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Abstract
Recent studies in vitro have shown that the CREB co-activator, Transducer of Regulated CREB
activity (TORC), is required for transcriptional activation of the corticotropin releasing hormone
(CRH) gene. To determine the physiological importance of TORC 2 regulating CRH transcription
during stress, we examined the localization of TORC 2 in CRH neurons, and the relationship
between changes in CRH hnRNA, nuclear translocation of TORC 2, and binding of TORC 2 to
the CRH promoter. Immunohistochemistry revealed TORC 2 immunoreactivity (irTORC 2) in the
dorsolateral (magnocellular) and dorsomedial (parvocellular) regions of the hypothalamic
paraventricular nucleus (PVN). While staining was mostly cytosolic in basal conditions, there was
a marked increase in nuclear irTORC 2 in the dorsomedial region at 30 min restraint, concomitant
with increases in CRH hnRNA levels. Levels of nuclear irTORC 2 and CRH hnRNA had returned
to basal 4h after stress. Double staining immunohistochemistry showed TORC 2 co-staining in
100% of detected CRH neurons, and nuclear translocation following 30 min restraint in 61%.
Cellular distribution of TORC 2 in the dorsolateral PVN was unaffected by restraint. Chromatin
immunoprecipitation (ChIP) experiments showed recruitment of TORC 2 and phospho-CREB by
the CRH promoter following 30min restraint, but 4h after stress only phospho-CREB was
associated with the CRH promoter. The demonstration that TORC 2 translocates to the nucleus of
hypothalamic CRH neurons and interacts with the CRH promoter in conjunction with the
activation of CRH transcription during restraint stress, provides strong evidence for the
involvement of TORC 2 in the physiological regulation of CRH transcription.
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INTRODUCTION
The regulation of CRH transcription depends on cAMP/protein kinase A (PKA) dependent
pathways (1-5), leading to recruitment of phosphorylated cAMP response element binding
protein (pCREB) by a cAMP response element (CRE) located at position −230 in the CRH
promoter (4,6-8). This CRE is essential for cyclic AMP dependent and independent
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regulation of CRH transcription (7,9,10). However, more recently evidence has indicated
that phospho-CREB alone is not sufficient to support CRH transcription. While a number of
signaling pathways lead to CREB phosphorylation (11,12), cAMP signaling is required for
stimulating CRH expression (2,3,6,9,13,14). In studies using the neuronal cell line, 4B, or
hypothalamic primary neuronal cultures, treatment with either the phorbol ester phorbol-12-
myristate-13-acetate (PMA) a protein kinase C activator, or forskolin (adenylate cyclase
activator) both led to CREB phosphorylation. Nevertheless, only forskolin treatment was
able to stimulate CRH transcription, as shown by reporter gene assays in 4B cells, or the
induction of CRH primary transcript in primary cultures of hypothalamic neurons (6). A
similar situation has been suggested in experiments in rats in which microinjection of both
8-bromo-cAMP and the phorbol ester, TPA in the PVN increase plasma ACTH and pituitary
POMC mRNA levels, but only cAMP augments CRH mRNA levels (15). Although not
sufficient to drive CRH transcription, CREB is required for CRH promoter activation since
the CREB dominant negative, A-CREB, blunts the stimulatory effect of forskolin on CRH
promoter activity (6). The above evidence suggested that activation of CRH transcription
requires the presence of a CREB co-activator which requires cyclic AMP for its activation.
Recent studies have confirmed this premise and provide strong evidence that such a co-
activator is Transducer Of Regulated CREB activity (TORC) (16).

The TORC family, comprising TORC 1, 2 and 3, was discovered and characterized in 2003
by two groups while independently searching for proteins that interacted with CREB
(17,18). TORC potentiates the transcriptional activity of CREB by binding to its
dimerization domain and facilitating the recruitment of the transcriptional complex. In basal
conditions, TORC is in the cytoplasm in a phosphorylated inactive state and bound to the
scaffolding protein, 14-3-3. Activation of cyclic AMP/PKA signaling causes rapid TORC
shuttling to the nucleus (17-19). In the nucleus, TORC 2 interacts with the dimerized leucine
zipper of the CREB DNA-binding and dimerization domain (bZip). TORC recruitment does
not influence CREB DNA binding activity, but following its recruitment by the promoter
enhances the interaction of CREB with the TATA binding protein associated factor (TAF4)
component of Transcription Factor II D (TFIID) (17). Studies in the hypothalamic cell line
4B show TORC translocation to the nucleus upon stimulation of the cells with forskolin. In
the same study, TORC overexpression potentiates the stimulatory effect of forskolin on
CRH promoter activity. Conversely, in 4B cells and primary cultures of hypothalamic
neurons, knockout of TORC (especially TORC 2) using siRNA blunts CRH transcription
(16).

