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Abstract
The past decade has witnessed burgeoning evidence that antidepressant medications and physical
exercise increase the expression of hippocampal brain-derived neurotrophic factor (BDNF). This
phenomenon has gained widespread appeal because BDNF is one of the first macromolecules
observed to play a central role not only in the treatment of mood disorders, but also in neuronal
survival-, growth-, and plasticity-related signaling cascades. Thus, it has become critical to
understand how BDNF synthesis is regulated. Much evidence exists that changes in BDNF
expression result from the activation/phosphorylation of the transcription factor, cAMP-response-
element binding protein (CREB) following the administration of antidepressant medications.
Utilizing a mouse model genetically engineered with an inducible CREB repressor, our current
study provides evidence that increases in BDNF expression and cellular survival signaling
resulting from physical exercise are also dependent upon activation of this central transcription
factor. The transcription and expression of hippocampal BDNF, as well as the activation of Akt, a
key survival signaling molecule, were measured following acute exercise, and also following
short-term treatment with the norepinephrine re-uptake inhibitor, reboxetine. We found that both
interventions led to a marked increase in hippocampal BDNF mRNA, BDNF protein and Akt
phosphorylation (as well as CREB phosphorylation) in wild-type mice. As expected, activation of
the CREB repressor in mutant mice sharply decreased CREB phosphorylation. In addition, all
measures noted above remained at baseline levels when mutant mice exercised or received
reboxetine. Increases in BDNF and phospho-Akt were also prevented when mutant mice received
a combination of exercise and antidepressant treatment. The results are discussed in the context of
what is currently known about BDNF signaling.
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Introduction
It is well established that physical exercise has antidepressant-like effects on mood (Labbé et
al., 1988; Hill et al., 1993), and boosts overall mental health (Hill et al., 1993; Booth et al.,
2002). Even in healthy animals (including humans), exercise has been shown to enhance
learning (Fordyce and Wehner, 1993; van Praag et al., 2005; Winter et al., 2007) and
cognition (Davey et al., 1973; Ishmail and El-Naggar, 1981; Irvine et al., 2005; Vaynman et
al., 2007). At the cellular level, running exercise has been shown to boost neurogenesis (van
Praag et al., 1999) and cytoarchitectural features of existing neurons (Stranahan et al., 2007).
At the cellular level, such findings have been associated with a surge in the synthesis and
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release of monoamine neurotransmitters into the general circulation (Winter et al., 2007) and
the CNS (Chaouloff, 1989; Meeusen and DeMeirleir, 1995; Pagliari and Peyrin, 1995a,
1995b; Dishman, 1997; Dishman et al., 2000). Such surges have lent support to the
Monoamine Hypothesis of Depression, which suggests that a central deficiency of serotonin
(5-HT) and/or norepinephrine is involved in depression (Schildkraut, 1965; Wong and
Licinio, 2004). More recently, our understanding of antidepressant treatment mechanisms
has been advanced by the Neurotrophin hypothesis, which invokes increased expression of
brain-derived-neurotrophic factor (BDNF), resulting from increased neural activity elicited
by antidepressant medications, electroconvulsive shock, or physical exercise (Duman et al.,
1999; Berchtold et al., 2005; Castren, 2005; Ernst et al., 2006; Russo-Neustadt and Chen,
2005; Malberg and Blendy, 2005; Duman and Monteggia, 2006; Li et al., 2007; Ploughman
et al., 2007; Tang et al., 2008). Recently, increased serum BDNF and catecholamine levels
were found after intense physical exercise (Winter et al., 2007).

BDNF is now well known to play central roles in neuronal growth (Duman and Monteggia,
2006), development (Garoflos et al., 2005), plasticity (McAllister et al., 1999; Vaynman et
al., 2003; Ding et al., 2006; Luikart et al., 2008) survival (Tong et al., 2001; Johnson-Farley
et al., 2007), neuroprotection (Cechetti et al., 2008; White and Castellano, 2008), and repair
(Duman and Monteggia, 2006). BDNF carries out these processes through a complex array
of intracellular signaling pathways (Segal, 2003; Tardito et al., 2006), such as the
phosphatidylinositol 3′-kinase (PI-3K)-Akt pathway (Brunet et al., 1999; 2001; Chan et al.,
1999; Luikart et al., 2008) and the mitogen-activated protein kinase (MAPK) pathway (Einat
et al., 2003; Vaynman et al., 2003; Hayley et al., 2005; Malberg and Blendy, 2005). Both of
these pathways, as well as several others that promote neuronal survival, converge on a
transcriptional regulator, cyclic-AMP responsive-element binding protein (CREB)
(Shaywitz and Greenberg, 1999; Malberg and Blendy, 2005; Tardito et al., 2006; Gass and
Riva, 2007).

