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Abstract
Much evidence has gathered that nitric oxide (NO) signaling, via cGMP-dependent mechanisms,
may activate pro-survival pathways in hippocampal neurons and inhibit apoptosis. Past research has
revealed that the enhancement of monoaminergic neurotransmission via exercise or treatment with
antidepressant medications leads to an enhanced expression of brain-derived neurotrophic factor
(BDNF). In isolated hippocampal neurons, norepinephrine (NE) application also increases the
immunoreactivity of BDNF and several pro-survival signaling molecules. The data herein support
the possibility that NO signaling plays an important role in enhancing neurotrophin expression and
activation of the pro-survival phosphatidylinositol 3′ kinase (PI-3K) pathway stimulated by NE. In
isolated hippocampal neurons, the NO donor, sodium nitroprusside, increases BDNF, PI-3K, and
phospho-ERK1 immunoreactivity. Specific inhibitors of the NO system suggest that NE-induced
increases in hippocampal BDNF and the PI-3K pathway, but not stimulation of the MAPK pathway,
depend upon NO signaling. In addition, inhibiting cGMP suggest that the effects of NE on BDNF
immunoreactivity and Akt phosphorylation are also cGMP- dependent. Finally, the application of l-
NAME to hippocampal neurons increases cell death. This is the first study of its kind demonstrating
the involvement of NE-induced pro-survival signaling in three distinct signaling pathways: PI-3K,
MAPK, and NO/cGMP. Possible mechanisms are discussed in light of the results.
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INTRODUCTION
Nitric oxide (NO) is a volatile gas that has been attributed with the ability to promote both cell
survival and neuronal death, depending upon the levels of NO present, as well as the specific
cellular system involved (Araujo and Carvalho, 2005). Although high levels of NO can lead
to tissue damage via the rapid formation of free radical species (Maher and Schubert 2000),
this molecule can also play a prominent role in neural plasticity (Contestabile, 2000; Garthwaite
and Boulton, 1995; Holscher, 1997) through highly specific signaling mechanisms Gross and
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Wolin, 1995; Bredt, 1999) that are capable of directing cellular activities via the activation of
protein kinases (Holscher, 1997). This highly important biological action of NO involves its
binding to the heme moiety in the heterodimeric enzyme, soluble guanylate cyclase. Activation
of this enzyme by NO results in the production of the second messenger molecule, cGMP,
which can regulate numerous physiological events such as vasodilatation and
neurotransmission (Krumenacker et al., 2004). As NO is closely associated with the NMDA
receptor complex (Contestabile, 2000), via this interaction, glutamatergic activation following
sensory stimulation, learning or heightened neuronal activity activates the synthesis of NO,
which in turn activates cGMP (Garthwaite and Boulton, 1995). As noted above, via the
activation of protein kinases, cGMP activation may lead to growth or regenerative activities
within the cell (Hindley et al., 1997). Therefore, NO signaling could be one means by which
environmental enrichment, learning and/or physical activity lead to enhanced neuronal survival
or growth.

In recent years, it has been observed that chronic treatment with antidepressant medications
enhances the expression of a key neurotrophin, brain-derived neurotrophic factor (BDNF), in
the hippocampus and neocortex, and that increase in BDNF may be an important aspect of the
therapeutic response (Duman et al., 1997). General physical activity (exercise, voluntary wheel
running) also increases BDNF (Neeper et al., 1996). This effect is more rapid than
antidepressants (enhanced BDNF transcription is evident within hours rather than weeks), and
voluntary wheel running combined with antidepressant treatment potentiates BDNF mRNA
expression in an additive manner (Oliff et al., 1998; Russo-Neustadt et al., 1999). Other
evidence exists that antidepressant-induced regulation and activity-induced changes in BDNF
transcription may occur through convergent intracellular mechanisms (Russo-Neustadt et al.,
2000).

Both antidepressent treatment and voluntary exercise enhance BDNF transcription through
increased activation of monoaminergic neurotransmitter signaling, and evidence is particularly
strong that exercise-induced changes in BDNF are dependent upon norepinephrine (NE)
activation (Garcia et al., 2003; Ivy et al., 2003; Russo-Neustadt et al., 2005). This exercise-
induced NE release activates the protein kinase A/cAMP pathway, just as increased
intrasynaptic NE and/or 5-HT following antidepressant treatment is thought to do (Duman et
al., 2001; Russo-Neustadt and Chen, 2005) leading to CREB activation and enhanced BDNF
synthesis. In addition to this mechanism, one means by which exercise can rapidly and robustly
increase BDNF is via glutamatergic activation and NO signaling. General physical activity
enhances NE content (Dishman et al., 2000) and metabolism (Dunn et al., 1996) and glutamate
(Leung et al., 2006; Richter-Levin et al., 1998) release, as well as NMDA receptor levels
(Farmer et al., 2004; Molteni et al., 2002) within the hippocampus. These stimuli activate NO
synthesis (Fedele et al., 2001), which is capable of enhancing NE release through increased
glutamate release and rapid amplification of the signal (Lonart et al., 1992; Stout and
Woodward, 1994, 1995). In addition, NO is a mediator of calcium-dependent activation of the
G-protein p21 Ras (Ras) through NMDA receptor stimulation (Deora et al., 1998; Koo et al.,
2005). By this means, the pro-survival phosphatidylinositol 3′ kinase (PI-3K) pathway is
activated, leading to the subsequent transcription of many pro-survival genes (Kang et al.,
2004).