The aim of the present study is to determine whether TORC 2 is involved in the regulation
of CRH transcription during stress in the rat. Immunohistochemical studies were conducted
to investigate the presence of TORC 2 in CRH neurons of the PVN. In addition, the effects
of restraint stress on nuclear translocation of TORC 2 and the recruitment of phospho-CREB
and TORC 2 by the CRH promoter were examined.

MATERIALS AND METHODS
Animals and in vivo procedures

Adult male Sprague-Dawley rats weighing 275-325g were housed three per cage on a
14-10h light-dark cycle with food and water available ad libitum, for at least one week prior
to experimentation. To determine the distribution of TORC 2 in the PVN and the time
course of the changes in TORC 2, rats were subjected to restraint stress by placing them into
plastic restrainers (2.5 × 6 inches) for 1h. Groups of 4 rats were killed by decapitation at 0.5
or at 4 hours (3h after initiation of 1h restraint). Control rats were removed from the cages
and killed within 30 seconds. Brains were immediately removed and either frozen in
isopentane at −40 °C and stored at −80 °C until sectioned in a cryostat for in situ
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hybridization. For immunohistrochemistry, coronal brain pieces (or blocks) in between the
optic chiasm and the mammillary bodies were fixed by immersion in 4% paraforamaldehyde
for 8h at 4° C before transferring to 30% sucrose and kept at 4° C until sectioning. For
western blot and chromatin immunoprecipitation assay (ChIP), the hypothalamic region
microdissected from a coronal section in between the optic chiasma and 1 mm rostral from
the mammillary bodies. Sections were placed flat on a chilled rubber cork and cut at the top
and 1mm lateral at each side of the 3rd ventricle with a scalpel blade. After removing an
additional 1mm from the ventral side, in order to exclude the suprachiasmatic, supraoptic
and arcuate nuclei, hypothalamic blocks weighting about 25 mg, containing the PVN were
frozen in 1.5 ml microtubes on dry ice. The whole procedure from decapitation to freezing
of the tissue was performed in about 3 min.

Trunk blood was collected in plastic tubes and serum was separated by centrifugation and
stored at −80 °C for ACTH and corticosterone determination. All experiments were
performed in the morning with rats killed between 9 and 11 AM. All procedures and
experimental protocols were performed according to NIH guidelines and approved by the
NICHD Animal Care and Use Committee.

ACTH and Corticosterone Assays
Blood samples for ACTH and corticosterone measurement were collected in ice-chilled 50
ml tubes containing 100 μl of 500 mM EDTA and 500 TIU of aprotinin. After centrifugation
for 10 min, 1500 x g, plasma was stored at −80°C until time of assay. Plasma levels of
ACTH were measured using kit reagents from ACTH IRMA Immunoradiometric Assay,
USA DiaSorin (Stillwater, Minnesota) according to the manufacturer’s instructions.
Corticosterone levels were measured using the Rat Corticosterone Coat-A-Count kit
(Diagnostic Products Corporation (DPC), Los Angeles,CA) according to the manufacturer’s
instructions.

In Situ Hybridization Histochemistry
Serial coronal sections (12 μm) were cut through the medial parvocellular subdivision of the
PVN in a cryostat (−15°C), thaw mounted onto poly-L-lysine coated slides (4 sections per
slide), and stored at −80°C until processed for in situ hybridization. Transcription of
antisense 35S-labeled probes was performed as previously described after linearization with
XbaI of intronic CRH plasmid, kindly provided by Dr Robert Thompson (Ann Arbor, MI).