In support of the preceding, it has been shown that BDNF transcription is dependent on
CREB phosphorylation (Conti et al., 2002; Segel, 2003; Rossler et al., 2004). These 2
survival-promoting molecules been shown to be up-regulated in response to antidepressant
(Duman et al., 1997; 1999; Chen et al., 2001a; Saarelainen et al., 2003; Nair and Vaidya,
2006) and/or exercise (Shen et al., 2001; Tong et al., 2001; Molteni et al., 2002; Griesbach
et al., 2007; Nair et al., 2007; Vaynman et al., 2007; Muller et al., 2008), but are down-
regulated following stress (Hayley et al., 2005; Duman and Monteggia, 2006; Dwivedi et al.,
2006; Nair and Vaidya, 2006; Xu et al., 2006; Zheng et al., 2006). In addition, direct
application of BDNF itself (Shirayama et al., 2002) or over-expression of CREB (Chen et
al., 2001b) in the hippocampus has produced antidepressant-like behavioral effects.

We have gathered evidence that exercise and antidepressant treatments also share common
intracellular signaling mechanisms, and that both interventions converge upon CREB
activation (Chen et al., 2005). Our current study was designed to test the hypothesis that, as
evidenced for antidepressant treatment (Conti et al., 2002), the activation of CREB is an
essential part of the intracellular mechanism initiated by exercise and responsible for both
increased transcription of hippocampal BDNF and the activation of signaling molecules
necessary for maintaining neuronal survival. We employ a transgenic mouse model
harboring an inducible CREB repressor, which is activated by the 4-hydroxyl metabolite of
the anti-estrogenic drug, tamoxifen (Kida et al., 2002). The peak activity of this repressor is
sustained for six hours (Kida et al., 2002); therefore we evaluated the involvement of CREB
activation in the initial (rapid) intracellular mechanisms stimulated by exercise and a
norepinephrine-selective antidepressant. We measured hippocampal BDNF mRNA, BDNF
protein, P-CREB, and phospho-Akt (P-Akt) levels following 6 hours of running wheel
activity, or 6 hours following a single dose of reboxetine, a norepinephrine-selective
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reuptake inhibitor (Sacchetti et al., 1999; Frazer, 2000; Schatzberg, 2000). Reboxetine was
chosen for this study because this agent has been demonstrated to enhance hippocampal
BDNF transcription more rapidly than other antidepressant agents (such as SSRIs) (Russo-
Neustadt et al., 2004), and exercise-induced enhancements in BDNF and survival signaling
appear to involve norepinephrine-associated mechanisms (Ivy et al., 2003; Larsen et al.,
2008).

Materials and Methods
Drugs

Reboxetine was a kind gift from Pharmacia-Upjohn (Kalamazoo, MI). Four-hydroxy-
tamoxifen was purchased from Sigma-Aldrich (St. Louis, MO).

Antibodies
Anti-phospho-CREB (P-CREB), anti-CREB, anti-phospho-Akt (P-Akt), and anti-Akt were
purchased from Cell Signaling Technology, Inc. (Danvers, MA). Anti-BDNF was purchased
from Santa Cruz Biotech (Santa Cruz, CA). Anti-GAPDH was purchased from Advanced
Immunochemical, Inc. (Long Beach, CA).

Mice
All mice were housed three-four occupants of the same gender in transparent polycarbonate
cages (L = 31 cm, W = 16 cm, Ht = 13 cm). Mice were fed standard rodent lab chow and
water ad libitum. Every effort was made to ensure that pain, distress, and the number of
mice used was kept to a minimum and were followed in strict accordance with the
procedures set forth by the NIH Guide for the Care and Use of Laboratory Animals (1996).

