disorders such as cognitive dysfunction, declined
learning and memory, intellectual deterioration, dementia, anxiety,
depression, bipolar disorder, Alzheimer's disease and many more
(Stern et al., 2004; Sampaolo et al., 2005; Venero et al., 2005;
Montero-Pedrazuela et al., 2006; Stuerenburg et al., 2006; Rivas and
Naranjo, 2007; Samuels et al., 2007; Yarbrough et al., 2007). In
contrast to the developmental effects of TH, which are mediated
through the activation of specific nuclear receptors for TH (NTR)
leading to gene expression (Haas et al., 2004; Bernal, 2007), most of
these CNS-related changes occurring during adult dysthyroidism are
reversible with the proper adjustment of circulatory TH levels (Henley
and Koehnle, 1997; Bunevicius and Prange, 2000; Constantinou et al.,
2005; Montero-Pedrazuela et al., 2006). Recently, in vivo TH treat-
ment has also been shown to reverse impairment in hippocampal
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neurogenesis linked with learning and memory during adult-onset
hypothyroidism (Montero-Pedrazuela et al., 2006). In spite of these
clinical evidences, the underlying molecular mechanism of TH ac-
tion in the adult CNS remains substantially unexplored and unclear.
Although NTRs are present in adult brain (Manzano et al., 2007), no
suitable functional properties, except for a relatively few effects on
CNS gene expression in adulthood (Haas et al., 2004; Constantinou
et al., 2005; Bernal, 2007), could be attributed to them.

The nascent body of emerging evidence suggests that some of the
effects of THs are mediated by direct and rapid nongenomic actions
of the hormones indicating the existence of a unique nongenomic
mechanism for THs in adult mammalian brain (Dratman and Gordon,
1996; Sarkar, 2002; Oetting and Yen, 2007). The distribution,
concentration, binding, metabolism and metabolic actions of TH
within the mature brain also imply its crucial role (Dratman and
Gordon, 1996; Palha et al., 2002; Sarkar, 2002; Scanlan et al., 2004;
Sarkar et al., 2006; Kundu et al.,, 2006). Recent ongoing search on
biochemical characterization and unveiling of the important steps
of the signaling pathways to understand the molecular basis of the
nontranscriptional mechanism of action of TH that leads to phys-
iologic functions are fascinating (Hiroi et al., 2006; Flamant et al.,
2007). We have also shown varied levels of THs in adult rat brain
cerebrocortical synaptosomes in different thyroid conditions (Sarkar
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and Ray, 1994). L-T3 also has been shown to regulate intracellular
calcium (Ca?") levels in adult rat brain synaptosomes (Mason et al.,
1990; Chakrabarti and Ray, 2000; Sarkar and Ray, 2003), in hypo-
thyroid mouse cerebral cortex (Igbal et al., 2002), and in single rat
myocytes (Lomax et al, 1991) rapidly and nongenomically. One
possible nongenomic action of THs includes modulation of GABA
uptake (Mason et al., 1987a,b). Specific nongenomic effects of THs on
chloride flux at the ionotropic brain receptor for the GABA4 receptor
are also of interest (Martin et al., 2004).

Many nongenomic mechanisms are synchronized by rapid post-
transcriptional amendments, such as protein phosphorylation and
dephosphorylation reactions, which act like a molecular switch to
modulate intracellular signaling mechanisms. Protein phosphoryla-
tion-dephosphorylation mechanisms highly regulate numerous func-
tions of the synaptic network via the actions of protein kinases and
protein phosphatases. Abnormalities of these imperative regulatory
signaling processes generate deleterious effects on the CNS. As a
consequence, variety in unusual protein phosphorylation is the end
result of many major neuropsychological dysfunctions leading to
diseases. Adequate evidence indicates involvement of several second
messenger molecules (such as cAMP, cGMP, NO, and Ca?") in the
activation/deactivation of protein kinases/protein phosphatases
through phosphorylation/dephosphorylation reactions (Patwardhan
and Miller, 2007). Hypothyroidism has been associated with decreased
levels of phosphorylated mitogen-activated protein kinases (MAPKs)
in hippocampus from intact adult rat brain (Gerges and Alkadhi, 2004).
Recently, we have also reported L-T3-stimulated increase in phosphor-
ylation of a few synaptosomal proteins within minutes in a dose- and
time-dependent manner and suggested activation of several kinase
pathways in adult rat brain synaptosomes (Sarkar et al., 2006).