Prehybridization and hybridization procedures were performed as previously described (20).
Briefly, prior to hybridization, sections were thawed at room temperature, fixed in 4%
formaldehyde for 5 min at room temperature, washed 3 times with PBS, and acetylated for
10 min, at room temperature in 0.25% acetic anhydride in 0.1M triethanolamine/0.9% NaCl
(pH 8.0). Sections were dehydrated and delipidated by sequential transfers through ethanol
and chloroform and air dried before hybridization. Sections were hybridized at 55°C,
overnight, with 2 × 106 cpm 35-S labeled probe, and then non-specifically bound probe was
removed by washing in 50% formamide/250 mM NaCl at 60°C for 10-15 min, followed by
ribonuclease A treatment for 30 min at 37°C and 3 washes in 0.1 × SSC at 50°C for 15 min.
Following the final wash, sections were dried at room temperature and opposed to Biomax
MR film for two weeks, developed, and fixed (Eastman Kodak, Rochester, NY). The optical
density of film autoradiographic images of parvocellular CRH hnRNA was measured in a
computerized image analysis system (Imaging Research, St. Catherine, Ontario, Canada),
using the public domain ImageJ program (developed at the National Institutes of Health, and
available at http://rsb.info.nih.gov/NIH-Image). Optical densities obtained in two
consecutive sections containing the medial parvocellular subdivision per rat were
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averaged and used to calculate group means. The results are presented as mean and SE of
the fold-change over basal levels.

Western blot
Cytosolic and nuclear proteins from the PVN region were prepared using kit reagents from
NE-PER™ Nuclear and Cytoplasmic Extraction Reagent (Pierce, Rockford, IL) as
previously described (16). Protein concentration was quantified by spectrophotometry using
the BCA Protein Assay (Pierce, Thermo Fisher Scientific Inc, Rockford, IL). For Western
Blot, 15μg of cytoplasmic or nuclear extract was loaded and separated in a 10% Tris-
Glycine gel (Invitrogen) for beta actin and histone deacetylase 1 (HDAC1), or a 6% Tris-
Glycine gel (Invitrogen) for TORC 2. Proteins were transferred to a PVDF membrane (GE
Amersham Biosciences), incubated with 5% non-fat milk in 1 x TBST (TBS plus 0.05%
Tween-20) for 1h and incubated overnight at 4°C with TORC 2 (Calbiochem/EDM
Chemicals, Gibbstown, NJ), at 1:6000 dilution. After washing in 1 x TBST, membranes
were incubated for 1h at room temperature with a horseradish peroxidase-conjugated donkey
anti-rabbit IgG at a dilution of 1:10,000. Detection of immunoreactive bands was performed
using ECL Plus TM reagents (GE Amersham Biosciences) followed by exposure to BioMax
MR film (Eastman Kodak, Rochester, NY, USA). Blots for cytoplasmic and nuclear proteins
were exposed in the same film. After film exposure, blots were stripped and assayed for
HDAC1 in the nucleus and β-actin in cytoplasm as a loading control. The intensity of the
bands was quantified using the computer image analysis system, ImageJ. Results are
expressed as fold-change over the values in control rats after correction for protein loading
using HDAC1 for the nucleus and beta-actin for cytoplasm.

Immunostaining for TORC 2 in the rat brain sections
Hypothalamic blocks of three rats per each experimental group were embedded in 3%
agarose and sectioned on vibratome Leica, Germany (thickness = 40 μm). After briefly
washing with PBS, sections were incubated in 0.5% H2O2 in PBS for 1 hr at room
temperature, washed in PBS (6 × 10 min) and incubated overnight in PBS containing 1%
Triton X100 and 10% normal goat serum (NGS) at 4°C to block non-specific binding of
antibodies. Sections were then incubated for 24 hrs at 4°C with rabbit anti TORC 2
antibodies (Calbiochem, 1:10.000. Lot # D00062801 and Lot # D00069636) diluted in PBS
containing 1% NGS and 0.5% Triton X100. Next day sections were incubated with
biotinylated goat anti-rabbit IgG (Vector Elite kit, Vector Laboratories, Inc., Burlingame,
CA; 1:500) in PBS containing 0,05% Triton X100 and 5% NGS, for 2 hours at room
temperature. After washing in PBS for 1 h, ABC complex (Vector Laboratories, CA) in PBS
was applied for 1 h at RT. Finally, after 6 × 10 min washing in PBS, the TORC 2
immunoproduct was visualized with freshly prepared diaminobenzidine (Sigma) and H2O2
in PBS for 10 min. After rinsing in PBS, sections were dehydrated through ascending
concentrations of ethanol, cleared in xylol and mounted with embedding medium (Entellan,
Merck, Rahway, NJ). Sections processed without application of the primary TORC 2
antibodies were served as a control of specificity of immunostaining.

