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Abstract

NGF is a trophic and survival factor for cholinergic neurons, and it induces the expression of 

several genes that are essential for synthesis and storage of acetylcholine, specifically choline 
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acetyltransferase (ChAT), vesicular acetylcholine transporter (VAChT) and CHT (choline 

transporter). We have found previously that the PI3K pathway, but not the MEK/MAPK pathway, 

is the mediator of NGF-induced cholinergic differentiation. Here we demonstrate, in the rat 

pheochromocytoma cell line PC12 and in primary mouse neuronal cultures, that NGF-evoked 

upregulation of these three cholinergic-specific genes is mediated by the anti-apoptotic signaling 

molecule Akt/protein kinase B (PKB). Inhibition of Akt activation by the pharmacological 

inhibitor HIMO, or by a peptide fragment derived from the proto-oncogene TCL1, eliminated 

NGF-stimulated increases in cholinergic gene expression, as demonstrated by RT-PCR and 

reporter gene assays. Moreover, treatment with HIMO reversed NGF-evoked increases in ChAT 

activity and ACh production. In co-transfection assays with the reporter construct, a dominant-

negative Akt plasmid and Akt1-specific siRNA also attenuated NGF-induced cholinergic promoter 

activity. Our data indicate that, in addition to its well-described role in promoting neuronal 

survival, Akt can also mediate signals necessary for neurochemical differentiation.
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INTRODUCTION

NGF-TrkA signaling is important for the proper development and functioning of the 

cholinergic system (Yuen et al. 1996). In addition to its role as a trophic and survival factor 

for cholinergic neurons, NGF regulates the expression of several genes that are essential for 

synthesis and storage of acetylcholine (ACh), specifically choline transporter (CHT), choline 

acetyltransferase (ChAT), and the vesicular acetylcholine transporter (VAChT) (Li et al. 

1995; Tian et al. 1996; Pongrac and Rylett 1998; Berse et al. 1999; Oosawa et al. 1999; 

Szutowicz et al. 2004; Berse et al. 2005). We have been studying the intracellular signaling 

pathways that mediate these biological actions of NGF. NGF stimulates the MEK/MAPK 

pathway and this signaling is important for cholinergic function in vivo, as the suppression 

of ERK-mediated NGF signaling correlates with cholinergic deficits in aging (Williams et 

al. 2006; Williams et al. 2007). However, we demonstrated that induction of cholinergic 

gene expression occurs when the MEK/MAPK pathway is blocked (Madziar et al. 2005). In 

contrast, pharmacological inhibition of phosphatidylinositol 3’-kinase (PI3K) prevents NGF-

induced cholinergic promoter activity, ChAT, VAChT and CHT mRNA accumulation, and 

ACh production (Berse et al. 2005; Madziar et al. 2005). Thus, the PI3K pathway is required 

for the expression of essential cholinergic markers. However, the downstream effectors of 

PI3K involved in this process remain undetermined.

PI3K can phosphorylate both lipids and proteins, but the majority of research focuses on its 

biological activity as a lipid kinase (Cantley 2002). The phosphorylated lipid products of 

PI3K function as docking sites to recruit to the membrane many proteins containing 

pleckstrin homology (PH) domains, including Akt/protein kinase B (Akt/PKB) and 

phosphoinositide-dependent kinase 1 (PDK1) (reviewed in Woodgett 2005; Franke 2008). 

Following binding via its PH domain to membrane PIP3, Akt becomes phosphorylated on 

Thr308 by the membrane-bound PDK1 and on Ser473 by the SIN1-rictor-mTOR complex 
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(Hresko and Mueckler 2005; Sarbassov et al. 2005; Jacinto et al. 2006). Upon activation, 

Akt phosphorylates numerous downstream targets, both in the cytoplasm and in the nucleus. 

Through these targets, Akt participates in the regulation of cell survival/apoptosis, cell cycle 

progression and glucose metabolism (reviewed in Brazil et al. 2004; Manning and Cantley 

2007). In neurons, the PI3K/Akt pathway is the major signaling route mediating neuronal 

survival either by inducing the transcription of survival genes or by inhibiting members of 

the apoptotic machinery (Kaplan and Miller 2000; Brunet et al. 2001; Fukunaga et al. 2005). 

Phosphorylation of various neuron-specific targets allows Akt to control different aspects of 

neuronal function, e.g. GABA receptor stabilization and memory consolidation, dopamine 

receptor-mediated responses, neuroprotection and neurodegeneration (Brazil et al. 2004; 

Beaulieu et al. 2007).

In the present study, we explore the possible role of Akt/PKB in regulating cholinergic gene 

expression in the pheochromocytoma cell line PC12 and in primary septal neurons. By 

applying several methods of inhibiting Akt activity (a pharmacological inhibitor, an 

engineered derivative of a regulatory peptide, a dominant-negative construct and siRNA), we 

demonstrate that blocking Akt eliminates NGF-evoked cholinergic promoter activity, 

cholinergic-specific mRNA accumulation, and ACh production. We conclude that Akt plays 

an essential role in the stimulation of cholinergic gene expression by NGF.

