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Abstract

Intraperitoneal administration of hypertonic saline to the rat supraoptic nucleus (SON) increases 

the expression of several immediate early genes (IEG) and the vasopressin gene. These increases 

have usually been attributed to action of the cyclic-AMP Response Element Binding Protein 

(CREB). In this paper, we study the role of CREB in these events in vivo by delivering a potent 

dominant-negative form of CREB, known as A-CREB, to the rat SON through the use of an 

adeno-associated viral (AAV) vector. Preliminary experiments on HEK 293 cells in vitro showed 

that the A-CREB vector that we used completely eliminated CREB-induced c-fos expression. We 

stereotaxically injected this AAV-A-CREB into one SON and a control AAV into the contralateral 

SON of the same rat. Two weeks following these injections we injected hypertonic saline 

intraperitoneally into the rat. Using this paradigm, we could measure the relative effects of 

inhibiting CREB on the induced expression of c-fos, ngfi-a, ngfi-b, and vasopressin genes in the 

A-CREB AAV injected SON versus the control AAV injected SON in the same rat. We found only 

a small (20%) decrease of c-fos expression and a 30% decrease of ngfi-b expression in the 

presence of the A-CREB. There were no significant changes in expression found in the other IEGs 

nor in vasopressin that were produced by the A-CREB. This suggests that CREB may play only a 

minor role in the expression of IEGs and vasopressin in the osmotically activated SON in vivo.
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1. Introduction

Intraperitoneal (i.p.) administration of hypertonic saline increases the expression of the 

immediate early genes (IEG), c-fos, ngfi-a, ngfi-b, along with the expression of the 

vasopressin (VP) gene in the supraoptic nucleus (SON) of rats (Kawasaki et al., 2005). The 
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presence of a cyclic adenosine 3, 5-monophosphate (cAMP) response element (CRE) 

sequence in the promoter region of all of these genes (Boutillier et al., 1992; DeFranco et al., 

1993; Inaoka et al., 2008; Yoshida et al., 2006) suggests that the increase in expression is 

mediated by the CRE binding protein (CREB).

CREB is a transcription factor that has been implicated in the transcriptional regulation of 

many genes (Sheng et al., 1990) and is involved in a myriad of cellular responses that are 

involved in nervous system development, learning and memory, addiction, and 

neuroprotection from disease among others (Lonze and Ginty, 2002). CREB is activated in 

response to a vast array of physiological stimuli together with the closely related members of 

the same bZIP superfamily of transcription factors such as cAMP response element 

modulator (CREM) and activating transcription factor 1 (ATF-1).

Efforts to study CREB function in vivo have been made by the use of traditional knockout 

models, but success has been limited since CREB−/−mice don’t survive after birth largely 

because of respiratory distress (Lonze and Ginty, 2002; Mayr and Montminy, 2001). 

Although CREM−/−mice do survive to adulthood, the males are sterile, they exhibit 

disrupted circadian rhythms, and have altered behavioral patterns (Mayr and Montminy, 

2001). Moreover, compensatory action by other CREB family members in CREM- or 

CREB-knockout mice prevents expression of a knockout phenotype (Mayr and Montminy, 

2001). These drawbacks have led to the development of alternative transgenic (Carlezon et 

al., 1998; Herzig et al., 2001; Jancic et al., 2009; Lee et al., 2009) and viral vector (Barrot et 

al., 2005; Warburton et al., 2005; Yuan et al., 2003) strategies using mutant CREBs to 

perturb CREB function in vivo.

In the present study we stereotaxically injected A-CREB, a potent dominant negative 

inhibitor of CREB that disrupts the DNA binding of CREB and CREB family members 

(Ahn et al., 1998), into the rat SON using an adeno-associated virus (AAV) vector. A-CREB 

has an acidic amphipathic patch that is thought to mimic DNA in its binding to the N-

terminal of the wild-type CREB leucine zipper. Experiments by Ahn et al. (1998) showed 

that A-CREB is able to completely and specifically inhibit CREB DNA binding. We injected 

an A-CREB bearing AAV vector in order to determine the role of CREB and CREB family 

members on the expression of c-fos, ngfi-a, ngfi-b, nr4a2, and vasopressin (VP) in this brain 

region. The effectiveness of using AAV to target molecules to the rat SON was recently 

demonstrated (Doherty et al., 2011). Since the acute, systemic administration of hypertonic 

saline causes rapid increases in expression of several of these genes, (Kawasaki et al., 2005) 

which are presumed to be primarily mediated by the transcription factor CREB, we expected 

that blocking CREB in vivo would significantly inhibit their increases in expression during 

hyperosmotic stimulation.

2. Results

2.1. Localization of the AAV to the SON

A schematic diagram of the stereotaxic injection paradigm is illustrated in Fig. 2a, which 

shows a coronal section of a rat brain with a syringe lowered unilaterally to the SON. Figs. 

2b and c show results from control experiments in which the SON was injected with the 
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CMV-EGFP virus and subsequently double-labeled with IHC using antibodies against both 

EGFP and Neurophysin (an identifying marker for the magnocellular neurons). As shown in 

Fig. 2d, the virus (EGFP-ir) colocalized with nearly all of the Neurophysin-positive 

magnocellular neurons of the SON.