For semi-quantitative analysis of number of TORC 2 immunoreactive cells in parvo- and
magnocellular subdivisions of the PVN, sections containing distinct parvo- and
magnocellular subdivisions of the PVN were selected for the analysis. Images taken at 20x
on Zeiss Axioskop 2 plus microscope coupled with Zeiss AxioCam HRc camera were then
analyzed in Adobe Photoshop (Adobe, Mountain View, CA) manually by placing a frame
200 × 300 μm over the parvocellular subdivision of the PVN and a frame 150 × 150 μm over
magnocellular PVN subdivision. Cell counts were made on two or three sections per each
region, bilaterally, in each animal and performed by an operator blind to the experimental
treatment. Results represent the number of cells containing either nuclear or cytoplasmic
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TORC 2 staining per 100 neurons. One Way ANOVA-based statistic was performed using
Webpage: http://faculty.vassar.edu.

To evaluate colocalization of TORC 2 with CRH, double fluorescent immunostaining was
performed. Sections were preincubated in PBS containing 1% Triton X100 and 10% NGS
overnight at 4°C, prior to incubation for 24 hrs at 4°C with primary rabbit antibodies against
TORC 2 (Calbiochem, 1:1,000, the same lot as for DAB-based staining), and guinea pig
antibodies against CRH (Peninsula Labs, 1:10,000) diluted in PBS containing 1% NGS and
0.5% Triton X100 (21). Sections were then washed 6 × 10 min with PBS before addition of
FITC-conjugated goat anti-rabbit and a Cy3-conjugated donkey anti-guinea pig IgGs
(Jackson ImmunoResearch Labs, Inc., 1:500), for visualization of TORC 2 and CRH
immunosignals, respectively. Sections were washed with PBS (6 × 10 min at RT) before
mounting with Mowiol (Sigma).

To further demonstrate nuclear localization of TORC2 in CRH cells of rats subjected to
30min restraint, double stained sections were counterstained with 4′,6-diamidino-2-
phenylindole (DAPI, Sigma-Aldrich). DAPI was added in PBS (1μg/ml) during the last
washing of sections prior to mounting.

Sections processed without application of the primary TORC 2 or CRH antibodies served as
a control of specificity of immunostaining. All images were taken as a single plane scan on a
confocal microscope Leica TCS NT microscope.

For semi-quantitative analysis of the number of CRH-IR neurons containing nuclear TORC
2 immunostaining, one hundred immunoreactive CRH neurons in the PVN from each animal
of the 30 min restraint group were analyzed in Adobe Photoshop on single confocal images
taken at 63x. CRH immunoreactive neurons with clearly visible TORC 2 immunostaining in
their nuclei were manually counted. The results represent the mean ± SE of the percent of
CRH neurons displaying nuclear TORC 2-immunoreactivity in 3 rats per experimental
group.

Chromatin immunoprecipitation assay
To determine whether TORC 2 is recruited by the CRH promoter during activation of CRH
transcription during stress, we performed chromatin immunoprecipitation (ChIP) assays.
ChIP assays were performed using kit reagents from the ChIP-IT Express kit (Active Motif,
Carlsbad, CA), according to the manufacturers protocol with some modifications. Briefly,
pooled hypothalamic tissue from 2 or 3 rats (about 50 to 75 mg) was homogenized in 500 μl
of 1% formaldehyde using a hand held motorized homogenizer Bio-Gen Pro200 (Pro
Scientific, Oxford, CT), for 10sec, setting 2, and incubated for 10 min at room temperature
in order to cross-link the DNA–protein complexes. After terminating the cross-linking
reaction with glycine, homogenates were centrifuged and washed three times in cold PBS
containing protease inhibitors and phosphatase inhibitors. Pellets were then resuspended in
300 μl of SDS lysis buffer (Millipore/Upstate, Temecula, CA) with all the inhibitors and
incubated on ice for 10 minutes, and sonicated 8 cycles of 30 seconds on and 30 seconds off
at high level output (Bioruptor from Diagenode, Belgium) to generate 0.2-1 kb DNA
fragments of chromatin.