EXPERIMENTAL PROCEDURES

Materials

All reagents were purchased from Sigma-Aldrich, unless otherwise specified.

Cell culture and treatments

Pheochromocytoma (PC12) cells were maintained in Dulbecco’s modified Eagle’s medium 

(DMEM, Gibco-Invitrogen) containing 10% horse serum (HS) and 5% fetal bovine serum 

(FBS), at 37 °C in 5% CO2. One day prior to treatment, the cells were trypsinized and an 

appropriate number of cells was plated on 35 mm tissue culture dishes so that 20 – 30% 

confluence was reached on the next day. The treatments with 100 ng/ml murine NGF 2.5S 

(Alomone Labs) were conducted in the presence of serum. For inhibition of Akt/PKB 

activity, cultures were pre-treated with 10 µM HIMO or 50 µM TAT-Akt-in (both from 

Calbiochem) for 12 h, before addition of NGF. For prolonged treatments, a fresh aliquot of 

the appropriate inhibitor was added to the culture after 36 h, followed by addition of NGF, 

without changing the medium. After 72 h of treatment, the cells were photographed and/or 

collected for RNA preparation. Cell morphology images were taken using a Nikon phase 

contrast microscope and a SPOT RTKE camera (Diagnostic Instruments, Inc).

Primary septal cultures were prepared from embryonic day 18 (E18) CD-1 mice (Charles 

River Laboratories) as described previously (Madziar et al. 2005). Animal experimental 

protocols were approved by the Boston University School of Medicine Institutional Animal 

Care and Use Committee and met NIH and USDA guidelines. The cells were plated on poly-

L-lysine/laminin-coated dishes in DMEM containing 10% heat-inactivated FBS. After 24 h 

in culture, the medium was changed to Neurobasal Medium containing B27 supplement 
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(Gibco-Invitrogen). Approximately 12 hours later, 5 µM cytosine arabinoside (AraC) was 

added to the dishes in order to prevent the growth of non-neuronal cells. Cell treatments with 

the PI3K inhibitor LY294002 or the Akt inhibitor HIMO and/or NGF were started 12–24 h 

later (i.e. 48–60 h after plating). The cells were pre-treated with 5 µM LY294002 or 10 µM 

HIMO for 1 h or 12 h, respectively, before addition of 100 ng/ml NGF. The inhibitors and 

NGF were supplemented at 24 h intervals without medium change. The cells were collected 

after 72 hours of treatment.

Biochemical measurements

ChAT activity and intracellular ACh measurements were conducted as described previously 

(Madziar et al. 2005). Protein content was determined using the bicinchoninic acid assay 

(Smith et al. 1985) with bovine serum albumin as the standard.

Western blotting

Whole-cell extracts were prepared and Western blotting was conducted as described 

previously (Madziar et al. 2005). All primary antibodies were from Cell Signaling 

Technology and were used at a 1:2000 to 1:5000 dilution. Reactive bands were visualized by 

chemiluminescence using SuperSignal West Femto substrate (Pierce) and Kodak Image 

Station 440 with Kodak 1D Image Analysis Software.

RT/PCR

Total RNA was isolated from PC12 cells and primary septal cultures by guanidium 

isothiocyanate lysis followed by binding to silica-gel-based membrane using the RNeasy 

Mini Kit (Qiagen). To exclude DNA contamination, an optional on-column DNase digest 

was performed for most of the samples using the RNase-free DNase Set (Qiagen). 

Alternatively, a DNase digest was done on already purified RNA preparations using the 

TURBO DNA-free™ kit (Ambion, Austin, TX, USA) according to the manufacturer’s 

instructions. Reverse transcription/polymerase chain reactions (RT/PCR) were conducted 

with the SuperScript One-Step RT-PCR kit with Platinum Taq (Invitrogen), according to the 

manufacturer’s instructions. Briefly, reaction mixtures, containing 10–100 ng of total RNA 

and both reverse transcriptase and Platinum Taq Polymerase, were incubated at 48 °C for 45 

min for first-strand DNA synthesis and then subjected to between 25 to 40 cycles of PCR. 

The annealing temperature was 57 °C for ChAT and 58 °C for VAChT and CHT. At the end 

of the last cycle, the samples were incubated for an additional 7 min. at 72 °C (the optimal 

elongation temperature) to ensure the completion of synthesis. The reaction products were 

separated on 1.5% agarose or 10% acrylamide gels, stained with ethidium bromide, and 

visualized using Kodak Image Station 440 with Kodak 1D Image Analysis software.