The hypothesis that exercise-induced increases in BDNF may be dependent upon NO synthesis
was recently tested by treating animals chronically with the NO synthase inhibitor, l-NAME
(Chen et al., 2006). The results supported this hypothesis, as exercising l-NAME treated
animals did not show increased hippocampal BDNF mRNA, unlike their vehicle-treated
counterparts. On the other hand, increases in BDNF transcription resulting from an exercise/
antidepressant combination were not prevented with concurrent l-NAME treatment (Chen et
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al., 2006). It is possible that only the exercise-induced increases in BDNF, and not those
stimulated by antidepressant treatment, are NO-dependent.

In both the whole animal and in cell culture models, exercise or NE application respectively
increase cell survival signaling via activation of the PI-3K pathway (Chen and Russo-Neustadt,
2005; Chen et al., 2007). In the current study, we wished to assess whether the phenomenon
of enhanced BDNF expression following the application of NE is also dependent upon NO
signaling. In addition, we have investigated whether cGMP activation is necessary and vital
for the observed increase in BDNF and/or PI-3K within hippocampal neurons.

MATERIALS AND METHODS
Antibodies

Antibodies were purchased from the following sources: anti-BDNF (Santa Cruz Biotech, Santa
Cruz, CA); anti-phospho-T308-Akt and anti-Akt (Cell Signaling, Beverly, MA); anti-phospho-
ERK1/2, anti-ERK1/2, anti-PI-3K, and anti-α-tubulin (Upstate Biotech.Inc., Charlottesville,
VA).

Hippocampal Dissection at Embryonic Day 18 (E18) and Tissue Culture
Hippocampi of each embryo were excised and cultured according to the method of Banker and
Cowan (Banker and Cowan, 1977). Briefly, on their 18th day of pregnancy, female rats
(Sprague-Dawley) were sacrificed using an overdose of isofluorane, followed by rapid
decapitation. E18 embryos were then removed by cesarean section and immediately placed on
ice. Neurons were dissected in Ca-Mg-free Medium (CMF) and rinsed in CMF twice in 15-ml
conical tube (5-10 ml/rinse). 0.125% trypsin (in CMF, ~ 4-5 ml) was then added for 5-10 min
in a water bath (37°C), and gently inverted every 2-3 min. Neurons were quenched in 10%
FBS/DMEM (warmed to 37°C, 1-2 volumes; 2 volumes ~ 8 ml) to stop the reaction and
centrifuged at 200 g for 5 min. The supernatant was then carefully removed and the pellet
resuspended in ~2 ml serum-free (SF) DMEM. Neurons were then triturated with a constricted
glass pipette, filtered through a 40-μm cell strainer (Falcon) into a new 50-ml conical tube, and
the volume supplemented to 5 ml with serum-free DMEM/1 % N2 supplements. Ten μl trypan
blue was then added to 10 μl cells and then counted in a hemocytometer. Neurons were plated
in 12-well, poly-d-lysine-coated plates (each well 3.8 cm2) at a density of 50,000 per cm2.
Treatment of hippocampal neuronal cultures (below) was conducted in duplicate.

Application of Compounds
Sources and handling—Norepinephrine, hemoglobin (Hb), Nω-nitro-l-arginine methyl
ester (l-NAME), sodium nitroferricyanide (III) dihydrate (sodium nitroprusside, SNP),
hemoglobin (Hb), 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ), and 8-
bromoguanosine 3′:5′-cyclic monophosphate (8-Br-cGMP) were purchased from Sigma (St.
Louis, MO). All compounds were dissolved in DMEM/SF, except for ODQ, which was initially
dissolved in DMSO. At no time, did the DMSO concentration exceed 0.5% of the total volume
in the tissue culture well.

Pre-treatment and treatment procedures—One day following plating, l-NAME (500
μM), SNP (500 μM), and/or Hb (380 μM) were added to the designated cells. Cells were then
returned to the incubator (37°C, 5% CO2). On the third day following plating, NE (100 nM)
was added to the appropriate treatment conditions and allowed to incubate for 2 hr; 8-Br-cGMP
(25 μM) or ODQ (50 μM) were added to the appropriate treatment conditions allowed to
incubate for 1 hr. The design was implemented so that all cells were of the same age when they
were lysed and harvested for subsequent SDS-PAGE and Western blotting. All inhibitors and
drugs were prepared in semi-darkness and made fresh just before each use. Cells used as
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controls were treated with the same vehicle as that used to dissolve the inhibitor (SF DMEM
or DMSO).