After preclearing using Protein A/G plus beads (Santa Cruz Biotech, Santa Cruz, CA),
immunoprecipitation was performed on 15 μg of chromatin with 3 μg of either anti-TORC 2
antibody (Bethyl, Montgomery, TX) or phospho-CREB antibody, Millipore/Upstate,
Temecula, CA), or rabbit IgG for negative control in the presence of ChIP-IT Protein G
Magnetic beads (Active Motif) at 4 °C under rotation, in a total volume of 200μl following
the manufacturer’s protocol (Active Motif). Prior to addition, Protein G Magnetic beads
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were preincubated with one μg of herring sperm DNA per immunoprecipitation reaction in
order to reduce the background. After overnight incubation DNA-protein immuno-
complexes were collected by Protein G Magnetic beads and followed by washing, elution
and reversing cross-links. After treatment with protinase K, The immunoprecipitated DNA
fragments was quantified using real-time PCR with the following primers designed to
amplify the CRH promoter region encompassing the 112 bp containing the CRE (forward,
5′- tcagtatgttttccacacttggat-3′ and reverse, 5′-tttatcgcctccttggtgac-3′). Calibration curves to
assess the efficiency of the PCR reaction were performed using 0.025 to 250ng of rat
genomic DNA were linear between 23 and 39 Ct. The amplification efficiency of the
primers was usually about 100%, ranging from 90 to 110%. In immunoprecipitated
chromatin for animals in basal conditions or 3h after termination of stress, CRH promoter
detection was in the low end of the standard curve (33 to 37 cycles). In immunoprecipitated
chromatin from rats subjected to 30 min restraint, CRH promoter was detected at 26 to 29
cycles. The amount of CRH promoter calculated from the standard curve was normalized by
the total input (amount of CRH promoter in chromatin not subjected to
immunoprecipitation).

Analysis of results and statistical analysis
Statistical analysis was performed by one-way analysis of variance (ANOVA) followed by
Fisher’s least significant difference procedure (PLSD) test to assess statistical significance
between control and experimental groups. Data are presented as the mean and SE of the
values obtained in the number of experiments indicated in results or legends to the figures.
For ChIP experiments, data were normalized by log transformation prior to statistic analysis.

RESULTS
Plasma hormone and hypothalamic CRH hnRNA responses to restraint stress

Plasma ACTH and corticosterone levels in basal conditions were 64.8±6.3 pg/ml, and
82.1±10.1 ng/ml, respectively. Values increased significantly at 30 min restraint,
(407.6±28.0 pg/ml for ACTH, and 494.2±39.2 ng/ml for corticosterone), and had returned to
basal at 4h, 3h after the termination of the stress (37.6±3.9 pg/ml and 26.6±4.0 ng/ml for
ACTH and corticosterone respectively), n=8, p<0.001 for both ACTH and corticosterone,
F= 19.2 and 16.4, respectively).

In situ hybridization analysis of CRH hnRNA in the PVN showed very low levels in basal
conditions. Levels increased significantly after 30 min restraint (p<0.001, F=21.3) and had
returned to basal values by 4h (Fig 1–A).

Effect of restraint stress on nuclear and cytosolic TORC 2 in the hypothalamus
Western blot analysis of TORC 2 levels in cytosolic and nuclear proteins from whole
hypothalamic homogenates evidenced a band of about 85 kDa corresponding to the
molecular size of TORC 2. Overall analysis of the results from hypothalamic tissue from 4
to 5 rats per group shows a significant effect of stress (p<0.04, F=4.6). Although, there was
variability between animals, there was a significant increase of the nuclear TORC 2 band at
30 min during restraint stress (65±19 over the basal values, p<0.05). Nuclear levels of
TORC 2 3h after release from the restrainers, were no different from basal. No changes in
intensity of the TORC 2 band were observed in the cytoplasm though the migration of the
band was slightly accelerated at 30 min restraint (Fig 1-B).