The following primers were used:

for VAChT: forward: 5'-AGC GGG CCT TTC ATT GAT CG-3'

reverse: 5'-GGC GCA CGT CCA CCA GAA AGG-3'

for ChAT: forward: 5’-CGG GAT CCT GCC TCA TCT CTG GTG T-3’

reverse: 5’-GGC GGA ATT CAA TCA CAA CAT C-3’

for CHT: forward: 5'-CGG GGA ACC ATT GAA TTC GTT GAA GTC TAC 3'
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reverse: 5'-GGG GCA AGC TTC CAC TTT CAA ATA GAT ACT 3'

Mouse β-actin control primers were obtained from Clontech.

Forward and reverse primers for ChAT and CHT were derived from different exons in order 

to avoid amplification of genomic DNA. Since the VAChT gene is devoid of introns, this 

strategy could not be employed, and therefore control amplification reactions were 

conducted with VAChT primers, containing Taq polymerase, but no reverse transcriptase. If 

DNA amplification was detected, the samples were purified by RNase-free DNase digestion 

using the TURBO DNA-free kit (Ambion) followed by purification on a Qiagen column in 

order to remove DNase from the samples. Alternatively, RNA preparations were digested 

during purification on silica-gel membrane with the RNase-free DNase Set (Qiagen). 

RT/PCR with β-actin primers was performed after DNase digestion to ensure equal loading 

and RNA integrity.

Real-time PCR was performed with mouse ChAT primers designed by Applied Biosystems. 

The primers are located in exons 15–16 of the mouse ChAT gene and amplify a fragment 70-

bp in length. Total RNA was converted into cDNA with the use of the High Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems). Aliquots of the cDNA were used for PCR 

reactions with mouse ChAT primers and FAM-labeled TaqMan probes in the 7500 Real-

Time PCR System and analyzed with SDS software (both from Applied Biosystems). The 

results were normalized to β-actin amplification.

Transfection and reporter gene analysis

PC12 cells were transfected with the cholinergic promoter-luciferase reporter construct 

pGL3Hind4.2 (Madziar et al. 2005) using LipofectAMINE 2000 (Invitrogen) in serum-free 

DMEM. After 4 h incubation with LipofectAMINE-DNA complexes, the medium was 

changed to DMEM with 10% HS, and 5% FBS with or without Akt inhibitors (10 µM 

HIMO or 50 µM TAT-Akt-in) followed by 100 ng/ml NGF. Sixty to 72 hours post-

transfection, the cells were lysed, and luciferase activity was measured with the Luciferase 

Assay System (Promega), according to the manufacturer's protocol, adapted for 96-well 

plates as described previously (Madziar et al. 2005). In co-transfection experiments, 

pGL3Hind4.2 was mixed with variable amounts of a dominant-negative (DN) Akt construct 

or an empty expression vector. For siRNA treatments, the reporter plasmid was co-

transfected with annealed Akt1 or control siRNA duplexes (Dharmacon) using the general 

DNA transfection protocol.

Statistical Analysis

One-way analysis of variance (ANOVA) and Dunnett’s post hoc comparison test (Dunnett 

1955) were performed using the data analysis function of KaleidaGraph v. 3.6 (Synergy 

Software, Reading, PA).
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RESULTS

1. Akt inhibitor HIMO eliminates the NGF effect on ChAT activity and ACh production

To evaluate the involvement of Akt in cholinergic function, we used 1L-6-hydroxymethyl-

chiro-inositol 2(R)-2-O-methyl-3-O-octadecylcarbonate (HIMO), a 3’-modified 

phosphatidylinositol analogue shown to be an effective Akt inhibitor (Hu et al. 2000; 

Kozikowski et al. 2003). HIMO has a marked preference for Akt (IC50 of 5.0 µM) over PI3K 

(IC50 of 83.0 µM). PC12 cells were pre-treated with 10 µM HIMO for 12 hours, and then 

stimulated with 100 ng/ml NGF. The inhibition of Akt activity was demonstrated by Western 

blotting with phospho-specific antibodies against Akt and its downstream effectors GSK-3 

and FKHRL1. HIMO markedly reduced phosphorylation of Akt and GSK-3 in response to 

NGF and completely prevented the NGF effect on FKHRL1 phosphorylation (Figure 1A). In 

order to establish whether NGF-stimulated ACh production was affected in the presence of 

Akt inhibitors, the cells were treated with HIMO and NGF as described above and ChAT 

activity and intracellular ACh content were measured after 3 days. NGF increased ChAT 

activity and the accumulation of intracellular ACh by 1.8 and 2.3 fold, respectively (Figure 

1B–C). Pretreatment with HIMO completely eliminated those increases. Treatment with 

HIMO alone did not affect intracellular ACh, while in some experiments, the cells treated 

with HIMO alone showed a small, but statistically significant, increase in ChAT activity as 

compared to control (by approximately 15%). However, in the presence of the combination 

of HIMO and NGF, ChAT activity was at control levels. Thus, inhibition of Akt prevents 

NGF from upregulating ACh production in PC12 cells.