Harvesting Cultured Hippocampal Neurons
Cultured hippocampal neurons from 2 pooled tissue culture wells were suspended in hot lysis
buffer (~ 80°C), boiled for 5 min, pushed through a 26-gauge syringe 10 times to sheer genomic
DNA and decrease sample viscosity, centrifuged for 5 min at 14,000 rpm, and the supernatant
saved at -20°C until ready for protein analyses and immunoblotting. Protein concentrations
were determined using the Lowry method (Lowry et al., 1951) with bovine serum albumin as
the standard.

SDS-PAGE/Western blotting
Equal amounts of protein were applied to each well on a 10% polyacrylamide gel and
electrophoresed according to established procedures (Laemmli, 1970). Proteins were then
electrotransfered to nitrocellulose membranes (Amersham, Pharmacia-Biotech, Piscataway,
NJ) and immunoblotted with the appropriate antibody according to the respective
manufacturer’s specifications. Blots were then treated with the reagents for enhanced
chemuminescence (ECL. Amersham, Pharmacia-Biotech, Piscataway, NJ) and then apposed
to hyperfilm (Amersham, Pharmacia-Biotech, Piscataway, NJ). In the determination of
phosphorylated protein levels, each blot was then stripped (100 mM 2-mercapto-ethanol, 2%
SDS, 62.5 mM Tris-HCl, pH 6.7, 55°C, 10 min, with agitation) and re-probed using the total
form of the respective antibody, and Western blotting repeated according to the respective
manufacturer’s instructions, followed by ECL. To control for inadvertent differences in protein
loading and variability in transfer efficiency, all blots were stripped once again and re-probed
with anti-α-tubulin in accordance with the manufacturer’s instructions, again followed by ECL.
Specific dilution of the primary and secondary antibodies during western blotting was
conducted in accordance with the respective manufacturer’s recommendations. Western
blotting for each treatment condition was performed 2-3 times.

Quantification of immunoreactive bands was performed using computer-assisted densitometry
(MCID image processing system, St. Catherine’s, Ontario, Canada). Lightly exposed bands
were quantified within the linear range of a standard curve. The optical density of each band
was divided by that of its respective α-tubulin band to yield the corrected band intensity. Data
were then statistically normalized with respect to values obtained with vehicle–treated control
neurons (controls). All data analyses entailed using a one-way ANOVA, followed by Fisher’s
post-hoc least significant difference (PLSD) multiple comparisons test with a significance level
of p < 0.05.

Cell Death Assay
All experiments were conducted concurrently with those used for the Western blotting
procedures (above), but in separate tissue culture plates. Neuronal cell death was evaluated
using the Live/Dead Cytotoxicity Kit (Molecular Probes, Eugene, OR). Two-three fields within
each tissue culture well were counted for numbers of live and dead cells, determined by
fluorescent FITC and Texas Red staining, respectively. As for the Western blotting
experiments, statistical analyses of data entailed using a one-way ANOVA, followed by
Fisher’s PLSD multiple comparisons test with a significance level of p < 0.05.
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RESULTS
NE increases BDNF, PI-3K, P-Akt and P-ERK1 Immunoreactivity

Application of NE to E18 hippocampal neurons led to a time-and concentration-dependent
increase in BDNF, PI-3K and P-ERK. Previous studies revealed that exposure to 100 nM NE
for 2 hours led to peak levels of BDNF immunoreactivity in these cultures (Chen et al. 2007).
These conditions were therefore used for our subsequent experiments. Under these conditions,
NE exposure led to a robust increase in BDNF expression [F(15,32) = 16.46, p < .0001] (Figure
1). Similarly, NE also increased the expression of PI-3K [F(15,32) = 7.27, p < .0001] (Figure
2), P-Akt [F(15,32) = 5.42, p < 0.0001] (Figure 3) and P-ERK1 [F(15,32) = 13.68, p < .0001]
(Figure 4).

SNP increases BDNF, PI-3K, and P-ERK1 Immunoreactivity
Similar to NE, application of the NO donor SNP also led to a robust increase in BDNF (Figure
1), PI-3K (Figure 2), P-Akt (Figure 3), and P-ERK1 (Figure 4) expression.

The effects of NE on BDNF protein levels were inhibited when NE was applied in the presence
of an NO scavenger or an NO synthase inhibitor

Adding the extracellular NO scavenger, Hb, to our NE treatment condition removed the
increasing effects of NE on BDNF (Figure 1), PI-3K (Figure 2) and P-Akt (Figure 3)
immunoreactivity. Likewise, the NO synthase (NOS) inhibitor, l-NAME, inhibited the effects
of NE on BDNF (Figure 1), P-Akt (Figure 3) and PI-3K (Figure 2). The increased P-ERK1
immunoreactivity elicited by NE, however, was inhibited by neither Hb nor l-NAME (Figure
4). Curiously, however, when NE, SNP, and Hb were incubated together, P-ERK1
immunoreactivity was robustly and significantly increased above that of NE alone, SNP alone,
and Hb alone (Figure 4). Additionally, the combination of SNP, NE, and l-NAME significantly
increased P-ERK1 immunoreactivity (Figure 4), but not that of BDNF (Figure 1), PI-3K
(Figure 2) nor P-Akt (Figure 3).