We recently reported that L-T3 enhanced phosphorylation levels
of a few synaptosomal proteins (113+1 kD, 63+1 kD, 53+1 kD and 38+
1 kD) in a dose- and time-dependent manner within minutes in adult
rat brain cerebrocortical synaptosomes. We also demonstrated that
L-T3 increased dose-dependent phosphorylation of the 112-kD protein
at the seryl residues and the 95-kD protein at the tyrosyl residues,
suggesting the involvement of several kinase pathways for the regu-
lation of L-T3-induced protein phosphorylation in adult mammalian
brain (Sarkar et al., 2006).

On the basis of these observations, the present study aims to identify
specific signal transduction pathway(s) involved in the nongenomic
TH effect in young adult rat brain. This investigation demonstrates dif-
ferential regulatory properties of Ca%" and calmodulin (CaM) on L-T3-
mediated protein phosphorylation of phosphoprotein substrates in
adult rat brain cerebrocortical synaptosomes.

Materials and methods
Materials

Adenosine triphosphate disodium (ATP), 3,5,3’-L-triiodothyronine
(L-T3), calmodulin (CaM), bovine serum albumin (BSA), 2-mercapto-
ethanol, ethylene glycol-bis (2-aminoethylether)-N,N,N’,N’-tetraacetic
acid (EGTA), N-(2-hydroxyehtyl) piperazine-N’-(2-ethanesulfonic
acid) (HEPES), sodium dodecyl sulfate (SDS), sucrose, magnesium
chloride (MgCl,), calcium chloride (CaCl,), KN-62 and other reagents
were purchased from Sigma Chemical Company (St. Louis, MO, USA).
X-ray film CL-Xposure was purchased from Fisher Scientific, Houston,
Texas, USA. [y->2P]-ATP (10 Ci/mmol) was purchased from Perkin
Elmer Life and Analytical Sciences, Boston, MA, USA. All other chem-
icals were of highest reagent grade.

Animals

Young adult male Sprague Dawley rats (~3 months old) were
purchased from Harlan Sprague Dawley, Inc., Indianapolis, USA. The

rats were housed at 25+1 °C in 12 h dark-12 h light conditions (the
light phase began at 8:00 AM) and fed ad libitum with standard rat
diet and water. The animals were maintained in the Syracuse Univ-
ersity animal facilities at Institute of Sensory Research according to the
National Institute of Health Guide for the Care and Use of Laboratory
Animals. The animal protocol was approved by the IACUC of Syracuse
University which determined that the experiments appropriately
minimized the number of animals used.

Preparation of synaptosomes

Animals were euthanized by quick decapitation, brains were re-
moved and cerebral cortices were surgically dissected out in ice-cold
condition. The synaptosomes from the cerebral cortices were
prepared as described (Sarkar and Ray, 1992). Briefly, the cerebral
cortices were homogenized in 10 volumes of 0.32 M sucrose solution
using 8 strokes of a Teflon-glass homogenizer (15 s). The resulting
homogenate was centrifuged at 1000 xg for 10 min at 4 °C. The
supernatant was collected and re-centrifuged as above. The super-
natant obtained from the second centrifugation was layered over
1.2 M sucrose, and centrifuged at 34,000 xg for 50 min at 4 °C. The
fraction collected between the 0.32 M and 1.2 M sucrose layer was
diluted at 1:1.5 with ice-cold bi-distilled water (to avoid shrinkage of
the synaptosomes at 0.8 M sucrose concentration and to maintain
isoosmotic conditions), further layered on 0.8 M sucrose, and
centrifuged at 34,000 xg for 30 min. The pellet thus obtained was
washed, repelleted at 20,000 xg for 20 min. The pellet was washed
again by centrifuging at 20,000 xg for 20 min. Finally the pellet was
collected as purified synaptosomes, and was lysed by hypotonic shock,
and assayed for the determination of protein concentration (Vera,
1988).

Protein phosphorylation reactions

Preparation of L-T3 dilutions

For all reactions, L-T3 was dissolved in a minimum volume of 0.1 M
NaOH, diluted with reaction buffer containing 50 mM HEPES, 10 mM
MgCl, at pH 7.4, and the final pH was adjusted to 7.4. Control solutions
and all hormone dilutions were prepared with the same concentration
of NaOH and reaction buffer, and were protected from light.

Dose-response effect of L-T3 on protein phosphorylation

Synaptosomal lysates were incubated at a final concentration of
0.33 mg protein/ml in a reaction mixture containing 50 mM HEPES,
10 mM MgCl,, 0.1 mM EGTA at pH 7.4 in the presence and absence of
various concentrations of L-T3 (3 nM to 1 pM). L-T3 was preincubated
with the synaptosomal proteins without the ATP for 1 h at 0 °C to
ensure maximal effectiveness as pre-determined in a study of synap-
tosomal membrane binding of '2°I-L-T3 (Sarkar and Ray, 1998). The
reaction mixture then followed a second preincubation for 5 min
at 30 °C for temperature equilibration. The reaction was initiated by
adding 20 pM [y->2P]-ATP (3 pCi). After 1 min, reaction was ter-
minated by adding 1/3 volume of the SDS-polyacrylamide gel elec-
trophoresis (SDS-PAGE) sample buffer consisting of 125 mM Tris-HCl
(pH 6.6), 3% SDS, 10% glycerol, 5% p-mercaptoethanol and 0.001%
bromophenol blue at pH 7.