2.2. Effectiveness of in vitro paradigm and primer pair sensitivity

The graphs in Fig. 3 indicate that the rat neuroblastoma cells that were stimulated with 

forskolin had lower Ct values (more expression) than the control cells for c-fos, ngfi-a, ngfi-
b, and nr4a2, demonstrating that all the primer pairs successfully detected the changes and 

that all the listed immediate early genes increased in vitro when the cells were stimulated.

2.3. Test of A-CREB’s effectiveness to inhibit c-fos mRNA induction in vitro

Fig. 4 shows a graph comparing the fluorescent growth curves of c-fos mRNA in PCR 

assays of HEK-293 t cells that were stimulated with forskolin (20 μM, 30 min) after being 

transduced with either the A-CREB (rAAV-CMV-A-CREB-T2A-EGFP) or control (rAAV-

CMV-EGFP) AAVs (3.0 μl of each virus). A second forskolin-treated control group was 

included that was not transduced with AAV. The resultant Ct values were 28, 28, and 32 for 

the no virus control, AAV-EGFP control, and A-CREB groups, respectively. The four cycle 

difference in the Ct value for c-fos between the A-CREB and the control virus indicates that 

expression of c-fos is reduced about 16-fold in the presence of the A-CREB virus relative to 

the other two control groups, thereby validating the efficacy of our rAAV-CMV-A-CREB-

T2A-EGFP vector.

2.4. Evidence for partial inhibition of Fos protein expression in the presence of A-CREB 
after acute hyperosmotic stimulation

The A-CREB AAV injected into the rat SON partially inhibited Fos expression. This is 

illustrated in the images in Fig. 5, which show IHC data using Fos antibody. The low-

magnification representative section in Fig. 5a shows that Fos induced by salt loading of the 

rat (see Section 4.6 for salt loading methods) is reduced in the A-CREB treated (left) SON 

as compared to the control (right) SON (see arrows in Fig. 5a). Data from a second rat (total 

experiments, n=6), are illustrated at higher magnification in Figs. 5b and c which similarly 

show that the control SON (Fig. 5c) has both brighter and more numerous Fos 

immunoreactive cells than the left, A-CREB-injected SON (Fig. 5b). These data are 

consistent with the expectation that CREB is involved in the acute hyperosmotic stimulation 

of Fos expression in the SON.

2.5. Quantification of the effects of A-CREB on immediate early and VP gene expression in 
the SON

QRT-PCR was used to measure the inhibitory effects of A-CREB on the mRNA levels of 

IEGs relative to the control (contralateral) side of each rat brain after an acute salt loading 

stimulus. Table 2 shows the average Ct values of four immediate-early genes (nr4a2, ngfi-b, 
ngfi-a, c-fos) from the A-CREB treated SONs compared to the control SONs in each animal. 

Vasopressin hnRNA and vasopressin mRNA were also measured. The Ct values for 

vasopressin mRNA were used to normalize the data since the Ct values for vasopressin 
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mRNA neither vary during acute osmotic stimulation (Kawasaki et al., 2009) nor do they 

vary in the presence or absence of A-CREB (Table 2). In this regard, it is interesting that the 

expression of vasopressin in the SON has recently been shown to be independent of c-fos 
(Arima et al., 2010). Both c-fos and ngfi-b had significantly higher Ct values on the A-

CREB treated side, indicating that A-CREB inhibited the expression of these genes (p=0.03, 

n=7, for both). After normalization to VP mRNA using the comparative Ct method (Pfaffl, 

2001) we calculate that A-CREB inhibited c-fos mRNA by 20% and ngfi-b by 30% (Table 

2). Nr4a2 also had a greater Ct value on the A-CREB side (indicating lower expression), 

however, these results were not statistically significant (p=0.08, n=7). The apparent reduced 

expression of VP hnRNA on the A-CREB side was not statistically significant either 

(p=0.254, n=8).

3. Discussion

CREB target genes, which differ widely in their functional roles and mechanisms, all have in 

common the presence of a CREB binding site, the CRE sequence, in their promoter region. 

One of the most recognized of these target genes is the prototypic IEG, c-fos, whose 

transcription is rapidly activated by a variety of stimuli but peaks and returns to baseline 

within 1 h of the stimulus onset (Greenberg and Ziff, 1984; Sheng and Greenberg, 1990). C-
fos was one of the first identified CREB target genes; its transcription was shown to be 

regulated by the CRE consensus site in the promoter region and to respond to stimuli that 

activate CREB (Lonze and Ginty, 2002; Sassone-Corsi et al., 1988). Since those early 

studies, however, hundreds of additional genes have been defined as having a CRE 

consensus site in their promoter as well as having transcription mediated by CREB. Some of 

the other CREB target IEGs include NURR1 (NR4A2) and Epidermal growth factor (NGFI-

A) (Mayr and Montminy, 2001), and Nur77 (i.e. NGFI-B) (Fass et al., 2003).

Many of these CREB targets were first identified in vitro by using PC12 cells. Sheng et al. 