To determine whether the effects of stress on TORC 2 translocation occur in the PVN,
immunohistochemical studies were performed in hypothalamic sections of control and
stressed rats. As shown in Fig 2-A, TORC 2 staining was evident in both the dorsomedial
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and dorsolateral regions of the PVN, with the highest staining in the dorsolateral region
corresponding to the topographic location of magnocellular neurons. No staining was
observed in the absence of the primary antibody. As shown in the higher magnification
images, there was an increase in nuclear staining at 30 min restraint (p<0.001 compared with
controls), which returned to control values at 4h (Fig 1-A and B). This was accompanied by
a decrease in the number of cells with cytoplasmic staining (p<0.002). Overall analysis of
the average of TORC 2-stained cells in the cytoplasm and nucleus in 3 rats per group
showed significant effects of restraint stress only in the dorsomedial region of the PVN,
corresponding to the distribution of CRH neurons (p<0.001, F=265.6, and p<0.03, F=16.3,
for nuclear and cytoplasmic staining, respectively).

In contrast to the parvocellular region, there were no significant effects in the dorsolateral
region, containing magnocellular vasopressin and oxytocin neurons (p<0.4, F=0.8, and
p<0.6, F=0.5, for nuclear and cytoplasmic staining, respectively).

To confirm that nuclear translocation of TORC 2 during restraint stress occurred in CRH
neurons of the PVN, double staining immunohistrochemistry for CRH and TORC 2 was
performed in hypothalamic sections of controls and rats subjected to restraint. As shown in
Fig 3A, in basal conditions there was clear co-localization of irTORC 2 in the cytoplasm of
all detected CRH expressing neurons. Consistent with the observations with DAB staining,
at 30 min restraint there was an increase in cells with nuclear TORC 2 staining. Co-staining
with the nuclear marker DAPI performed in double stained sections of rats subjected to
restraint for 30 min confirmed the nuclear localization of irTORC2 in this group (Fig 3-B).
Omission of TORC 2 and CRH antibodies in sections stained with DAPI showed no
immunoreactive signals (Fig 3-B). Quantitative analysis of the number of double-labeled
cells after 30 min restraint indicated that only 61±3.5% of CRH neurons show nuclear
TORC 2 staining. Consistent with the data in Fig 2, irTORC 2 was seen mostly in the
cytoplasm of CRH neurons (Fig 3).

Stress induces TORC 2 recruitment by the CRH promoter in the hypothalamus
The ability of TORC 2 and phospho-CREB to interact with the CRH promoter during stress
in conjunction with the activation of CRH transcription was examined by ChIP assays in
hypothalamic chromatin. Overall analysis of the results in 4 experiments showed a
significant effects of stress on phospho-CREB and TORC 2 recruitment by the CRH
promoter (p<0.01, F=7.2 and p< 0.01, F=7.3, respectively). As shown in Fig. 4, CRH
promoter immunoprecipitation with the phospho-CREB antibody increased by 30 min of
stress (p<0.01 compared to basal), in correspondence with the increase in CRH hnRNA, but
it was still significantly higher than controls by 4h (p<0.01), when CRH hnRNA had
returned to basal values. In contrast, the amount of CRH promoter immunoprecipitated with
the TORC 2 antibody markedly increased by 30min (p<0.02), but returned to basal values
by 4h parallel to the changes in CRH hnRNA shown in Fig 1-A. Confirming the specificity
of the protein binding to the CRH promoter, a lower intensity PCR band was observed in the
pooled remaining cross-linked DNA after immunoprecipitation with non-immune globulin.
Gel analysis of the PCR products of the immunoprecipitated CRH promoter in rat
hypothalamic chromatin subjected to restraint for 30 min and 4h in a representative
experiment is shown in Fig 4-B)