Ca®*/CaM-dependent protein phosphorylation by L-T3

The synaptosomal lysates were incubated at a final concentration
of 0.33 mg protein/ml in a reaction mixture containing 50 mM HEPES,
pH 7.4, 10 mM MgCl,, 20 uM [y->2P]-ATP (3 nCi), 5 uM CaM, 0.5 mM
CaCl,, and 2.8 mM EGTA and 20-40 uM KN62 (specific blocker of Ca*/
CaMK-II). 1-T3 (10 nM) was preincubated with the synaptosomal
protein to obtain maximum effect (Sarkar and Ray, 1998) without the
ATP for 1 h at 0 °C followed by a second preincubation for 5 min at
30 °C for temperature equilibration. The reaction was initiated by
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adding 20 pM [y->2P]-ATP (3 pCi). After 1 min the reaction was ter-
minated by adding 1/3 volume of the SDS-PAGE sample buffer.

Analysis of proteins

SDS-PAGE and autoradiography

The samples were heat-denatured for 2 min at 100 °C, mixed, and
cooled to room temperature. Proteins were separated by subjecting
them to SDS-PAGE (8%) at a constant current (Laemmli, 1970). The gel
was stained with silver nitrate, dried and exposed to X-ray film for
autoradiography at —80 °C for 48-72 h. The optical densities (OD) of
the protein bands in the gel and the phosphorylated bands in the
autoradiogram were quantified using 1DSCAN Image PC software
program (Scanalytics, Inc., Fairfax, VA, USA) and graphed using
GraphPad Prism version 4.02 for Windows (GraphPad Software,
San Diego, CA, USA; www.graphpad.com). Arbitrary densitometric
units were normalized in each lane by the ratio of phosphorylation to
protein concentration.

Measurement of protein concentrations
Synaptosomal protein content was measured by a turbidimetric
method using BSA as a standard (Vera, 1988).

Statistical analysis of data

The values for phosphorylation (integrated OD of an autoradio-
graphy band per measure of the corresponding protein in the lane) of
three to four separate repetitions of each experiment were expressed
as band density (phosphorylation/protein ratio) in arbitrary units. The
band densities of the phosphorylated proteins were normalized by
calculating the ratio with the corresponding proteins. Results were
expressed as mean+SEM from three to four independent experi-
ments. The normalized data were combined and subjected to a one-
way analysis of variance (ANOVA) followed by Newman-Keuls post
hoc comparison test, using SigmaStat software for Windows con-
sidering p<0.05 as the level of significance.

Results

L-T3 dose-dependently stimulated synaptosomal protein
phosphorylation in vitro

Protein phosphorylation and dephosphorylation are important
cellular mechanisms regulated by protein kinases and protein phos-
phatases. In vitro addition of L-T3 (3 nM to 1 pM) resulted in a dose-
dependent increase in phosphorylation of several synaptosomal pro-
teins. Particularly consistent with our previous report (Sarkar et al.,
2006), three proteins with molecular weights of 38+1,53+1, and 63+
1 kD (determined by calibration using standard molecular weight
markers) showed most prominent effects as visualized in the auto-
radiogram (Fig. 1A). Fig. 1A shows one representative autoradiogram
(a). This increase in protein phosphorylation was determined by the
amount of >2P-incorporated into the proteins as indicated by the
increase in band densities which were then quantified, and the data
were normalized with the corresponding protein bands in silver-
stained gels (b). The data of four to five different experiments were
quantified, normalized, and presented as mean+SEM as shown in
Fig. 1B as a function of graded concentrations of L-T3. Three synaptic
proteins showed significant levels of dose-dependent phosphoryla-
tion induced by L-T3 (3 nM to 1 uM) added in vitro (63-kD protein:
F=22.7, p<0.0001; 53-kD protein: F=12.9, p<0.0001; 38-kD protein:
F=8.04, p<0.0001). The level of phosphorylation of these three
proteins gradually increased from 3 nM to maximally up to 30 nM; it
then decreased significantly at higher doses of L-T3 (100 nM to 1 uM),
denoting a biphasic nature, a well-known phenomenon observed
under the influence of TH in numerous tissues. Particularly, the level of