L-NAME potently increases neuronal death
In our experiment, l-NAME potently increased hippocampal neuronal death significantly
above that of vehicle-treated controls [F(15,32) = 184.27, p < .0001] as well as above every
other treatment (Figure 5). Neither NE nor SNP reversed these effects of l-NAME (Figure 5).
It should also be noted that NE applied alone did not alter baseline cell survival.

ODQ inhibits the BDNF-enhancing effects of NE, but not the increasing effects of NE on PI-3K
P-Akt, and P-ERK1 immunoreactivity

When the guanylate cyclase inhibitor, ODQ, was applied to hippocampal neurons in the
presence of NE, the effects of NE on BDNF [F(5,12) = 5.57, p = .04] (Figure 6) and P-Akt
[F(5,14) = 2.80, p = .007] (Figure 8) immunoreactivity were completely reversed. In fact, ODQ
significantly reduced BDNF immunoreactivity below baseline levels (p = .0234) (Figure 6).
The PI-3K- and P-ERK1-enhancing effects of NE, on the other hand, were not inhibited by
ODQ. In the presence of NE, ODQ did not decrease PI-3K [F(5,12) = 2.58, p = .722] (Figure
7) nor P-ERK1 [F(5,12) = 6.60, p = .065] (Figure 9) immunoreactivity, relative to that of NE
alone. Like NE, the cGMP analog, 8-Br-cGMP, increased BDNF (p = .05, Figure 6), PI-3K
(p = .048, Figure 7), and P-ERK1 (p = .018, Figure 9), but not P-T308-Akt (p = .972, Figure
8) immunoreactivity significantly above that of vehicle-administered neurons.

NE decreases cell death brought about by guanylate cyclase inhibition
Although NE on its own did not significantly affect survival of E18 hippocampal neurons, it
led to a significant increase in cell survival compared to the level resulting from treatment with
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ODQ when co-incubated with NE [F(5,17) = 5.196, p = .03] (Figure 10). The combination of
NE-plus-ODQ also led to levels of cell death that were lower than vehicle conditions (p = .
0068) (Figure 10).

DISCUSSION
Our experimental evidence suggests that the BDNF-enhancing effects of NE, as applied to
primary hippocampal neurons, are dependent upon NO signaling. Increased NE
neurotransmission is thought to be an important component of the BDNF-enhancing response
to exercise or antidepressant treatment in vivo. (Duman, 1998; Ivy et al., 2003). Our results
support the hypothesis that NO signaling is an important part of this NE-mediated mechanism
in vitro. The results of our current study are consistent with a recent study conducted in vivo,
in which increased neuronal activation brought about by exercise led to a robust increase in
BDNF mRNA and protein expression, both of which were prevented by concomitant treatment
with the NOS inhibitor, l-NAME (Chen et al., 2006). In the current study, we demonstrated
that an increase in BDNF immunoreactivity could be elicited not only by NE, but also by an
NO donor, SNP. In addition, the BDNF-enhancing effects of NE were prevented by compounds
removing NO from the culture medium (Hb) or inhibiting its synthesis within the cell (l-
NAME).

Since the discovery of guanylate cyclase and the role of the labile NO molecule in promoting
its activation, it is known that NO is a highly specific signaling molecule with important pro-
survival (and pro-differentiation) activities. NO signaling is highly active in the hippocampus.
Both cellular NOS (Dinerman et al., 1994) and cGMP signaling molecules such as protein
kinase G I and II (Fiscus, 2002) are plentiful in this brain region. Evidence indicates that NO
synthesis and subsequent signaling promotes growth and survival responses in hippocampal
neurons (for review, see (Schuman and Madison, 1994). NO production is regulated in an
activity-dependent manner in the hippocampus during the period of developmental
synaptogenesis (Contestabile, 2000; Ogilvie et al., 1995) and participates in the regulation of
synaptic plasticity both during development and throughout the lifespan (Bohme et al., 1991;
Shibuki and Okada, 1991). In the adult brain, NO promotes neurite outgrowth (Hindley et al.,
1997; Yamazaki et al., 2005) neurogenesis-mediated functional repair (Zhang et al., 2001),
neuroplasticity (Bredt, 1999; Puzzo et al., 2005) neuronal protection (Lin et al., 2004) and
cellular survival (Ciani et al., 2002; Culmsee et al., 2005; Estevez et al., 1998a,b; Wirtz-Brugger
and Giovanni, 2000). NO is also thought to serve as a retrograde messenger secreted from
hippocampal pyramidal cells to stimulate release of excitatory neurotransmitters such as
glutamate and NE from the Schaeffer collaterals (Dinerman et al., 1994). Thus, NO induces
NE release from hippocampal slices (Lonart et al., 1992) both directly from noradrenergic
nerve terminals and indirectly through glutamate release (Lonart and Johnson, 1995). Under
certain experimental conditions using NO donors, increased NE and glutamate release were
reported to occur in a cGMP-independent manner (Lei et al., 2000; Satoh et al., 1996a,b).