DISCUSSION
It has been long accepted that activation of CRH transcription depends on cAMP/protein
kinase A (PKA) dependent pathways and binding of phosphorylated cAMP response
element binding protein (pCREB) to CRE in the CRH promoter (4,6,8). While the
requirement of cyclic AMP and CREB is still a fact, recent in vitro studies suggest that
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activation of CRH transcription involves nuclear translocation and recruitment of the CREB
co-activator, TORC, by the CRH promoter (16). The present study shows that TORC 2
protein is expressed in CRH neurons of the hypothalamic PVN in rats and that all detected
CRH neurons co-express TORC 2. Moreover, restraint stress induces nuclear translocation
and recruitment of TORC 2 by the CRH promoter in conjunction with activation of CRH
transcription. It should be noted that while all detected CRH neurons express TORC 2, only
a proportion of them (about 60%) showed TORC 2 translocation to the nucleus. Since
siRNA blockade of TORC 2 expression in hypothalamic neurons markedly reduces
forskolin-induced CRH transcription (16), it could be assumed that transcriptional activation
occurs only in neurons showing nuclear translocation of TORC. The partial number of CRH
neurons showing nuclear translocation of TORC 2 raises the possibility that some CRH
neurons do not respond (at least transcriptionally) to stress, or more likely that the
proportion of responsive neurons could depend on the intensity of the stimulus. On the other
hand, since nuclear translocation of TORC 2 was evaluated only at the peak of CRH
transcription activation (22-24), it is possible that additional neurons showed nuclear TORC
2 staining at earlier time points. Although unlikely, it is not possible to rule out that TORC 1
or 3, which were not examined in this study, may mediate CRH transcription in the CRH
neurons without TORC 2 staining in the nucleus.

In addition to TORC 2, the other members of the gene family, TORC 1 and 3 are expressed
in the brain. In situ hybridization studies have shown that TORC 1 is the most abundant and
widely distributed in the brain (25), but all three TORC subtypes are present in the PVN
(26). While the present immunohistochemical data confirms the participation of TORC 2 in
the regulation of CRH during stress, the question of whether TORC 1 and 3 have a role will
require further investigation. In contrast to the high specificity of the TORC 2 antibody
(Calbiochem) used in this study, none of the TORC 1 or TORC 3 antibodies available were
suitable for immunohistochemistry. Previous studies using the cell line 4B or primary
cultures of hypothalamic neurons and siRNA blockade for the different TORC subtypes had
suggested that the predominant subtype required for CRH transcription is TORC 2, though
TORC 3 may also be involved (16).

TORC potentiates the transcriptional activity by interacting with the bZip domain of CREB
and subsequently facilitating the recruitment of the transcriptional complex (17,27).
Consistent with this interaction, previous studies in 4B cells transfected with the CRH
promoter have shown co-immunoprecipitation of TORC 2 and CREB (16). In the same
study, stimulation of cells with forskolin induces recruitment of TORC 2 to the transfected
CRH promoter. The present chromatin immunoprecipitation experiments using
hypothalamic chromatin from controls and stressed rats clearly show that the endogenous
CRH promoter is indeed able to recruit TORC 2. Moreover, TORC 2 was associated with
the CRH promoter only at the time when CRH transcription is activated. It is noteworthy
that in the present experiments and previous studies (24) phospho-CREB remains bound to
the CRH promoter after CRH transcription has returned to basal values. Although a more
detailed analysis of the temporal interaction of TORC 2 and phospho-CREB with the CRH
promoter remain to be elucidated, the data suggest that termination of transcription does not
depend on the removal of CREB from the CRE in the CRH promoter. The fact that TORC 2
is no longer present in the CRH promoter, or in the nucleus, when CRH transcription has
returned to basal, suggests that removal of TORC 2 from the chromatin and its export from
the nucleus is part of the mechanism of termination of CRH transcription during stress.

The mechanisms leading to TORC translocation are under investigation. In basal conditions,
TORC is in the cytoplasm in a phosphorylated state and bound to the scaffolding protein,
14-3-3. TORC phosphorylation is mediated by members of the AMP-activated protein
kinase (AMPK) family of Ser/Thr protein kinases, including salt inducible kinase 1, (SIK1)
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(28). Protein kinase A inactivates these kinases, thus preventing TORC phosphorylation and
allowing its release from 14-3-3 and translocation to the nucleus, where it interacts with
CREB. Studies in progress suggest that SIK1 plays a role regulating TORC translocation in
hypothalamic neurons and we have evidence that there is marked induction of SIK1 in the
parvocellular region of the PVN during stress (29).