2. Two distinct Akt inhibitors prevent NGF-mediated stimulation of cholinergic mRNA 
accumulation

We examined the effect of Akt inhibition on the mRNA accumulation of the cholinergic-

specific genes ChAT and VAChT. In this approach, in addition to HIMO, we employed the 

fusion peptide TAT-Akt-in, to inhibit Akt phosphorylation and activation in PC12 cells. 

Based on the proto-oncogene TCL1 domain that interacts with Akt (Kunstle et al. 2002), 

Hiromura et al (2004) identified and characterized the peptide sequence H-Ala-Val-Thr-Asp-

His-Pro-Asp-Arg-Leu-Trp-Ala-Trp-Glu-Lys-Phe-OH, that encompassed the A strand of 

TCL1, interacted with Akt, and inhibited Akt kinase activity. This peptide, referred to as 

Akt-in, binds to the PH domain of Akt (Kd ~18 µM) and interferes with the Akt-PtdIns 

interaction, hindering membrane translocation from the cytosol. It has been shown to inhibit 

selectively the phosphorylation of Akt in response to PDGF with no inhibition towards 

PKA, PKC, PDK1, p42/44 MAPK or p38 MAPK (Hiromura et al. 2004). We used TAT-Akt-
in, a fusion of Akt-in with the TAT protein transduction domain, which renders it cell-

permeable. PC12 cells were pre-treated with HIMO or TAT-Akt-in and then stimulated with 

NGF. Phase-contrast microscope pictures taken after 3 days of treatment demonstrate that, as 

expected, NGF caused neurite extension in PC12 cells. Neither HIMO nor TAT-Akt-in, 

administered alone or in combination with NGF, affected cell morphology, attachment to the 

substratum or neurite formation evoked by NGF (Figure 2A and data not shown). 

Approximately equal numbers of cells were observed in the presence and absence of the 

inhibitors. Also, Trypan Blue staining showed no significant difference between the groups 

in the number of dead cells (data not shown). Thus, treatment of PC12 cells with these Akt 
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inhibitors does not affect cell viability, and some aspects of NGF signaling are intact in cells 

treated with the inhibitors.

RT/PCR was used to evaluate ChAT and VAChT expression in treated cells. The two genes 

are contained within a single genomic locus, termed the cholinergic locus, and they share 

regulatory transcriptional elements. However, through differential promoter use and 

alternative splicing, the cholinergic locus yields discrete ChAT- and VAChT-specific 

mRNAs. Thus, we were able to use gene-specific PCR primer pairs to evaluate ChAT and 

VAChT expression separately. RT/PCR carried out for 36 cycles on total RNA preparations 

and subsequent analysis with the Kodak Image Station revealed that, in agreement with 

previously published results, NGF increased both ChAT and VAChT mRNA accumulation. 

In contrast, in the presence of HIMO or TAT-Akt-in, NGF-stimulated increases in ChAT and 

VAChT mRNA accumulation were eliminated (Figure 2B). For VAChT primers, derived 

from a single exon, parallel reactions with Taq polymerase in the absence of RT 

demonstrated no genomic DNA contamination of the RNA samples (data not shown), 

indicating that the PCR products are the result of RNA amplification. Expression of β-actin 

in the RNA prepared from each sample was used as loading control. Akt inhibition by 10 

µM HIMO for three days, in the absence of NGF, did not change basal ChAT or VAChT 

mRNA expression (data not shown). RT/PCR experiments conducted with increasing 

numbers of amplification cycles (up to 40) demonstrated that the PCR reactions were not 

saturated after 36 cycles (data not shown). We conclude that inhibition of Akt eliminates 

NGF-evoked upregulation of ChAT and VAChT gene expression in PC12 cells.

3. Akt inhibition interferes with cholinergic promoter activity in reporter gene assays

We used a reporter gene assay to evaluate the role of Akt in regulating cholinergic promoter 

activity. The cholinergic promoter-luciferase reporter construct pGL3Hind4.2, containing the 

distal promoter region of the cholinergic locus, has been described elsewhere (Madziar et al. 

2005). The transcriptional activity of this reporter construct is stimulated 4- to 6-fold by 

NGF in PC12 cells and, to a lesser degree, in the septal cell line SN56T17 (Madziar et al. 

2005 and B. Berse, unpublished observations).

In order to examine the effect of Akt inhibitors on cholinergic promoter activity, PC12 cells 

transfected with pGL3-Hind 4.2 were pre-treated with HIMO or TAT-Akt-in, then 100 ng/ml 

NGF was added and the incubation was continued for 3 days, with one more application of 

the inhibitors and the growth factor after 48 h. Luciferase and protein levels were assayed as 

described in Experimental Procedures. In agreement with our previous results (Madziar et al. 

2005), NGF up-regulated ChAT promoter activity by approximately 4-fold (Figure 3). 