As noted above, several studies have demonstrated that NO has important neuroprotective
properties that may involve cGMP signaling. Consistently, cGMP analogs have been shown
to protect neurons against NO deprivation or ODQ-induced neuronal death (Estevez et al.,
1998a). In line with this, our results indicate that NE-mediated increases in BDNF, as well as
Akt activation, require cGMP signaling (Figure 5). Additionally, inhibition of cGMP signaling
appears to decrease neuronal survival in the presence of NE (Figure 8). In previous studies,
inhibition of NO synthesis or NO availability has been shown to decrease neuroprotection
(Hashiguchi et al., 2004) and neuronal survival (Estevez et al., 1998b). In our current study,
cell death was significantly increased with l-NAME, supporting a pro-survival role for NO in
hippocampal neurons. Inasmuch as NO is known to be synthesized in significant quantities
upon NMDA receptor activation (Garthwaite, 1991; Garthwaite and Boulton, 1995; Luo and
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Vincent, 1994), NO signaling may be an important means by which globally-activating
interventions, such as exercise or environmental enrichment, can enhance BDNF expression
and survival signaling. It must be acknowledged, on the other hand, that contradictory evidence
exists for NO signaling promoting survival in neurons. In primary cortical cultures, the
administration of NOS inhibitors has been shown to prevent NMDA-induced cell death, thus
suggesting that NO mediates glutamate-induced neurotoxicity (Dawson et al., 1991). This
discrepancy could possibly be explained by the relative dose of NO involved: NMDA
neurotoxicity in vitro may involve the production and release of larger amounts of NO,
mediating apoptosis through separate mechanisms. Nevertheless, the administration of NOS
inhibitors increased BDNF secretion in cultured hippocampal cells (Canossa et al., 2002) and
enhanced hippocampal neurogenesis in adult animals (Packer et al., 2003; Park et al., 2004).
It is possible that NO-mediated survival may be a feature of the hippocampus, but possibly not
all other brain regions.

Because BDNF is important for survival, as well as synaptic plasticity within the hippocampus,
the promotion of BDNF expression in hippocampal neurons has been regarded as vital for
cellular maintenance, as well as protection from neurotoxic insults. Our studies have
demonstrated that NE, when directly applied to hippocampal neurons, increases BDNF
concentration within these cells. These experiments, as well as previous studies, have shown
that this NE-induced enhancement in BDNF is associated with increased survival signaling
along the PI-3K and MAPK pathways. Previous evidence indicates that BDNF and NO may
be co-regulated at the cellular level in the CNS (Xiong et al., 1999) and that BDNF regulates
synaptic plasticity in the hippocampus (Figurov et al., 1996; Kang and Schuman, 1995) in a
manner similar to that of NO (Bohme et al., 1991; Shibuki and Okada, 1991). Supporting the
possibility that NO signaling may also regulate neurogenesis, in a recent study, l-NAME and
Hb blocked the stimulatory effect of BDNF on neuronal differentiation of neuroprogenitor
cells (Cheng et al., 2003).

Via the activation of guanylate cyclase, the synthesis of cGMP and the subsequent activation
of protein kinase G, NO has been demonstrated to activate the transcription of CREB and
several other proteins leading to growth and survival responses within the cell (Ciani et al.,
2002; Ha et al., 2003). NO is also known to interact more directly with cell-signaling machinery
at the plasma membrane to set cell-survival signaling into motion. eNOS, the predominant
NOS isoform within hippocampal pyramidal neurons (Dinerman et al., 1994) is most active
as a membrane-associated molecule, and is found localized to particulate fractions of the cell,
presumably plasma (Busconi and Michel, 1993). As such, rapid eNOS regulation can be elicited
by activating physiological stimuli (Dimmeler et al., 1999). Recent evidence indicates that
endogenous NO within hippocampal neurons is a major mediator of rapid, calcium-dependent
activation of Ras (Deora et al., 1998; Koo et al., 2005). This mechanism could lead to a more
rapid, direct activation of the PI-3K pathway via NO. Consistently, our experimental results
indicate that activation of hippocampal NO may be an important part of the intracellular
mechanism leading to increased PI-3K, as well as downstream activation of P-Akt, within
hippocampal neurons following NE application, and that this mechanism may be only partially
dependent upon cGMP.