phosphorylation of the 63-kD protein was significantly increased by
~2.2-fold (p<0.001), ~2.6-fold (p<0.001), and ~1.8-fold (p<0.001)
at L-T3 concentrations of 3 nM, 10 nM, and 30 nM, respectively,
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Fig. 1. A. 1-T3 dose-dependently regulates phosphorylation of 63-, 53- and 38-kD
proteins in a biphasic manner in vitro. (a) Representative autoradiogram of SDS-PAGE
(8%) separation of proteins incorporating >2P. The lanes were loaded with synaptosomal
lysates obtained following preincubation at 0 °C for 1 h in the presence and absence of
graded concentrations of L-T3 (0 nM to 1 uM) and 30 °C for 5 min for temperature
equilibration, and then finally incubated with 20 pM of v*2P-ATP (3 uCi) for 1 min at
30 °C. Incorporation of 2P to the 63-, 53- and 38-kD proteins, followed by in vitro
addition of increasing concentrations of L-T3, are shown. (b) Corresponding protein
bands obtained from the silver-stained gel of the same autoradiogram to visualize equal
loading of protein bands, which were further used to normalize protein phosphoryla-
tion data. B. The quantification of the dose-dependent L-T3-induced phosphorylation
presented as a graph of ratio of the band densities of the phosphorylated proteins in
the autoradiogram (a) and the corresponding protein in the silver-stained gel (b) as a
function of the concentration of L-T3 (0 nM to 1 uM). The data presented are normalized
results combined from three to four individual experiments (mean+SEM) for an
indicated protein band (from top 38, 53, and 63 kD) and analyzed by one-way ANOVA,
followed by Newman-Keuls test, and described in the Statistical analysis and Results
sections. SEMs are represented by vertical bars in the graph considering p<0.05.
* indicates level of significance p<0.05, compared with the basal level (control group)
(t test).
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compared with the control value with no 1-T3 added. The level of
phosphorylation of the 53-kD protein was also significantly increased
by ~2.2-fold (p<0.001), ~2.2-fold (p<0.001), and ~ 1.8-fold (p<0.001)
at L-T3 concentrations of 3 nM, 10 nM, and 30 nM, respectively,
compared with the control value with no L-T3 added. The level of
phosphorylation of the 38-kD protein was less prominent in the dose-
response experiment compared with the other two proteins (63 kD
and 53 kD) but was significantly increased by ~3-fold (p<0.001),
~4-fold (p<0.001), and ~2.3-fold (p<0.001) at L-T3 concentrations of
3 nM, 10 nM, and 30 nM,, respectively, compared with the control value
with no L-T3 added. No significant difference was noticed between the
10 nM and 30 nM groups for each protein.

L-T3-induced stimulation of phosphorylation of 63- and 53-kD proteins
was regulated by Ca®* and calmodulin

Various second messenger molecules, including Ca®* together with
CaM, activate several protein kinases such as CaMK-II and control
protein phosphorylation mechanisms. The present experiment sup-
ported the role of Ca?*/CaM in the L-T3-induced synaptosomal protein
phosphorylation (Fig. 2). The 63- and 53-kD proteins significantly
increased L-T3-induced phosphorylation in the presence of Ca®*/CaM
(Fig. 2). Fig. 2A demonstrates a representative autoradiogram
(a) showing the levels of phosphorylation of the 63-, and 53-kD
proteins following in vitro addition of 10 nM L-T3. This concentration
of L-T3 (10 nM) was determined from the dose-response curve (Fig. 1)
and was considered to be within the brain physiological concentration
of L-T3 in adult rat synaptosomes as we previously reported (Sarkar
and Ray, 1994). Corresponding silver-stained protein bands in Fig. 2A
(b) demonstrated equal amounts of sample loading and were used to
normalize phosphorylation induced by 1-T3 (the ratio of the band
densities obtained from the phosphorylated proteins and correspond-
ing silver-stained protein bands). The normalized levels of protein
phosphorylation (ratio of phosphorylation to protein concentration)
of the 63-kD and 53-kD proteins at different treatment conditions are
shown in Fig. 2B. The phosphorylations of 63-kD (F=37.5, p<0.0001)
and 53-kD (F=22.7, p<0.0001) proteins were significantly stimulated
by L-T3 (10 nM) alone by 2-fold and 1.3-fold, respectively, compared
with control values. The presence of Ca®>* and CaM increased sig-
nificantly the level of phosphorylation of these proteins (63 and
53 kD) by ~3-fold and ~1.6-fold compared with basal level control
values, and by ~1.3-fold and ~1.2-fold compared with Ca?*/CaM
control values, respectively. Also, the addition of Ca®* showed a slight
decrease in the level of phosphorylation for both 63- and 53-kD
proteins (p<0.05). The Ca®*/CaM-induced increase in L-T3-effect was
further inhibited significantly both by 2.8 mM EGTA (Ca?* chelator)
(lanes 7 and 10), and by KN62, a specific blocker of CaMK-II, (lane
8=20 1M KN62, lane 11 =40 ptM KN62) as shown in Fig. 2A. Lanes 9, 10,
and 11 in Fig. 2A (a) show a representative autoradiogram from a
second set of experiments with treatment conditions similar to those
of lanes 6, 7, and 8 to observe the effect of KN62 on CaMK-II, except
that the 40 M KN62 was used (lane 11) to check the blocking activity
of KN62 at a higher dose. The 40 uM concentration of KN62 com-
pletely blocked the effect of Ca?*/CaM-dependent phosphorylation of
63- and 53-kD proteins induced by L-T3 (lane 11). This enhancement
of Ca?*/CaM-dependent protein phosphorylation by brain physiologi-
cal concentrations of L-T3 (10 nM) (Sarkar and Ray, 1994) suggested
the involvement of CaMK-II in regulating the phosphorylation of 63-
and 53-kD proteins.