Neither HIMO or TAT-Akt-in, when administered alone, affected basal luciferase activity, 

but both significantly reduced luciferase expression in the presence of NGF. This suggests 

that Akt signaling is required for NGF-mediated stimulation of the cholinergic locus 

expression. The cell number and morphological appearance of the cells in all treatment 

groups were similar, indicating that viability was not affected by the treatments.

The reporter plasmid pGL3Hind4.2 was also used in the co-transfection experiments with a 

dominant-negative (DN) Akt construct, kindly provided by Dr. Alex Toker (Beth Israel 

Deaconess Medical Center and Harvard Medical School). This construct expresses a kinase-
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dead mutant of Akt (K179M), which has been demonstrated to inhibit the actions of 

endogenous Akt (Dudek et al. 1997; Cheng et al. 2000). Increasing amounts of DN Akt 

construct (mixed in with an empty expression vector to maintain constant total DNA input) 

were co-transfected together with pGL3Hind4.2 into PC12 cells. Following transfection, the 

cells were cultured in the presence or absence of NGF, and luciferase activity was assayed in 

cell extracts (Figure 4A). Consistent with our previous results, NGF increased luciferase 

activity of pGL3Hind4.2 by over 6-fold. This increase was significantly reduced by co-

transfection with DN Akt in a concentration-dependent manner, indicating that Akt activity 

is necessary for the response of the reporter to NGF.

We have shown previously that the empty luciferase vector pGL3-Basic, used to create our 

reporter plasmid, is, surprisingly, also stimulated by NGF, albeit to a much smaller degree 

than the cholinergic promoter construct pGL3Hind4.2 (Madziar et al. 2005). Therefore, we 

examined whether this effect on the vector is modulated by the DN Akt expression plasmid. 

Figure 4B demonstrates that NGF treatment of the cells transfected with the pGL3-Basic 

vector increases luciferase activity by approximately 2-fold. However, co-transfection with 

DN Akt does not change NGF responsiveness of pGL3-Basic. Thus, DN Akt interferes with 

the transcriptional activity of the cholinergic promoter and not the vector. Therefore, we 

conclude that the regulation of the distal promoter region of the cholinergic locus by NGF is 

mediated by Akt.

To further examine the involvement of Akt in NGF-mediated cholinergic expression, we 

used siRNA to target the expression of the Akt isoform Akt1/PKBα in PC12 cells. Cells 

were co-transfected with varied amounts of Akt1-specific siRNA (10, 50, and 100 pmol per 

35-mm dish) together with 1 µg of pGL3-Hind4.2. As shown in Figure 5, cells transfected 

with 10 pmol siRNA exhibited a decrease in luciferase activity by ~30% in comparison to 

those treated with NGF alone. Luciferase activity dropped further at higher concentrations of 

siRNA, bringing activity down to nearly control levels. These findings suggest that 

inhibition of Akt1 expression decreases cholinergic promoter activity in response to NGF in 

PC12 cells. The control siRNA, which consists of non-specific sequences, reduced luciferase 

activity by ~35% when used at 100 pmol. This may possibly be due to nonspecific effects of 

a large number of small RNA molecules on cellular metabolism post-transfection. However, 

statistical analysis indicated a significant difference between NGF-treated cells transfected 

with 100 pmol Akt1-specific siRNA and those transfected with control siRNA at the same 

concentration, suggesting a specific role of Akt1 in cholinergic gene expression.

4. NGF-stimulated cholinergic gene expression is Akt-dependent in primary septal cells

We also examined the involvement of Akt signaling on cholinergic gene expression in 

primary neuronal cultures isolated from E18 mouse septum (Figure 6). After 48 h in culture, 

the cells were pre-treated with HIMO for 12 h, followed by 3 days of NGF treatment. As 

was observed for PC12 cells, the Akt inhibitor treatment of primary cultures did not affect 

cell viability or overall neuronal morphology (Figure 6A). RT-PCR revealed that NGF 

treatment stimulated ChAT mRNA accumulation, and that this NGF effect was prevented by 

HIMO (Figure 6B). In addition, we applied real-time RT-PCR using mouse ChAT primers 

and FAM-labeled TaqMan probes (Applied Biosystems) to evaluate changes in ChAT 
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mRNA expression. Real-time PCR quantification (Figure 6C) agrees with the results of end-

point RT-PCR at a limited number of cycles followed by electrophoresis and digital analysis 

of band intensity.