(1990) began studying the involvement of CREB on c-fos transcription by creating 

mutations in the CRE sequence of the promoter region in PC12 cells. In subsequent studies 

(Ginty et al., 1994; Sheng et al., 1991), a mutant of CREB (mCREB) was created by 

replacing Ala for Ser-133 in order to prevent phosphorylation of CREB at this position. This 

was used to show that c-fos transcription in activated PC12 cells also involved CREB. Ahn 

et al. (1998) created a different, smaller sized dominant negative CREB called A-CREB, 

which is a CREB leucine zipper-domain with an acidic amphipathic extension on the N 

terminus that disrupts DNA binding activity of CREB and CREB family factors (e.g., 

CREM, ATF-1). A-CREB was also used in PC12 cells and was shown to inhibit c-fos 
expression by blocking CREB that was induced by cAMP. The authors found, however, that 

A-CREB only partly inhibited Ca+2 and nerve growth factor (NGF) mediated c-fos 
transcription, suggesting a separate converging mechanism. Fass et al. (2003) confirmed 

these findings in vitro using A-CREB, and showed the same effects in the transcription of 

NGFI-B and other IEGs.

Thus, the CREB-c-fos pathway has been extensively studied in the literature and CREB has 

been identified as one of the main regulators of c-fos transcription (Fisch et al., 1989; Ginty 

et al., 1994; Gonzalez and Montminy, 1989; Lonze and Ginty, 2002; Mayr and Montminy, 
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2001; Sassone-Corsi et al., 1988). The above studies, as well as other studies in the 

literature, investigated the mechanisms of c-fos transcription in vitro. Our in vitro 
experiments on rat neuroblastoma cells also supported a robust role for CREB in forskolin-

induced c-fos expression (see Fig. 4). Studies using various mammalian cell lines have 

described the importance of other elements within the c-fos promoter on transcription of c-
fos. The cAMP Responsive Element (CRE) and, to a lesser extent, the Serum Responsive 

Element (SRE) are both thought to be important in mediating c-fos transcription in vitro 
(Ahn et al., 1998; Eto et al., 2010; Ginty et al., 1994; Hill and Treisman, 1995; Rivera et al., 

1990, 1993; Sheng et al., 1991; Simon et al., 2005; Treisman, 1995; Zhang et al., 2008). 

However, less is known about the relative contributions of CREB and SRE to regulate c-fos, 
in vivo. The findings reported here shed light on this issue and lend credence to the idea that 

results found in vitro may not be recapitulated in vivo.

We were surprised to find that our injections of the A-CREB AAV into the SON only 

produced a modest reduction of c-fos expression (Table 2). A 20% reduction in c-fos 
expression was observed in the A-CREB treated SON relative to the control SON. We also 

found that another IEG known to contain a CRE binding sequence in its promoter region, 

NGFI-B, also had a small but significantly reduced expression in the presence of A-CREB 

(Table 2). Several other IEGs such as NGFI-A, NR4A-2, and the vasopressin gene, did not 

change in expression (Table 2).

There have been several lines of evidence suggesting that cAMP increases VP expression 

mediated by CREB, predominantly from in vitro studies. Using cell lines, these studies 

reported that upregulating cAMP (via forskolin or other methods) led to increased VP gene 

expression (Iwasaki et al., 1997; Kuwahara et al., 2003). Moreover, Iwasaki et al. (1997) 

showed that the dominant negative CREB, KCREB, could partially block this increased 

expression. However, a recent in vivo study by Chiappini et al. (2011) showed that while VP 

production was impaired in the PVN of CREB knockout mice, it was not impaired in the 

SON of these mice. Their conclusion is consistent with our result that blocking CREB in the 

SON in vivo does not change vasopressin expression. In addition, these data further support 

the idea that CREB’s functions in vitro are not necessarily the same as those found in vivo.

There are several possible explanations for the modest inhibitory effect of A-CREB on c-fos 
expression in vivo in the SON, as compared to its potent inhibition seen in vitro in other 

systems. The first possibility is that the A-CREB expression in the SON was too low to fully 

compete with the endogenous CREB in the SON neurons. Although this cannot be 

absolutely discounted, it is unlikely. After the virus was stereotaxically injected into the rat 

SON, we were able to clearly visualize the IHC fluorescence from the A-CREB-T2A-EGFP 

construct in all the neurons in the sectioned SON (data not shown). This indicated that the 

AAV was able to enter and express A-CREB as well as the EGFP within virtually all of the 

cells of the SON. In addition, the IHC studies of Fos protein in the SON show that the A-

CREB-treated SON had substantially lower Fos protein present than the control SON (Fig. 

5). The IHC data in Fig. 5 support the view that the A-CREB vector was able to enter the 

SON cells to a large enough extent as to be able to inhibit Fos protein expression. 

Furthermore, the A-CREB/CREB heterodimer is 3300-fold more stable than CREB alone 

(Ahn et al., 1998), and it is likely that the A-CREB construct used here will effectively 
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interfere with CREB binding to the CRE site in the SON in vivo. Finally, other studies using 

A-CREB viral vectors injected into rat brain (Warburton et al., 2005), as well as A-CREB 

use in transgenic animals (Jancic et al., 2009; Lee et al., 2009), have shown effective 

expression and action of the dominant negative A-CREB construct in rodent neurons in vivo.