Inert action of Ca®* and calmodulin upon the independent effect of L-T3
on the phosphorylation of 38- and 23-kD proteins

L-T3 only slightly enhanced the phosphorylation of the 38-kD
protein (p<0.05, F=3.74) by ~1.2-fold in the presence of Ca**/CaM
(Fig. 3A: lane 6) compared with Ca?*/CaM control group (Fig. 3A:
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Fig. 2. A. L-T3-stimulated phosphorylation of 63- and 53-kD proteins is regulated by Ca**/
CaM-dependent protein kinase II. (a) Representative autoradiogram of the 63- and 53-kD
proteins, followed by various treatment conditions as described. The samples (lanes 1-11)
were separated by 8% SDS-PAGE. In lane 8, the concentration of KN62 used was 20 puM. To
observe a more pronounced effect of KN62, a separate experiment was conducted and a
representative autoradiogram is shown (lanes 9, 10, and 11) with the same experimental
condition as described for lanes 6, 7, and 8, except for lane 11 containing 40 uM KN62,
which showed a very prominent effect (lane 11) by counteracting CaMK-II activity.
(b) Corresponding protein bands from silver-stained gel used for normalization of the data
and demonstration of comparable equal amounts of sample loading. B. The quantification
of the L-T3 (10 nM)-induced phosphorylation presented as a graph of ratio of the band
densities of the phosphorylated proteins in the autoradiogram (a) and the corresponding
protein in the silver-stained gel (b) at different treatment conditions as indicated. The data
presented are normalized results combined from three to four individual experiments
(mean+SEM) for an indicated protein band (from top 53 and 63 kD) and analyzed by one-
way ANOVA, followed by Newman-Keuls test, and described in the Statistical analysis and
Results sections. SEMs are represented by vertical bars in the graph considering p<0.05.
* indicates levels of significance p<0.05, compared with the basal level (control group)
(t test).

lane 3). Although addition of Ca®* (lane 5) decreased the level of L-T3-
induced phosphorylation of 38-kD protein (p=non-significant), it was
significantly increased (p<0.05) in the presence of CaM (lane 6) com-
pared with Ca®*+1-T3 treatment (lane 5) and only L-T3 effect (lane 4).
However, the presence of Ca®* (lane 5) or the Ca®*/CaM (lane 6) did
not further affect the phosphorylation status of the 38-kD protein.
No significant counteraction of L-T3-induced phosphorylation of the
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Fig. 3. A. Ca?*/CaM do not modulate L-T3-stimulated phosphorylation of 23- and 38-kD
proteins. (a) A representative autoradiogram of the 23- and 38-kD protein separated by
SDS-PAGE showing independent stimulatory action of .-T3 (10 nM) upon the phospho-
rylation of the 23- and 38-kD proteins, which were not further influenced by inclusion
of Ca?* and CaM. Addition of EGTA or KN62 was also unable to block the action exerted
by L-T3. B. The quantification of the .-T3 (10 nM)-induced phosphorylation presented
as a graph of ratio of the band densities of the phosphorylated proteins in the auto-
radiogram (a) and the corresponding protein in the silver-stained gel (b) at different
treatment conditions as indicated. The data presented are normalized results combined
from three to four individual experiments (mean+SEM) for an indicated protein band
(from top 23 and 38 kD) and analyzed by one-way ANOVA, followed by Newman-Keuls
test, and described in the Statistical analysis and Results sections. SEMs are represented
by vertical bars in the graph considering p<0.05. * indicates levels of significance
p<0.05, compared with the basal level (control group) (¢ test).