Although PC12 cells are capable of ACh synthesis, they do not express the high affinity 

choline transporter (CHT), an important component of the cholinergic phenotype in vivo 
(Apparsundaram et al. 2001; Ferguson et al. 2003). We had reported previously that the 

expression of CHT, along with that of the cholinergic locus, is upregulated by NGF in 

primary septal cells, and that this effect is prevented by the PI3K inhibitor LY294002 (Berse 

et al. 2005). In order to examine the involvement of PI3K/Akt signaling on CHT expression, 

we treated E18 primary septal cultures with NGF in the presence and absence of LY294002 

or HIMO. RT-PCR for CHT and VAChT and subsequent analysis with the Kodak Image 

Station revealed that the amounts of both RT-PCR products were markedly increased in 

reactions with RNA obtained from NGF-treated cells as compared to control (Figure 6D). In 

samples treated with LY294002, regardless of NGF treatment, CHT and VAChT products 

remained below or at control levels, respectively, confirming that their expression was PI3K-

dependent. Furthermore, pretreatment with the Akt inhibitor HIMO prevented NGF-induced 

increases in both CHT and VAChT mRNA accumulation (Figure 6D). RT/PCR with β-actin 

was performed to ensure equal loading and RNA integrity. These experiments demonstrated 

that the expression of CHT is also regulated by NGF in a PI3K/Akt-dependent manner.

Taken together, the data indicate that the NGF-stimulated induction of both CHT and 

cholinergic locus expression is mediated through the PI3K/Akt pathway in primary septal 

neurons.

DISCUSSION

In this paper, we present data suggesting a novel potential role for the signaling molecule 

Akt/PKB, specifically in regulating cholinergic differentiation. Using PC12 cells and 

primary septal neurons, we demonstrated that blocking Akt eliminates NGF-dependent 

cholinergic promoter activity, ChAT, VAChT and CHT mRNA accumulation and ACh 

production. These findings are consistent with our previous reports, based on 

pharmacological inhibition of PI3K, that showed PI3K-dependent upregulation of the 

cholinergic locus and the CHT gene by NGF (Berse et al. 2005; Madziar et al. 2005). Here, 

we used several parallel methods (pharmacological inhibitors, a dominant-negative construct 

and siRNA) to interfere with either Akt expression or its biological activity. Akt is the major 

effector of the PI3K pathway, and it is involved in transmission of PI3K survival signals. 

Therefore, the viability of the treated cells was of concern. We had observed before that 

extended exposure to the PI3K inhibitor LY294002 in the absence of NGF reduced cell 

viability (Madziar et al. 2005). However, three-day treatments with the Akt inhibitors HIMO 

or TAT-Akt-in did not affect either the general neuronal morphology or viability of primary 

septal neurons or NGF-differentiated PC12 cells. The cells remained firmly attached to the 

substratum, their shape and the rate of cell divisions and cell death did not change; they also 

expressed β-actin at normal levels. In the presence of Akt inhibitors, PC12 cells still formed 

neurites in response to NGF treatment. Thus, some manifestations of NGF signaling are 

present even when the activation of Akt is prevented. We demonstrated previously that 
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pharmacological treatments can discriminate between neurite formation and the upregulation 

of the cholinergic phenotype in response to NGF, as the former was significantly reduced in 

PC12 cells treated with MEK inhibitors, while the latter was not. Conversely, inhibition of 

PI3K with LY294002, which completely blocked the expression of the cholinergic genes, 

had little effect on neurite formation in PC12 cells (Madziar et al. 2005). The experiments 

with Akt inhibitors, presented here, confirm that neurite formation in response to NGF is 

regulated independently from cholinergic differentiation. Taken together, our data suggest 

that the suppression of cholinergic differentiation in the presence of Akt inhibitors is not the 

result of a general downregulation of neuronal properties, but a more specific effect on 

cholinergic gene expression.

Our results on ChAT and VAChT expression obtained with the PC12 cell line were 

confirmed in primary cultures obtained from E18 mouse septum. Additionally, the 

experiments with primary septal cells demonstrated that the expression of another 

cholinergic marker, CHT, is also regulated by NGF in an Akt-dependent manner. The CHT 

gene was cloned relatively recently and there is little information available on its regulation. 

Our data reveal for the first time the specific signals governing the regulation of CHT 

expression (Berse et al. 2005; Brock et al. 2007; Mellott et al. 2007, this study). The best-

described biological function of CHT is providing choline for ACh production. Initial 

reports, based on the cellular distribution of CHT mRNA, which was found almost 

exclusively in cholinergic tissues, suggested that CHT is a cholinergic marker co-regulated 

with ChAT and VAChT (Kobayashi et al. 2002; Ferguson et al. 2003; Kus et al. 2003). Our 

current data are in agreement with those observations. However, although CHT is essential 

for the cholinergic phenotype, there are also differences between the regulation of its 

expression and that of the cholinergic gene locus (Brandon et al. 2004; Berse et al. 2005; 

Lecomte et al. 2005; Brock et al. 2007). More studies on CHT expression could reveal other 

potential biological functions of this protein.