In addition to CRH-stained neurons, other cells in the dorsomedial region of the PVN
showed TORC 2 labeling suggesting the involvement of TORC 2 in the function of other
parvocellular and periventricular neuroendocrine neurons. Also, the presence of prominent
TORC 2 staining in the dorso-lateral region of the PVN, containing magnocellular
vasopressin and oxytocin neurons implicates possible roles of the co-activator in the
transcriptional regulation of these hormones. While this suggests that TORC 2 is involved in
the function of other cell types in the hypothalamus, it is clear from the topographic
distribution and co-staining data that restraint stress did not cause overt TORC 2
redistribution in neurons other than CRH neurons. The neuron type specificity of the
redistribution (translocation of TORC 2 into the nucleus), in conjunction with the
recruitment of TORC by the CRH promoter at the time when transcription is activated,
provide strong support for a role of TORC 2 in the physiological activation of CRH
transcription during stress.

In summary, this study in rats demonstrates firstly that TORC 2 is present in CRH neurons
of the hypothalamic PVN, and secondly that stress causes transient TORC 2 translocation to
the nucleus and its recruitment by the CRH promoter concomitantly with the activation of
CRH transcription. These data support of the hypothesis that TORC 2 acts as the CREB co-
activator required for activation of CRH transcription during stress.
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Fig 1.
Effect of restraint stress on CRH hnRNA, measured by in situ hybridization (A), and
immunoreactive TORC 2 (irTORC 2), measured by western blot in nuclear and cytoplamic
proteins in the microdissected dorsal hypothalamic region from individual rats (B). Rats
were subjected to restraint stress for 1h and killed at 30 min or 4h after termination of the
stress (240 min). Data are the mean and SE of data obtained from 5 rats for CRH hnRNA or
6 rats for irTORC 2. The intensity of the TORC 2 bands were corrected for β-actin in the
cytoplasm and for HDAC1 in the nucleus. Images from representative rats are shown above
the bars. *, p< 0.05; **, p< 0.001
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Fig 2.
Immunohistochemical staining for TORC 2 in hypothalamic sections from control rats
(basal), 30 min restraint and 3h after 1h restraint (240 min) (A). As shown by the higher
magnification of representative images in the lower panels, there is an increase in nuclear
staining for TORC 2 following 30 min restraint. Replacing the TORC 2 antibody by non-
immune globulin yielded no staining over the background. The quantitative analysis of the
number of cells showing nuclear and cytoplasmic staining in the dorsomedial and
dorsolateral regions of the PVN is shown in B. Bars represent the mean and SE of
measurements expressed as percent of cytosolic and nuclear location per total number of
cells were counted in each animal in 3 rats. *, p<0.01 higher than nuclear staining in basal
(time 0), or 3h after termination of 1h stress (240 min). #, p<0.01 lower than cytoplasmic
staining in basal, or 3h after termination of 1h stress (240 min).

Liu et al. Page 13

J Neuroendocrinol. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 3.
Co-localization of immunoreactive CRH and immunoreactive TORC 2 in the dorsomedial
region of the PVN Rats were subjected to restraint stress for up to 1h and killed at 30 min or
3h after termination of the stress (240 min) (A). Hypothalamic sections were stained for
TORC 2 and CRH as described in Methods. CRH neurons with nuclear localization of
irTORC2 indicated by arrows, and neurons with cytoplasmic irTORC 2 are shown by
arrowheads. Nuclear localization of TORC2 in rats subjected to 30 min restraint was
confirmed by DAPI staining as shown in B. Arrows point to the corresponding DAPI
staining in 4 neurons. No staining was observed in the absence of TORC and CRH
antibodies. The magnification bars correspond to 20μm.
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Fig 4.
Restraint stress induces recruitment of phospho-CREB and TORC2 by the CRH promoter in
the hypothalamic PVN region. ChIP assays using phospho-CREB and TORC 2 antibodies
and cross-linked DNA from microdissected hypothalamic PVN region of control rats and
rats subjected to restraint stress for 30min or 3h after 1h restraint (240 min) (A). Amounts of
CRH promoter DNA in the immunoprecipitant was measured by qRT-PCR. Bars represent
the mean and SE of the results obtained in 4 experiments using pooled tissue from 2 or 3 rats
per experimental point. Gel shows the results obtained in pools of hypothalamic tissue from
3 rats per group in a representative experiment (B). **, p< 0.01 higher than basal; **,
p<0.02 higher than basal; #, p<0.02 lower than 30 min.
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