38-kD protein was noticed in the presence of either EGTA (lane 7) or
KNG62 (lane 8) and the phosphorylation levels were not altered. This
further suggested no involvement of Ca?*/CaM-dependent pathways
mediated through CaMK-II. The autoradiogram (a) in Fig. 3A demon-
strates the phosphorylation status of another protein with molecular
weight of 23 kD. The phosphorylation level of 23-kD protein was
highest among the proteins. In vitro addition of L-T3 (10 nM) sig-
nificantly increased the phosphorylation level of 23-kD protein by
~2.2-fold (lane 4) (F=38.6, p<0.0001) compared with the basal level
of control values (lane 1: without Ca%*/CaM and L-T3). No notice-
able changes were observed following the addition of Ca?* (lane 5) and

Ca*/CaM (lane 6). Specially of interest, EGTA (lane 7) or KN62 (lane 8)
did not show any more or less influence on the L-T3-induced increase
in the phosphorylation status of the 23-kD protein, suggesting a lack
of significant regulation by CaMK-II. Fig. 3B describes the normalized
data for the levels of phosphorylation (phosphorylation to protein
concentration ratio) of the 38-kD and 23-kD proteins at different
treatment conditions.

Calmodulin dephosphorylated 16-kD protein following L-T3-induction

In vitro addition of 10 nM L-T3 significantly increased the level of
phosphorylation of 16-kD protein by ~8-fold (Fig. 4A: lane 4) (F=116.6,
p<0.0001). The L-T3-induced phosphorylation of the 16-kD protein
was not further activated in the presence of Ca®* (lane 5). The presence
of CaM remarkably abolished it (lane 6). Neither chelation of Ca®* by
EGTA (lane 7) nor blocking of CaMK-II by KN62 (lane 8) could further
restore the level of phosphorylation. The effect of CaM was also
noticeable at the basal level of phosphorylation (lane 3) compared
with basal level of Ca?*-stimulated phosphorylation (lane 2). Fig. 4B
represents the normalized levels of protein phosphorylation (phos-
phorylation to protein concentration ratio) of the 16-kD protein at dif-
ferent treatment conditions.
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Fig. 4. A. Phosphorylation of 16-kD protein by L-T3 was conquered by the dephos-
phorylation activity of CaM. (a) A representative autoradiogram of the 16-kD protein
separated by SDS-PAGE showing independent stimulatory action of .-T3 (10 nM) on the
phosphorylation of the 16-kD protein (lane 4), which persisted even in the presence of
Ca?* (lane 5), but was dephosphorylated immediately following the addition of CaM
(lane 6) in the presence of Ca®*. This effect of CaM is also noticed at the basal level
(lane 3) where Ca?*-induced increase (lane 2) in phosphorylation was dominated by
CaM. Addition of EGTA or KN62 was unable to block the action exerted by CaM.
(b) Corresponding protein bands of silver-stained gel. B. The quantification of the L-T3
(10 nM)-induced phosphorylation and its dephosphorylation by CaM are presented as a
graph of ratio of the band densities of the phosphorylated proteins in the autoradiogram
(a) and the corresponding protein in the silver-stained gel (b) at different treatment
conditions as indicated. The data presented are normalized results combined from three
to four individual experiments (mean + SEM) for an indicated protein band and analyzed
by one-way ANOVA, followed by Newman-Keuls test, and described in the Statistical
analysis and Results sections. SEMs are represented by vertical bars in the graph con-
sidering p<0.05. * indicates levels of significance p<0.05, compared with the basal level
(control group) (t test).
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Discussion

In spite of recent information, the mechanism of action of TH in the
regulation of synaptic functions and subsequent signal transduction
that systematize delicate regulation of protein phosphorylation-
dephosphorylation mechanism in adult mammalian CNS is not clearly
defined. The present observations clearly support the role of TH in
regulating protein phosphorylation mechanisms in adult rat brain.
This study demonstrates the differential effect of brain physiological
concentrations of L-T3 (Sarkar and Ray, 1994) on protein phosphory-
lation in adult rat brain cerebrocortical synaptosomes, suggesting
fundamental implications of TH in neuronal signaling in mature
mammalian brain. Protein phosphorylation and dephosphorylation
through activation/deactivation of protein kinases and protein phos-
phatases are major regulatory molecular mechanisms with supreme
sensitivity for intracellular signal transduction, abnormalities of
which may result in immense alterations in normal neuropsycholo-
gical manifestations (Bibb and Nestler, 2005; Lau and Huganir, 2005;
Shchemelinin et al., 2006).