Another possible explanation is suggested by the data of Yuan et al. (2010) who reported 

that acute hyperosmotic stimulation causes peak Fos protein expression at 45 min in 

astrocytes and at 90 min in neurons in the SON. It is known that c-fos mRNA expression in 

response to hypertonic saline peaks around 30 min in the SON (Kawasaki et al. 2005), and 

in view of the Yuan et al. (2010) data it is likely that at the time we did our qPCR assays of 

c-fos mRNA (30 min after the i.p. salt injection) increases in both astrocytic and neuronal c-

fos mRNA in the SON were being measured. Since the viral vector (AAV-6) that we used to 

transduce the SON only targets neurons it is likely that the modest A-CREB mediated 

reduction of c-fos mRNA of 20% that we observed reflected only the inhibition in the 

magnocellular neurons, and that the presence of the uninhibited, enhanced astrocytic c-fos 

mRNA in the SON led to an underestimate of the A-CREB inhibition.

Finally, another possible explanation of the modest inhibitory effect of ACREB in the SON 

is that the regulation of c-fos in vivo in the SON in response to hyperosmotic stimuli differs 

from that of forskolin stimulated c-fos regulation in most cell lines in vitro. If we safely 

assume that there is an effective level of A-CREB expression in the SON neurons, and given 

that there is only a 20% reduction of c-fos expression in vivo, this suggests that full 

induction of c-fos expression in the rat SON may occur via alternative pathways. The 

canonical cAMP-CREB-c-fos pathway may make only a minor contribution. There are 

several locations on the c-fos promoter region that indicate c-fos can respond to molecules 

other than CREB, e.g. serum growth factors to the SIE region (SIF-inducible element, where 

SIF is an acronym for sis-inducible factor, Coulon et al., 2010). In fact, the serum response 

element (SRE) region in the c-fos promoter was found to be an important inducer of c-fos 
expression under dehydrating hyperosmotic stress (Cahill et al., 1996; Gille et al., 1995; Soh 

et al., 1999). This 20 base pair (bp) region is located 310 bp upstream of the c-fos gene 

origin and initiates transcription when the serum response factor (SRF) binds to this site in 

response to serum and purified growth factors. In some cell lines extracellular-signal-

regulated kinase (ERK) and mitogen-and-stress-activated kinase (MSK) are recruited to the 

SRE promoter site and can induce c-fos transcription in response to hyperosmotic stress 

(Nielsen et al., 2008; Zhang et al., 2008).

Therefore, activation at the SRE site in the c-fos promoter region in the rat SON may 

contribute heavily to c-fos expression in response to hyperosmotic stress. Further 

investigations are needed to fully elucidate the roles of SRE and other possible signal-

transduction and transcription factor molecules in regulating c-fos expression in the SON in 
vivo. It is expected that the AAV injection paradigm described in this paper will provide a 

useful approach for this endeavor.

Lubelski et al. Page 6

Brain Res. Author manuscript; available in PMC 2016 October 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4. Experimental procedures

4.1. Animals

Adult male Sprague–Dawley rats (270 g–370 g) obtained from Charles River Laboratories 

(Wilmington, MA) were maintained under normal laboratory conditions (temperature: 21–

23 °C, 12 h light–dark cycles with light on at 6:00 AM) with access to unlimited food and 

drinking water. Following surgical procedures, rats were caged individually. All procedures 

were carried out in accordance with the National Institutes of Health (NIH) guidelines on the 

care and use of animals and according to an animal study protocol approved by the NINDS 

Animal Care and Use Committee.

4.2. A-CREB plasmid preparation

The CMV500 A-CREB plasmid (Ahn et al., 1998) was generously provided by C. Vinson 

(NIH, NCI). Preparation of the A-CREB virus required the use of an AAV precursor plasmid 

(modified pFastBac, Invitrogen) containing the CMV promoter and a dual reporter system of 

EGFP followed by a T2A sequence, followed by the sequence for mCherry. A WPRE 

sequence was placed just downstream of the mCherry. The A-CREB fragment was cloned 

into the plasmid in place of mCherry and just after the T2A sequence. The use of the T2A 

peptide allows for the same promoter to be used to drive the expression of multiple proteins 

(Chinnasamy et al., 2006; Szymczak et al., 2004; Yan et al., 2010). A diagram of the final 

construct can be seen in Fig. 1a.

4.3. Virus preparation

Adeno-associated viruses (AAVs) were prepared according to the methods of Urabe et al. 

(2002). Briefly, DH10Bac cells (Invitrogen, cat# 10361-012) were transformed with donor 

AAV plasmids (either the A-CREB or the control EGFP) and plated on appropriate selection 

media containing tetracycline, kanamycin, gentamicin, X-gal and IPTG. If the donor 

plasmid is integrated into a composite bacmid, the resulting colony appears white and can be 

isolated and amplified for the next step.