All of the increased measures of survival signaling observed in this study following NE
application were mimicked with the use of an NO donor, SNP. Enhanced BDNF expression
following NE application appears to be dependent upon both intracellular NO synthesis and
extracellular NO release, as these effects were reversed in the presence of both an NOS inhibitor
and an NO scavenger. It is likely that enhanced BDNF synthesis results from a cooperative
activation of multiple signaling pathways following NE stimulation, as well as positive
feedback resulting from events such as increased Trk receptor activation and increased NE,
glutamate release following NO synthesis (Figure 10). This could explain why the application
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of the NOS inhibitor, l-NAME, reversed SNP-mediated changes, even though SNP directly
increases extracellular NO in a manner independent of NOS. As illustrated in Figure 11, it is
possible that the transcription of BDNF undergoes a rapid feedback cycle (Kovalchuk et al.,
2004) that NO synthesis can drive (Cheng et al., 2003).

As noted above, NE activation also led to significant increases in the levels of PI-3K, P-Akt
and P-ERK1 in primary hippocampal neurons. These effects were also imitated with the use
of an NO donor. Our results suggest that increased PI-3K, as well as downstream Akt activation,
is dependent on overall NO availability (both extracellular and intracellular) as these results
were prevented with either Hb or with l-NAME. It is possible that increased PI-3K is an early
event resulting from a more direct activation of its synthesis by NO (one that does not require
transcriptional activation, protein synthesis or cellular feedback). One possible mechanism
(indicated in Figure 11) is the known direct activation of p21Ras (Ras) by NO associated with
the plasma membrane. Rapid activation of Ras-TrkB via NO release (Koo et al., 2005) is one
means by which NE could lead to increased PI-3K levels. Further, it is possible that via PI-3K/
MAPK pathway cross-talk (Opazo et al., 2003; Owada et al., 1999; Subramaniam et al.,
2005; Tolbert et al., 2003), NO can more efficiently contribute to enhanced PI-3K pathway
activation. Therefore, removing NO (using Hb) or preventing its synthesis (using l-NAME)
could counteract any positive effects of NE.

Results from our current experiments suggest that the effects of NE on BDNF expression in
hippocampal neurons are also dependent upon cGMP activity. The cGMP analog, 8-Br-cGMP,
increased BDNF levels to a degree comparable to that achieved with NE alone, whereas the
guanylate cyclase inhibitor, ODQ, inhibited the effects of NE when co-incubated with the latter.
Consistently, ODQ has been shown to decrease CREB phosphorylation (Ciani et al., 2002)
and survival of neurons treated with BDNF (Estevez et al., 1998b). It might be noted that ODQ
also tended to decrease BDNF immunoreactivity below that of vehicle-administered controls
when applied to neurons alone, suggesting that cGMP signaling may also be partially
responsible for some proportion of basal BDNF synthesis in hippocampal neurons. Additional
support for the possibility that enhanced BDNF synthesis requires transcriptional activation
mechanisms (discussed above) is provided by the observation that NE-stimulated increases in
BDNFwere dependent upon cGMP activity.

The NE-induced increases in ERK1 activation observed in our experiments do not appear to
be dependent upon NO signaling at all. Although the MAPK pathway has been shown to be
required for NOS induction (Schonhoff et al., 2001), ultimate CREB-dependent BDNF
transcription does not depend on ERK signaling (Riccio et al., 2006). Similarly, the MAPK
pathway can be activated by a wide variety of pathways other than those that are NO-mediated
(e.g., cross-talk with PI-3K, growth factors (Huang and Reichardt, 2003; Segal, 2003). It is
quite likely that in our current study, multiple pathways are operating when multiple
compounds were added to the culture medium as revealed by the P-ERK1 immunoreactivity
profile. Combination of three or more compounds that included NE, Hb, and l-NAME or SNP
led to a compounded increase in P-ERK1 immunoreactivity (approximately twice the amount
obtained with NE or SNP alone). It is possible that under these conditions, NO has the opposite
effects from those we observe when these compounds are added individually to the culture
medium. Among the many roles that NO plays a part, one of its most prominent is that of free
radical, which, when combined with superoxide, produces the more potently toxic oxidant,
peroxynitrite (Estevez et al., 1998a). Thus, the removal of NO (and therefore, the potential to
produce peroxynitrite) from the culture medium by Hb or l-NAME may synergize with NE in
which each of the former takes on an anti-apoptotic role (Estevez et al., 1998a). This could
account for the observed increased P-ERK1 activation. Alternatively, with the combination of
NE, Hb, and SNP, the similarly dramatic increase in P-ERK1 may represent anti-apoptotic
effects of Hb (not observed when administered alone) combined with the pro-survival
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properties of NE and SNP. In contrast to the potentially toxic peroxynitrite that is produced as
a result of NO reactions with superoxide, this product also has potential survival-promoting
properties. Peroxynitrite has been shown to directly activate Trk receptors (Yuen et al.,
2000), which can then activate the downstream MAPK pathway. When combined with NE,
therefore, it is possible that this synergistic effect underlies the dramatic increase in P-ERK
immunoreactivity we see with the combination of NE, SNP, and Hb. Consistently, BDNF
immunoreactivity increased as a trend, and not significantly, in response to this three-way
treatment, relative to that of controls.