As in our previous study (Sarkar et al., 2006), L-T3 dose-dependently
increased the levels of phosphorylation of the three proteins (Fig. 1).
This observation predominantly reflected protein kinase activities
and highlighted the role of second messengers, such as Ca®*. Qur
earlier findings supported the involvement of Ca*. This, in fact,
showed that a range of brain physiological concentrations of L-T3
(Sarkar and Ray, 1994), added in vitro, raised intracellular Ca®* levels
within adult rat brain cerebrocortical synaptosomes as measured in
euthyroid and propylthiouracil (PTU)-induced hypothyroid rats
(Sarkar and Ray, 2003). TH-mediated Ca®*-entry was also described
in adult rat brain (Mason et al., 1990; Chakrabarti and Ray, 2000), and
in hypothyroid mouse cerebral cortex (Igbal et al., 2002). Increased
intracellular Ca®* levels lead to various Ca**-dependent activation of
several intracellular proteins and membrane proteins, including
various serine-threonine protein kinases. Many intracellular effects
of Ca* are mediated by CaMKs, particularly the isotype CaMK-II. The
regulation of phosphorylation of several Ca?*-dependent proteins in
neuronal signal transduction is well documented (Yamauchi, 2005).
Hence, the effect of Ca%* and/or CaM on L-T3-induced protein phos-
phorylation was expected.

The present study described a rapid and nongenomic effect of L-T3
on protein phosphorylation in the adult rat brain cerebrocortical
synaptosomal lysates, which was monitored in a Ca**/CaM-dependent
and -independent manner. The inclusion of Ca®* and CaM further
showed significant augmentation and regulation of the phosphoryla-
tion status of these proteins in the presence of L-T3 (Fig. 2). This effect
of 1-T3 was blocked by chelating Ca*-ions by EGTA, suggesting that
Ca?" is required in this phosphorylation. Moreover, KN62, a specific
blocker of CaMK-II, significantly abolished the level of this phosphor-
ylation, particularly of the 63-kD and 53-kD proteins, suggesting a
possible role of CaMK-II in this L-T3-stimulated phosphorylation.
Hypothyroidism had been shown to impair long-term potentiation
and cognition in adult rat brain with a significant decrease in the levels
of phosphorylated CaMK-II, total CaMK-II, and basal levels of CaM
within the CA1 region of the hippocampus. L-T4 replacement therapy
restored normalcy (Alzoubi et al., 2005). The potential involvement
of CaM and Ca?*-dependent adenylate cyclase (AC) and guanine nu-
cleotide regulatory unit had been suggested in non-neural tissues,
such as in rat thymocyte plasma membranes as a nongenomic action
of L-T3 (Segal, 1990). The role of CaMK-II was also highlighted as a key
regulator for the activation of second messenger-independent protein
kinases, such as mitogen-activated protein kinase/extracellular signal-
regulated kinases (MAPK/ERK), which used small-molecular-weight
guanine nucleotide-binding proteins (Ras, Raf etc.) through the
epidermal growth factor receptor/Ras/Raf pathway in thyroid epithe-
lial cells (Montiel et al., 2007). Activation of Ca®*-stimulated AC and
CaMK-II had been implicated in the regulation of neuroplasticity and