Insect cells (Sf9, Gibco, cat# 11496-015) were plated on a 6-well plate at a density of 2×106 

cells/ml and were then transfected with the appropriate bacmid. The transfection reactions 

were prepared in ~500 μl of Grace’s Medium (Gibco, cat# 11595) using 5 μg/well of bacmid 

and 5 μl/well of Cellfectin transfection reagent (Invitrogen, cat# 10362-010). Sf9 cells were 

transfected with the bacmid by the addition of ~250 μl of transfection reaction mixture to the 

well and the cells were maintained at 27 °C for 72–96 h. This resulted in bacculovirus P1 

concentrations of ~1×107–9 viral genomes/ml (vg/ml) as assayed by quantitative PCR (F: 5′-
ATGAAGCA-CAGTGTCCACGGTC-3′; R: 5′-GGTGAAGCGGCAGAATAACAATC-3′). 
An amplification step was then performed whereby the supernatant containing the P1 

bacculovirus was added to 45–50 ml of Sf9 cells gently shaking in a 125 ml Erlenmeyer 

flask (Corning, cat# 431143) at 115 RPM and maintained 27.5 °C for 48–72 h. This resulted 

in bacculovirus concentrations of ~1×1011–12 vg/ml.

To make the injectible AAVs, the A-CREB or control EGFP bacculovirus was added along 

with a second AAV-6 packaging bacculovirus (generous gift from R. Kotin, NIH, NHLBI) to 
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another 45–50 ml flask of Sf9 cells containing 2×106 cells/ml. The AAV-6 serotype was 

chosen because it was found to be among the most efficient in transducing magnocellular 

SON neurons in preliminary experiments in which we tested AAV-2, AAV-4, AAV-5, 

AAV-6, and AAV-8 (unpublished data). The bacculoviruses were added so that their final 

‘virus:cell’ ratios were 3–10:1; controlling this ratio and keeping it relatively low appeared 

to result in higher AAV titers. Packaging reactions were performed over ~96 h until Sf9 cell 

viability was reduced to less than 50%, and then the contents of the flasks were poured into 

a 50 ml Falcon tube and centrifuged such that all of the insect cells were pelleted. The 

supernatant was then returned to the original flask, the pellet resuspended in 5 ml of sterile 

PBS and subjected to 3 freeze–thaw cycles, before another centrifugation (3500×g, 10 min). 

The supernatant was then returned to the flask, to which was added MgCl2 to a final 

concentration of 2 mM and 500 units of Benzonase (Sigma, cat# E1014-25KU). The flask 

was then maintained at 37 °C for 30 min, after which polyethylene glycol (Fluka, cat# 

83271) was added to a final concentration of 2%. The flask was gently shaken at 4 °C 

overnight.

The contents of the flask were then poured into a 50 ml falcon tube and centrifuged for 15 

min at 3500×g. The supernatant was discarded and the pellet was resuspended in 10– 12 ml 

of CsCl2 solution having a refractive index of 1.372. This suspension was then 

ultracentrifuged at 38 k RPM for 36 h at 25 °C and the resulting gradients were collected in 

1.5 ml aliquots. The fractions having a refractive index between 1.378 and 1.368 

(approximately four 1.5 ml fractions) were kept and pooled together in a centrifugal filter 

device (Millipore, cat# UFC910008) having a MW cutoff of 100 kDa. The filter devices 

were centrifuged at 3000×g for 20 min at 25 °C and, following the first centrifuge, 2 ml of 

PBS with 1 mM MgCl2 was added to the upper reservoir in order to dialyze out the CsCl2. 

Following 3 additions of PBS w/MgCl2, the resulting virus (usually ~20–100 μl) was placed 

in aliquots for storage at −80 °C.

4.4. Titering procedures

Determination of virus titer was done as indicated in Urabe et al. (2002). QPCR was 

performed on the concentrated AAVs to determine their titers. Briefly, we serially diluted the 

viruses (both AAVs and bacculoviruses) and subsequently measured the corresponding 

concentrations through quantitative real time PCR (Smartcycler, Cepheid, Sunnyvale, CA). 

In addition to 1ul of template, primers for EGFP (to measure AAV titers) or the bacculovirus 

backbone (to measure bacculovirus titers) were added to the SYBR green QPCR master mix 

(Applied Biosystems, Foster City, CA). The cycle threshold (Ct) values for the viruses were 

compared to standard curves. Fig. 1b demonstrates a typical standard dilution curve that was 

used to titer both the A-CREB and EGFP virus titers. The AAV titer was determined by 

comparison with a standard curve made using pFBOT100 plasmid DNA and using the 

following primers: EGFP F-ACCCTCGTGACCACCCTGAC and EGFP R-

ACCTTGATGCCGTTCTTCTGC which amplify a 130 bp fragment of the EGFP gene. 

Viral samples were usually diluted 1:10,000 and approximately 2 μl of sample was used for 

the qPCR. To illustrate the calculation, a Ct measurement of 14 would correspond to 1×106 

viral particles according to the graph or 1×1010 viral particles when taking into account the 

dilution factor. Since 2 μl was used in the sample this would be equivalent to 5×1012 vg/ml. 
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PCR conditions were the same as for the rBV titers. AAV titers are expressed as viral 

genome/ml (vg/ml).