CONCLUSIONS
In conclusion, in isolated hippocampal neurons, we have shown that BDNF and PI-3K
immunoreactivity can be increased by application of NE (or an NO donor), and that these
changes are NO-dependent. Similar to earlier results gleaned in vivo (Chen et al., 2006), NOS
inhibition decreases BDNF and PI-3K immunoreactivity. Because BDNF and PI-3K are
survival-associated proteins (Brunet et al., 1999; Huang and Reichardt, 2003; Rossler et al.,
2004; Segal, 2003), it is logical to infer that the presence of NO is consistent with cellular
survival-promoting strategies. In the preceding paragraph, we have broached the possibility
that NO regulation and its beneficial vs. toxic potential may be exquisitely sensitive to the
experimental conditions/treatments employed, including any other NO-involved compounds
concurrently added to the culture medium. Thus, it makes logical sense that the effects of NO
and the many NO-dependent signaling pathways be thoroughly characterized according to the
experimental circumstances and conditions under which NO is survival-promoting vs. those
under which NO is toxic (Araujo and Carvalho, 2005; Samdani et al., 1997). This way, one
can devise an optimally appropriate therapeutic strategy that targets NO, considering the wide
variety of disorders in which NO is theorized to participate (Bredt, 1999; Gross and Wolin,
1995).
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Figure 1.
NE-induced increases in BDNF expression in cultured hippocampal neurons are NO-
dependent. Relative levels of BDNF immunoreactivity, as determined by Western blotting,
reveal that NE and/or SNP increased BDNF immunoreactivity. These results were reversed
when neurons were co-incubated with the NO synthase inhibitor, l-NAME. Western blotting
experiments were conducted and analyzed as specified in Experimental Procedures. Asterisks
denote a treatment that is significantly different from vehicle-treated controls (p < .05). Lower-
case “a” indicates that a treatment is significantly different from NE-treated cells (p < .05).
Other relevant treatments that are significantly different from each other at p < .05 are indicated
by the bracket. Data are the mean + SEM. Each experiment was conducted 2-3 times, with
each sample measured in duplicate.
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Figure 2.
The NE-stimulated increase in PI-3K immunoreactivity observed in hippocampal neurons is
NO-dependent. Relative levels of PI-3K immunoreactivity, as determined by Western blotting,
reveal that NE and/or SNP increased PI-3K immunoreactivity. These results were reversed
when neurons were co-incubated with the NO synthase inhibitor, l-NAME. Western blotting
experiments were conducted and analyzed as specified in Experimental Procedures. Asterisks
denote a treatment that is significantly different from vehicle-treated controls (p < .05). Lower-
case “a” indicates that a treatment is significantly different from NE-treated cells (p < .05).
Other relevant treatments that are significantly different from each other at p < .05 are indicated
by brackets. Data are the mean + SEM. Each experiment was conducted 2-3 times, with each
sample measured in duplicate.
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Figure 3.
The NE-stimulated increase in P-T308-Akt immunoreactivity observed in hippocampal
neurons is NO-dependent. Relative levels of P-T308-Akt immunoreactivity, as determined by
Western blotting, reveal that NE and/or SNP increased P-T308-Akt immunoreactivity. These
results were reversed when neurons were co-incubated with the NO synthase inhibitor, l-
NAME. Western blotting experiments were conducted and analyzed as specified in
Experimental Procedures. Asterisks denote a treatment that is significantly different from
vehicle-treated controls (p < .05). Lower-case “a” indicates that a treatment is significantly
different from NE-treated cells (p < .05). Lower-case “b” indicates that a treatment is
significantly different from SNP-treated cells (p < .05). Other relevant treatments that are
significantly different from each other at p < .05 are indicated by brackets. Data are the mean
+ SEM. Each experiment was conducted 2-3 times, with each sample measured in duplicate.

Chen and Russo-Neustadt Page 16

Life Sci. Author manuscript; available in PMC 2008 June 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
NE-induced increases in phospho-ERK1 expression are not NO-dependent. Relative levels of
P-ERK1 immunoreactivity as determined by Western blotting reveal that NE and/or SNP
increase P-ERK1 immunoreactivity, and these results are unaffected by co-incubation with l-
NAME. Western blotting experiments were conducted and analyzed as specified in
Experimental Procedures. Asterisks denote a treatment that is significantly different from
vehicle-treated controls (p < .05). Treatments that are significantly different from each other
at p < .05 are indicated by brackets. Data are the mean + SEM. Each experiment was conducted
2-3 times, with each sample measured in duplicate.
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Figure 5.
L-NAME potently increases hippocampal neuronal death significantly above that of vehicle-
treated controls. Asterisks denote results that are significantly different from vehicle-treated
controls (p < .05). Data are the mean + SEM.