in memory and learning processes in mammalian CNS (Benfenati,
2007). No evidence of rapid and nongenomic regulation of L-T3-
stimulated protein phosphorylation in a Ca?*/CaM-dependent way had
been reported before in adult rat brain cerebrocortical synaptosomes.
This study also showed that 1-T3 independently increased the
phosphorylation status of the 23-kD and 38-kD proteins as shown in
Fig. 3. L-T3 showed the most pronounced effect on the 23-kD protein
phosphorylation in synaptosomal lysates in vitro. This effect of L-T3
was not modulated by either EGTA or KN62, suggesting the in-
volvement of different kinase pathway(s) other than regulated by Ca®*
and/or CaM. Involvement of other second messenger-mediated
protein kinases may also be possible. The present study already
showed that -T3-stimulated protein phosphorylation might occur
through the activation of CaMK-II as observed in the 63- and 53-kD
proteins (Fig. 2). The activation of CaMK-II may further trigger MAPK/
ERK cascade mechanisms via EGFR/Ras/Raf signal transduction path-
ways (Montiel et al., 2007). L.-T3-induced actin gene expression was
also shown to be blocked transcriptionally by the inhibition of protein
kinase A (PKA) but not by protein kinase C (PKC) or tyrosine kinase in
developing rat cerebra, whereas the expression of tubulin gene was
regulated posttranslationally (Sarkar et al., 1999). PKA are activated by
cAMP, which is formed by the catalytic activity of AC. Multiple forms of
mammalian AC isotypes exist in the mammalian nervous system. They
are classified in terms of variance in amino acid sequences and
individual differential management by intracellular Ca?*, CaM, and
protein phosphorylation. Accordingly, some AC isotypes are Ca**/CaM-
stimulated (AC-I, AC-Il and AC-VIII); others are Ca*-insensitive (AC-II)
(Sunahara and Taussig, 2002). It may be possible that increase in
intracellular Ca* by 1-T3 activated AC directly or indirectly through
the activation of PKC to produce cAMP, which, in turn, activated PKAs,
leading to regulation of subsequent substrate protein phosphorylation.
The present study also indicated a remarkably independent effect
of L-T3 on one more protein with a molecular weight of 16 kD. The
phosphorylation status of the 16-kD protein was significantly in-
creased in the presence of L-T3 alone. The addition of Ca%* could not
alter the L-T3-effect any further. However, surprisingly enough, as
soon as CaM was added to the reaction media containing both L-T3
and Ca®*, the protein was drastically dephosphorylated (Fig. 4: lane 6).
The effect of dephosphorylation ability of CaM was also evident where
addition of CaM (Fig. 4: lane 3) caused suppression of the basal level of
Ca?*-stimulated phosphorylation (Fig. 4: lane 2) and returned it to the
control value (Fig. 4: lane 1). Neither EGTA nor KN62 could restore the
L-T3-stimulated phosphorylation level. CaM-induced retention of the
dephosphorylation state prevailed in the presence of Ca** and L-T3
(Fig. 4: lanes 7 and 8). This suggested the dominating power of CaM-
dependent phosphatase or calcineurin activity over certain L-T3
action. Calcineurin is a Ca?'/CaM-dependent protein phosphatase
2B. PKA also was shown to activate protein phosphatase 2A (Ahn et al.,
2007). The nongenomic rapid action of TH was shown to be mediated
via second messenger-independent protein serine-threonine kinases.
Decreased levels of phosphorylated MAPK were noticed in hippo-
campus from intact adult hypothyroid rat brain (Gerges and Alkadhi,
2004). In 293T cells, THs nongenomically promoted MAPK-mediated
phosphorylation of nuclear TH receptor «-1 isoform (Lin et al., 1999;
Shih et al., 2001). TH-induced MAPK phosphorylation in a variety of
intact cell lines was shown to be mediated via a G-protein (Lin et al.,
2003; Tang et al., 2004). A direct nongenomic effect of decarboxylated
TH derivatives (iodothyronamines) was demonstrated. 3-lodothyr-
onine (T;{AM) was described as an endogenous and rapid-acting
derivative of TH and was shown to be associated with Gs-protein
coupled-trace amine receptor 1 in human embryonic kidney (HEK)
cells (Scanlan et al., 2004; Zucchi et al., 2006). T;AM also increased
hemodynamic effects and exerted dose-dependent negative ionotro-
pic effects in rats in vivo and in cardiomyocytes by regulating tyrosine
kinase. Thus, it was speculated that T{AM might induce dephospho-
rylation by activating phosphotyrosine phosphatase. These cardiac
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effects of T{AM were not affected by PKA, PKC, CaMK-II, phosphoino-
sitide 3-kinase (PI3K), MAPK-2, and MAPK kinase (Chiellini et al.,
2007). TH caused nongenomic activation of PI3K/protein kinase Akt
pathway in human cardiovascular endothelial cell culture by increas-
ing association of TH nuclear receptor, TRa1, with the p85« subunit of
PI3K, leading to the phosphorylation and activation of Akt and
endothelial nitric oxide synthases (eNOS) (Hiroi et al., 2006). Despite
these emerging reports of nongenomic actions of TH in non-neural
tissues, knowledge regarding the mechanism of TH action in mature
mammalian brain remains controversial and unclear.

TH-induced protein phosphorylation reactions are too fast to be
accounted for in genomic action. Overall, the present study has doc-
umented, for the first time, the rapid and nongenomic action of TH-
induced protein phosphorylation in mature mammalian brain and
its differential regulation by Ca®* and CaM. Regulation of intracellular
Ca?* and subsequent protein phosphorylation are crucial biological
markers that have been shown to be the essence of preservation of
various brain and cognitive functions during maintenance of various
psychiatric disorders (Monnet, 2005). This study is further important
in understanding the nature of phosphorylation/dephosphorylation
and identifying and characterizing the specific proteins involved in
neuronal signal transduction in mature mammalian brain, partic-
ularly in relation to insights about a novel nongenomic mechanism
of action of TH. Hence, the present study leans more to constructing
a nongenomic membrane-related action of TH, mediated possibly
through second messenger(s) in the mature mammalian synapto-
some. Understanding the basic molecular mechanism of action of TH
in adult mammalian CNS has major implications on the higher mental
functions and on the regulation of several neuropsychiatric disorders
developed during thyroid dysfunctions in adult humans. This fun-
damental knowledge may lead to novel strategies to treat adult-onset
thyroid disorders, even and possibly the prevention of thyroid-related
neuropsychological diseases.
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