4.5. Stereotaxic surgery

Rats were anesthetized with 1–5% isoflurane (Baxter) in air using a Stoelting gas anesthesia 

adaptor for stereotaxic instruments (David Kopf Instruments, Tujunga, CA, Calbiochem 

Cat# 05-23-0101). The rats were placed in the stereotaxic instrument and the hair on top of 

the scalp was shaved. The scalp was sterilized by two rounds of application of betadine, 

followed by a 50:50 betadine/ethanol mixture, followed by 70% ethanol. A 15–20 mm 

incision was made using a size 15 scalpel starting rostral to bregma and ending just caudal to 

lambda. Ensuring a flat skull position was done by determination that both bregma and 

lambda were on the same horizontal plane. Two holes were drilled into the skull directly 

dorsal to the SON in order to lower the 30-guage syringe needles just over the SON 

bilaterally (Shahar et al., 2004). The stereotaxic coordinates were determined using the 

Paxinos and Watson (1986) atlas and were: 1.3 mm posterior to bregma, 1.8 mm lateral on 

each side, and 8.8 mm (for rats between 270 and 320 g) or 8.9 mm (for rats between 321 and 

370 g) dorsal to ventral.

The experimental and control viruses were unilaterally injected over the SON in vivo by 

convection enhanced delivery (Szerlip et al., 2007) at a rate of 0.30 μl/min for 10 min (total 

injected volume=3 μl). Each rat received the experimental A-CREB virus injection on one 

side of the brain and the control virus injection on the contralateral side (Cetin et al., 2006). 

Before any immunohistochemical analysis was done, sections were studied under a 

fluorescent microscope to ensure in vivo targeting was accurate. Although the same 

stereotaxic coordinates were used in all surgical injections, occasional off-target injections 

did occur. Accordingly, all injections included in the analysis were verified to contain 

accurate targeting before proceeding with immunohistochemistry and qPCR.

Following these procedures, the incision was closed using interrupted sutures (Ethilon, 

Nylon Suture, Black Monofilament 4–0) and Ketoprofen was administered subdermally (5 

mg/kg, diluted in 0.9% NaCl). Rats were then kept individually in cages (18′′/9′′/9′′–
l/w/h) for two weeks to allow the vector to fully express.

4.6. Salt loading of rats

Rats were injected i.p. with 1 ml/100 g of either 1.5 M or 2 M NaCl, kept without access to 

water for 30 min, and then killed by decapitation. Magnocellular neurons of the SON 

synthesize Fos protein in response to injections of hypertonic saline, but not in response to 

injections of isotonic saline (Giovannelli et al., 1990; Kawasaki et al., 2009).

4.7. Immunohistochemistry

For experiments involving immunohistochemical assays, two weeks after the surgical 

injection, animals were injected with 2 M NaCl (1 ml/100 g). Two hours later, the animals 

were anesthetized with isoflurane and immediately perfused transcardially with 100 ml of 

0.1 M PBS at 10 ml/min followed by 200 ml of 4% fresh paraformaldehyde (PFA) in 0.1 M 

PBS, Ph 7.4 at 10 ml/min. Brains were removed and post-fixed in PFA overnight. Brains 
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were then cryoprotected in increasing concentrations of sucrose in 0.9% saline. Sucrose 

concentrations were 5%, 10%, and 15%.

Coronal sections (16 μm) were made on a cryostat (Reichert-Jung 2800; Frigocut, 

Heidelberg, Germany) and mounted onto coated slides (Fisher Scientific Cat# 12-550-19, 

Pittsburgh, PA). The sections were rinsed with 0.3% Triton-X in 0.1 M PBS for 5 min, 

followed by two rinses of 5 min each of PBS. The sections were incubated overnight at 4 °C 

followed by 2 h at room temperature with Fos antibody (sc-52, Santa Cruz Biotechnology 

Inc, Santa Cruz, CA) at a dilution ratio of 1:2000 in 0.1 M PBS. The slides were then rinsed 

3 times with 0.1 M PBS, and then incubated in secondary antibody, Alexa Flour 594-

conjugated donkey anti-rabbit prepared at a dilution of 1:500 (Molecular Probes, Eugene, 

OR), for two hours. Slides were then rinsed three times in 0.1 M PBS and coverslipped 

using Prolong Gold Antifade reagent (Molecular Probes) as a mounting medium. This 

procedure resulted in red Fos labeling together with native, green EGFP.

Stained sections were visualized using an epifuorescent microscope (Nikon Eclipse E400) 

was used. Representative images were then recorded using the accompanying camera (Q-

Imaging RETIGA EXi Fast, Cooled Mono 12-bit). Optimizing the exposure time of the 

photograph to best display the representative images was done using Image-Pro Plus 5.1 

(Media-Cybernetics, Inc) imaging software.

4.8. qRT-PCR

For experiments using qRT-PCR analyses, the rats received an intraperitoneal hypertonic 2 

M NaCl solution injection (10 ml/kg) two weeks after the surgical procedure. Thirty minutes 

later, the rats were sacrificed under isoflurane anesthesia. The thirty minute time course was 

shown (Kawasaki et al., 2005) to be the duration for the examined genes to reach peak 

expression after hypertonic stimulation. The brains were quickly removed and placed in a 

1X-Phosphate Buffer Saline (PBS) solution. A single 1 mm coronal hypothalamic slice 

containing the SONs, located at 0.8 to 1.8 mm in the Paxinos and Watson (1986) atlas, were 

made using a Jacobowitz brain slicer (Zivic Instruments, Pittsburgh, PA). The slice was then 

placed in a Petri dish filled with PBS and the left and right SONs were removed and placed 

in lysis/RNA stabilization buffer (Stratagene, La Jolla, CA) for later purification of the RNA.