Chen and Russo-Neustadt Page 18

Life Sci. Author manuscript; available in PMC 2008 June 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
NE and/or 8-Br-cGMP increase BDNF immunoreactivity, which is reversed by treatment with
ODQ. Western blotting experiments were conducted and analyzed as specified in Experimental
Procedures. Asterisks denote treatments that are significantly different from vehicle-treated
controls (p < .05). Treatments that are significantly different from each other at p < .05 are
indicated by brackets. Data are the mean + SEM. Each experiment was conducted 2-3 times,
with each sample measured in duplicate.
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Figure 7.
NE and/or 8-Br-cGMP increase PI-3K immunoreactivity in hippocampal neurons. This result
is unaffected by treatment with ODQ. Western blotting experiments were conducted and
analyzed as specified in Experimental Procedures. Asterisks denote a treatment that are
significantly different from vehicle-treated controls (p < .05). Treatments that are significantly
different from each other at p < .05 are indicated by brackets. Data are the mean + SEM. Each
experiment was conducted 2-3 times, with each sample measured in duplicate.
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Figure 8.
NE increases P-T308-Akt immunoreactivity in hippocampal neurons, but is reversed by ODQ.
Western blotting experiments were conducted and analyzed as specified in Experimental
Procedures. Asterisks denote treatments that are significantly different from vehicle-treated
controls (p < .05). Treatments that are significantly different from each other at p < .05 are
indicated by brackets. Data are the mean + SEM. Each experiment was conducted 2-3 times,
with each sample measured in duplicate.
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Figure 9.
NE and or 8-Br-cGMP increase P-ERK1 immunoreactivity, and this result is decreased by
ODQ. Western blotting experiments were conducted and analyzed as specified in Experimental
Procedures. Asterisks denote treatments that are significantly different from vehicle-treated
controls (p < .05). Treatments that are significantly different from each other at p < .05 are
indicated by brackets. Data are the mean + SEM. Each experiment was conducted at 2-3 times,
with each sample measured in duplicate.
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Figure 10.
NE decreases cell death brought about by guanylate cyclase inhibition. NE-plus-ODQ
treatment led to a significantly lower level of cell death in hippocampal neurons than treatment
with ODQ (p = .0003). Treatment with ODQ also resulted in significantly higher cell death
than NE-treated (p = .0275) and 8-Br-cGMP-treated (p = .0018) cells. Asterisks denote results
that are significantly different from vehicle-treated controls (p < .05). Treatments that are
significantly different from each other at p < .05 are indicated by brackets. Data are the mean
+ SEM. Each experiment was conducted at 2-3 times, with each sample measured in duplicate.
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Figure 11.
A hypothetical scheme illustrates the putative intracellular signaling cascades serving as the
context for the data collected in the current study. SNP provides extracellular NO, which then
stimlulates NE release from its synaptic stores. NE then binds its receptor (GPCR), thereby
activating the cAMP-dependent protein kinase (PKA), which, in turn, phosphorylates CREB
to transcribe BDNF. The neurotrophin is then packaged and secreted extracellularly to then
bind its receptor, TrkB, in either an autocrine or paracrine fashion. Major signaling pathways
(e.g., PI-3K and MAPK) are then activated, helping to promote neuronal survival through
activation of survival-promoting genes, one of which, may be BDNF, which can then act in a
positive feedback manner. But because neither l-NAME nor Hb decreased ERK1
phosphorylation, relative to that caused by NE alone, NE-induced ERK1 activation does not
depend on NO signaling. Inside the cell, NOS produces NO, which, in our study, has a wide
variety of possible fates: NO can diffuse out of the cell to activate NE release directly (as above)
or through glutamate activation; NO can be sequestered by Hb, thereby decreasing its
availability; NO can take part in what is thought to be its major cell survival signaling strategy
by activating guanylate cyclase, producing cGMP and activating protein kinase G; NO can
participate in the Ca2+-dependent activation of PI-3K, which can then phosphorylate Akt and/
or cross-talk with the MAPK pathway via Ras activation, both leading to the promotion of
neuronal survival; And, NO can be converted into a toxic intermediate, peroxynitrite (ONOO-),
which can then bind TrkB to activate survival-promoting cascades. Alternatively, in removing
NO, and therefore, ONOO-, it is possible that Hb and/or l-NAME take on anti-apoptotic roles
via the increase in ERK1 phosphorylation. The NOS inhibitor, l-NAME, decreases intracellular
NO, thereby decreasing PI-3K and subsequent cell survival-promoting effects (e.g., BDNF).
The guanylate cyclase inhibitor, ODQ, prevented NE-simulated increases in BDNF expression
in our experiments, suggesting that transcriptional activation via cGMP (e.g. through PKG or
PI-3K) is an important source of BDNF. Our data suggests that ODQ also decreases P-ERK1
and subsequent cell survival-promoting effects, such as BDNF, possibly through the PI-3K-
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Ras-MAPK cross-talk pathway. ODQ did not decrease PI-3K, indicating that its activation is
not cGMP-dependent and can be activated via the NE-GPCR-PKA-CREB-BDNF-TrkB route.
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