The precise mechanism by which the PI3K/Akt pathway regulates cholinergic function is 

currently unknown. We used FKHRL1 and GSK-3 phosphorylation as indicators of Akt 

activity, but our experiments did not address the question whether these proteins are the 

downstream effectors of Akt. However, GSK-3 is a likely and interesting candidate. It is a 

crucial signaling molecule in several physiological processes and corresponding diseases. It 

is involved in control of glucose metabolism through insulin actions, type 2 diabetes mellitus 

(T2DM), apoptosis, Wnt signaling and cancer, and recently it has been linked to 

Alzheimer’s disease (AD). GSK-3 phosphorylates the protein tau, which leads to 

neurofibrillary tangles, one of the two key neuropathological features of AD. Also, the anti-

apoptotic function of the PI3K/Akt/GSK-3 pathway makes it important for nerve cell 

survival and our data demonstrate its role in cholinergic function. Thus, a defect in this 

pathway may contribute to AD in several ways. Furthermore, clinical studies show a higher 

risk of dementia or significant cognitive decline in diabetic populations, revealing a direct 

connection between T2DM and AD (for review, see Cole et al. 2007). The results presented 

here, suggesting that the PI3K/Akt signaling pathway is necessary for the stimulation of 

ACh synthesis by NGF, are in agreement with those observations. The exact mechanism of 

insulin resistance in T2DM is not yet known, however the IR seems to function normally in 

diabetic patients. Thus, it is believed that origin of resistance is downstream from the 
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receptor, and since insulin and NGF share downstream signaling pathways, it can be 

hypothesized that NGF resistance may also develop in neurons where insulin resistance is 

present.

Our results with the reporter construct indicate that at least some of the Akt effects on 

cholinergic gene expression are transcriptional. Akt has been associated mainly with cell 

survival through interfering with the cytoplasmic mechanisms of apoptosis, but it is also 

involved in the transcriptional induction of genes related to cell survival, cell cycle, tumor 

progression, T-cell activation and energy metabolism (Brunet et al. 2001; Kane and Weiss 

2003; Liang and Slingerland 2003; Downward 2004; Agarwal et al. 2005; Huang and Chen 

2005; Lee et al. 2005; Porstmann et al. 2005). Some of the transcriptional effects of Akt 

have been attributed to its inhibitory phosphorylation of GSK-3, which in turn can act as a 

negative regulator of gene expression (Bijur and Jope 2000). Interestingly, in neuroblastoma 

cells expressing the estrogen receptor (ER), PI3K/Akt/GSK-3 signaling has been shown to 

modulate estrogen-dependent gene expression (Mendez and Garcia-Segura 2006). The 

mechanism of the cross-talk between these pathways is still unclear, although there are 

indications that it involves regulation of the stability of the ER/β-catenin complex by 

GSK-3. Akt has also been found to regulate gene expression by direct phosphorylation of 

transcription factors, which leads to their activation (e.g. CREB), or inactivation (e.g. the 

proteins of the Forkhead family) (Hanada et al. 2004). These biological functions of Akt are 

conducted both in the cytoplasm and in the nucleus. It has been shown recently that PI3K 

enhancer (PIKE), a newly identified brain-specific nuclear GTPase, is involved in the anti-

apoptotic action of NGF in PC12 cells (Ahn et al. 2004; reviewed in Chan and Ye 2007). It 

would be interesting to investigate whether nuclear PI3K, nuclear Akt and/or PIKE are also 

involved in the cholinergic differentiation of neurons by NGF.
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Abbreviations

AD Alzheimer’s disease

ACh acetylcholine

AraC cytosine arabinoside

ChAT choline acetyltransferase

CHT choline transporter

CREB cyclic AMP response element-binding protein

DN dominant-negative

ERK extracellular signal-regulated kinase
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FBS fetal bovine serum

GSK-3 glucose synthase kinase-3

HIMO 1L-6-hydroxymethyl-chiro-inositol 2(R)-2-O-methyl-3-O-

octadecylcarbonate

HS horse serum

MAPK mitogen-activated protein kinase

MEK MAPK kinase

NGF nerve growth factor

nt nucleotide

PC12 pheochromocytoma 12

PDK phosphoinositide-dependent kinase

PH pleckstrin homology

PI3K phosphatidylinositol 3’-kinase

PIKE PI3K enhancer

PIP3 phosphatidylinositol-3,4,5-trisphosphate

PKA protein kinase A

PKB protein kinase B

RT reverse transcription

PCR polymerase chain reaction

siRNA small interfering RNA

TAT human immunodeficiency virus transactivator

TCL1 T-cell leukemia/lymphoma 1

VAChT vesicular acetylcholine transporter
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Figure 1. Effect of the Akt inhibitor HIMO on protein phosphorylation, ChAT activity and ACh 
production
PC12 cells were treated with 10 µM HIMO for 12 h prior to stimulation with 100 ng/ml 

NGF as described in Experimental Procedures.

(A) Following 10 min stimulation with NGF, cell extracts were analyzed by Western blotting 

with phospho-specific antibodies as indicated. Antibodies recognizing total proteins, 

regardless of phosphorylation, served as loading control.