The SON RNA was purified using an Absolutely RNA Miniprep Kit (Stratagene, La Jolla, 

CA, CAT #400800) according to the manufacturer’s protocol. To eliminate DNA 

contamination of the RNA, a Qiagen DNase reagent (CAT #79254) was used. Following 

purification, the RNA was quantified in triplicate on a spectrophotometer (NanoDrop, 

Wilmington, DE) and stored at −80 °C until further use. All RNA used had a 260/280 nm 

ratio between 1.90 and 2.10, representing minimal contamination by organic solutes.

Eight sets of primer pairs, several of which were reported previously (Kawasaki et al., 2009; 

Ponzio et al., 2007) were designed to measure VP hnRNA, VP mRNA, OT mRNA, c-fos 
mRNA, NGFI-A mRNA, NGFI-B mRNA, NR4A2 mRNA, and EGFP mRNA expression, 

the sequences can be seen in Table 1.
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The qRT-PCR tests used templates of 10 or 20 ng SON-enriched RNA from dissected tissue. 

Each of the aforementioned primer pairs was used at a concentration of 0.6 μM in separate 

one-step qRT-PCR reactions (Qiagen, Valencia CA). All qRT-PCR procedures were done 

according to the manufacturer’s protocol and were previously described in (Kawasaki et al., 

2009; Ponzio et al., 2007). Annealing temperature was set at 60 °C for all primers. Ct values 

were calculated by the Real-Time PCR apparatus (Step-One-Plus, Applied Biosystems, 

Foster City, CA). The Ct values represent the PCR cycle number at which the measured 

fluorescence of the indicator dye, SYBR Green, increases linearly over the background; this 

represents the quantity of the amplified products. All reactions were run in triplicate and an 

average Ct value was calculated. One additional reaction was done using an absence of 

reverse transcriptase enzyme (−RT) in order to control for DNA contamination in the RNA 

templates. Only templates that had differences of at least one thousand-fold between the 

+RT compared to the −RT PCRs assays, indicative of little or no DNA contamination, were 

included in the analysis.

4.9. Tests of primer pairs for qRT-PCR of IEGs

In addition to examining Fos via immunohistochemistry, primers pairs were designed for use 

in qRT-PCR quantification of c-fos transcript and several other immediate-early genes. To 

test the primers, rat neuroblastoma (B35, ATCC CRL 2754) cells were grown in culture 

DMEM+10% FBS and then stimulated by incubation in 20 μm forskolin (Tocris 1099) for 

30 min to stimulate cyclic AMP-sensitive immediate early genes (see Fig. 3).

4.10. Culturing of HEK-293t cells

To investigate the efficacy of the AAV A-CREB viral vector, we transfected HEK-293t cells 

that were then, 48 h later, stimulated by forskolin (10 μM, 30 min) to increase intracellular 

cAMP and subsequently increase the expression of c-fos. The cells were grown in a cell-

culture medium made of 90% Dulbecco’s Modified Eagle’s Medium (DMEM) and 10% 

Fetal Bovine Serum (FBS) at 37 °C.

4.11. Statistical analysis

The Ct values±standard errors of the mean (SEMs) were calculated for each experiment and 

a paired Student’s t-test was used to compare the Ct values, with statistical significance set 

at p<0.05. Ct values of EGFP mRNA were used as a measure of virus targeting in the SON 

for each section extracted. Samples with an EGFP Ct value greater than 25 were not 

included in the analysis due to poor targeting. Moreover, the Ct value of OT mRNA was 

used as a measure for enrichment of the SON within the tissue section. Samples with OT 

mRNA Ct values greater than 20 were not included in the analysis due to lack of tissue 

enrichment. Relative quantification of c-fos mRNA was determined by the comparative 

cycle threshold method using the formula 2−ΔΔCt and data were normalized to VP mRNA in 

each sample (Pfaffl, 2001; Ponzio et al., 2007). The fold change in c-fos mRNA in each 

sample was calculated as: fold 

change=(2.0)ΔCt between experimental side and control side of SONs (c-fos mRNA)/

(2.0)ΔCt experimental side and control side of SONs (VP mRNA) and is expressed as percent change 

from control.
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Fig. 1. 
(a) Illustration of the plasmid used to construct the A-CREB AAV. In addition to the A-

CREB, the construct contains an EGFP reporter separated by a T2A peptide, and therefore 

equimolar expression of the A-CREB and EGFP would be expected in each transduced cell. 

The expression of these genes in the AAV vector is driven by a CMV promoter. (b) 

Determination of virus titer was done by serially diluting the purified AAVs and 

subsequently measuring the corresponding amount of the EGFP moiety by quantitative real 

time PCR. The cycle threshold (Ct) values for the AAVs were compared to standard curves 

such as the standard dilution curve shown here (see Experimental procedure for details). In 

general, we injected AAVs with titers around 5×1012 vg/ml.
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Fig. 2. 
(a) Schematic drawing of cannula placements used to inject the AAVs into the rat SON. The 

A-CREB AAV was injected over one SON, and the control AAV was injected over the 

contralateral SON. Hence, each rat contained its own control SON. Abbreviations: SON = 

supraoptic nucleus; SCN = suprachiasmatic nucleus; PVN = paraventricular nucleus. The 

images in panels b–d are from the same SON that had been injected with an AAV that 

expressed EGFP driven by a CMV promoter. (b) Illustrates the expression of EGFP as green 

immunofluorescence in SON cells that were successfully transduced by the CMV-EGFP 

AAV. OC = optic chiasm (c) Illustrates red immunofluorescent labeling of neurophysin in 

both oxytocin and vasopressin magnocellular neurons in the same SON. (d) Shows the 

merged overlay of green (b) and red (c) fluorescence demonstrating that the AAV 

successfully transduced most of the magnocellular neurons in the SON and robustly 

expressed EGFP in virtually all of them.
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Fig. 3. 
Validation of the quantitative RT-PCR assays of the immediate early genes: c-fos (a), ngfi-a 
(b), ngfi-b (c), nr4a-2 (d) after forskolin stimulation. The figure depicts fluorescent growth 

curves and cycle threshold values for each of these immediate-early genes in cultured rat 

neuroblastoma (B35) cells that were stimulated with forskolin (solid line) versus those that 

were not (dotted line). The Cfos, NGFIA, NGFIB, and NR4A2 primers are shown in Table 

1. In each case, there was an increase (lower Ct value) in the IEG mRNA in the forskolin-

stimulated cultures as compared with the mRNA in non-stimulated cultures.
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Fig. 4. 
Efficacy of the A-CREB-T2A-EGFP construct to inhibit induced c-fos expression in vitro. 

The graph shows fluorescent growth curves and cycle threshold values for c-fos mRNA in 

HEK-293 t cells under control conditions and after stimulation with forskolin. Cells were 

either transduced with A-CREB-T2A-EGFP AAV, EGFP-AAV, or not transduced with any 

virus (control). Human c-fos primer was used in the qPCR assay (see Table 1). Note that 

there was a large reduction in c-fos mRNA (higher Ct value) in the cells that were 

transduced with A-CREB AAV relative to those that were transduced with the EGFP-only 

control AAV. The non-transduced control cells and those that were transduced with the 

EGFP-only AAV exhibited similar fluorescent growth curves.
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Fig. 5. 
Immunohistochemical staining for c-Fos protein in the SONs of rats in which the left SON 

was injected with the AAV containing A-CREB and the right SON with a control AAV. (a) 

Fos immunoreactivity. Both left and right SONs (arrows) are demonstrated here at low 

power (4× magnification). Note that there is more c-Fos immunofluorescence in the control 

SON after an acute salt loading stimulus. The 3rd ventricle is labeled 3 V, the optic chiasm, 

OC. (b and c) Illustrate higher magnification views (10×) of Fos immunofluorescence in A-

CREB AAV treated and control AAV SONs in a different rat. The SONs are outlined by 

white lines. (b) Shows Fos immunoreactivity in the A-CREB treated SON versus the 

contralateral control SON (c) after an acute salt loading stimulus. This image demonstrates, 

in an additional rat, that c-Fos immunoreactivity is reduced in the A-CREB treated SON 

relative to the contralateral, control SON. See Table 2 for related changes in mRNA for all 

the intermediate genes under these experimental conditions.
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Table 1

PCR primers used to assay immediate-early gene, vasopressin and EGFP mRNAs.

Primers Sequence TA * TM (°C) *

Rat c-fos mRNA primer pairs 5′-AGCATGGGCTCCCCTGTCA (forward)
5′-GAGACCAGAGTGGGCTGCA (reverse)

60 °C, 30 s 83.4

Rat NGFI-A mRNA primer pairs 5′-GCATGCGTAATTTCAGTCGTAGTG (forward)
5′-GGCAAACTTTCTCCCACAAATG (reverse)

60 °C, 30 s 80.8

Rat NGFI-B mRNA primer pairs 5′-AAGATGCCGGTGACGTGCA (forward)
5′-CGGACTCTAGCAACAGGTCT (reverse)

60 °C, 30 s 80.5

Rat NR4A2 mRNA primer pairs 5′-AGTCTGATCAGTGCCCTCGT (forward)
5′-ATAGTCAGGGTTTGCCTGGAA (reverse)

60 °C, 30 s 81.7

Rat VP mRNA primer pairs 5′-TGCCTGCTACTTCCAGAACTGC (forward)
5′-AGGGGAGACACTGTCTCAGCTC (reverse)

60 °C, 30 s 80.7

Rat OT mRNA primer pairs 5′-AAGGCAGACTCAGGGTCG (forward)
5′-GGCATCTGCTGTAGCCCG (reverse)

60 °C, 30 s 84.5

Rat EGFP mRNA primer pairs 5′-GTGCCCATCCTGGTCGA (forward)
5′-CTTGCCGGTGGTGCAGA (reverse)

60 °C, 30 s 66.2

Human c-fos mRNA primer pairs 5′-TAGCCTCTCTTACTACCACTCA (forward)
5′-AGTGACCGTGGGAATGAAGTT (reverse)

60 °C, 30 s 84.2

TA, annealing temperature and time; TM, PCR product melting temperature.

*
Based on Kawasaki et al., 2009 and Ponzio et al., 2007.
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