(B) Following 72 h of NGF treatment, intracellular ACh was measured as described in 

Experimental Procedures. The results are presented as means ± S.E.M. of three independent 
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cultures. (*) significantly different from control (p<0.01, ANOVA, followed by Dunnett’s 

test). (C) ChAT activity was measured in cell extracts as described in Experimental 

Procedures. ANOVA followed by Dunnett’s test determined that the NGF-treated (p<0.001) 

and HIMO-treated (p<0.01) groups are significantly different from controls.
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Figure 2. Akt inhibitors eliminate NGF-evoked increases in cholinergic mRNA accumulation, but 
not neurite formation
(A) PC12 cells were treated with 10 µM HIMO or 50 µM TAT-Akt-in for 12 h prior to 

stimulation with 100 ng/ml NGF as described in Experimental Procedures. Phase-contrast 

photographs were taken after 72 h of treatment. Objective lens 20 ×.

(B) The cells were cultured as in (A). Total RNA was prepared and RT/PCR for ChAT, 

VAChT and β-actin was carried out as described in Experimental Procedures. Each 

treatment was performed in duplicate, hence it is represented by two lanes. The results are 

representative of three independent experiments.
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Figure 3. Akt inhibitors prevent induction of cholinergic promoter transcriptional activity by 
NGF
PC12 cells were transfected with the reporter construct pGL3Hind4.2 and cultured with 10 

µM HIMO or 50 µM TAT-Akt-in for 12 h prior to addition of 100 ng/ml NGF. Luciferase 

activity was measured in cell extracts 60 h post-transfection as described in Experimental 

Procedures. The results are presented as means ± S.E.M. of three independent cultures. (*) 

significantly different from untreated control, p<0.005; (#) significantly different from NGF-

treated sample in the absence of the inhibitors, p<0.001 (ANOVA, followed by Dunnett’s 

test). The results are representative of three experiments.
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Figure 4. Effect of a dominant-negative Akt construct on the transcriptional activity of the 
cholinergic promoter-luciferase reporter construct
(A) PC12 cells were co-transfected with pGL3Hind4.2 (0.5 µg per 35-mm dish) and 

increasing amounts of DN Akt (K179M) expression plasmid mixed with an empty 

expression vector for a constant total amount of DNA (1 µg per dish). The transfectants were 

treated with 100 ng/ml NGF and luciferase activity was measured in cell extracts 60 h post-

transfection. The results are presented as means ± S.E.M. of three independent cultures. (*) 

significantly different from untreated control, p<0.001; (#) significantly different from the 
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sample transfected with the reporter plasmid and the empty expression vector, p<0.01 

(ANOVA, followed by Dunnett’s test). The results are representative of two experiments.

(B) PC12 cells were co-transfected with 0.5 µg of a reporter plasmid (pGL3-Basic or pGL3-

Hind4.2) and 1 µg of an expression construct (DN Akt or the empty vector) and processed as 

described in (A). The results are presented as means ± S.E.M. of three independent cultures. 

(*) significantly different from the corresponding untreated control (p<0.005, ANOVA, 

followed by Dunnett’s test).
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Figure 5. Akt1-specific siRNA interferes with cholinergic promoter activity in reporter gene 
assays
PC12 cells were co-transfected with pGL3-Hind4.2 and increasing amounts of Akt1-specific 

siRNA (as indicated, in pmol) or 100 pmol of control siRNA. The cells were treated with 

100 ng/ml NGF and luciferase activity was measured in cell extracts 72 h post-transfection. 

The results are presented as means ± SD of three independent cultures. *Significantly 

different from control (p<0.0001). All samples were significantly different from that treated 

with NGF in the absence of siRNA (p<0.0001).
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Figure 6. Blocking the PI3K/Akt pathway inhibits NGF-stimulated cholinergic gene expression 
in primary septal neurons
Primary cultures were derived from E18 mouse septum and treated with 10 µM HIMO 

followed by 100 ng/ml NGF as described in Experimental Procedures.

(A) Phase-contrast photographs were taken after 72 h of treatment. Objective lens 20 ×.

(B) Total RNA was prepared and RT/PCR with ChAT and β-actin primers was carried out as 

described in Experimental Procedures. The results are representative of two independent 

experiments.
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(C) Total RNA from the samples in (B) was converted into cDNA and subjected to real-time 

PCR analysis with ChAT primers as described in Experimental Procedures. The results are 

presented as means ± range of two independent experiments, normalized to β-actin 

amplification.

(D) Primary cultures from E18 mouse septum were treated with 5 μM LY294002 or 10 μM 

HIMO followed by 100 ng/ml NGF. RT/PCR with CHT primers was carried out as described 

in Experimental Procedures. The RNA preparations were digested with RNase-free DNase 

followed by DNase removal. RT/PCR for VAChT and β-actin was performed on the purified 

RNA samples. The results are representative of two independent experiments.
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