Male breeders (BL6) harboring the LBD gene were kindly provided by Dr. Alcino Silva
(UCLA), were housed singly, except when bred with 129sv females (Jackson labs, Bar
Harbor, ME) to yield our experimental mice. To maintain this genetic line and generate
additional experimental mice, these male breeders (LBD/BL6) were also bred with BL6
females. Males resulting from this union were then kept as future breeder males to maintain
our colony, whereas the females were culled. All mouse pups were placed in separate single-
sexed cages after they were weaned. All mice, except for the culled females, were genotyped
at 2 months of age: Briefly, a two-mm piece was sliced from the tip of the tail of each mouse
and was then cut in half (for duplicate determinations). Each half piece was then placed in a
microcentrifuge tube with 100 μl tail lysis buffer (50 mM KCl, 10 mM tris HCl, pH 9.0,
0.1% triton X-100, and 0.15 mg/ml proteinase K, which was added just before use). Tail
pieces were then placed in an oven overnight at 56°C. The next morning, the tubes were
heated to 94°C for 15 min, placed at -80°C for 30 min, thawed on ice, centrifuged at 14,000
× g for two min, and the supernatant containing the DNA stored at -20°C till ready for PCR.

PCR
The PCR mix consisted of H2O (13 μl), 10 × polymerase buffer (2 μl), 1.25 mM dNTP mix
(2.5 μl), primer mix (1 μl), tail DNA (1 μl) and Taq polymerase (0.125 μl, 5 Prime, Fisher,
Tustin, CA) in a total volume of ∼20 μl. The 3 primers used were
GGGCTGCAGTTGGACCTGGG, CGTTTCGGAGGTGGTTGCC, and
CGTGCTCCTGAGTGCAAACGG (Operon Technologies, Inc., Alameda, CA). PCR was
conducted through 30 cycles on a GeneAmp PCR System (Applied Biosystems, Foster City,
CA). PCR products in duplicate were then electrophoresed on a 1.5 % agarose gel, which
was then ethidium bromide-stained. CREBIR mice were distinguished from wild type (WT)
mice by the presence of a 400-bp fragment (Figure 1a).
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Drug treatments and physical exercise
When they were approximately 2.5 months old, each experimental mouse was individually
housed. All experimental mice resulting from our breeding efforts were used: males and
females, WT and CREBIR. When mice were approximately 3 months old, mice randomly
chosen to exercise were allowed access to a running wheel (diameter = 23 cm) for 48 hr for
the purpose of pre-training to discount any effects of novelty. Following the 2 days of
running access, the wheels were removed for 6 days. On the 7th day, at 18:00 hr, all mice
received a single i.p. injection of 4-OH-tamoxifen (TAM, 16 mg/kg). At 24:00, mice
previously chosen to exercise and/or receive reboxetine had their running wheels replaced
into their cages and/or were treated with the antidepressant via i.p. injection (20 mg/kg).
Mice assigned to the control condition, receiving neither of these interventions, received
saline injections. Running distances were monitored using RatRun software (C. Hage
Associates). At 06:00 the next morning, all mice were sacrificed by rapid decapitation, and
the brains rapidly dissected: the right half of each brain was flash frozen in a dry ice/2-
methylbutane bath; the left hippocampi were dissected and frozen on dry ice. Both the right
hemisphere and the left hippocampi were then stored at -80°C till ready for in situ
hybridization (ISH) and Western blotting, respectively.

Groups
There were a total of 123 mice used in this study and all were used for the P-CREB
Westerns (see below). By gender: 62 males, 61 females. By genotype: 57 WT, 66 CREBIR.
And by treatment: 21 saline-administered/sedentary (controls), 13 reboxetine-administered/
sedentary, 75 saline/exercising, 14 reboxetine/exercising combination. However, for ISH,
the hemispheric sections of 37 of the mice were either unavailable or deemed unusable for
BDNF mRNA analyses (see below), leaving a total of 86 mice' sections suitable for ISH. By
gender: 45 males, 41 females. By genotype: 46 WT, 40 CREBIR. And by treatment: 21
saline-administered/sedentary (controls), 14 reboxetine-administered/sedentary, 37 saline/
exercising, 14 reboxetine/exercising combination. Finally, for BDNF and P-Akt Westerns,
enough hippocampal homogenates were available from only 97 mice. By gender: 44 males,
53 females. By genotype: 53 WT, 44 CREBIR. And by treatment: 21 saline-administered/
sedentary (controls), 12 reboxetine-administered/sedentary, 50 saline/exercising, 14
reboxetine/exercising combination.

In situ Hybridization
The right hemisphere of each brain was sectioned at 12 μm. In vitro transcription and ISH
were carried out as previously described (Russo-Neustadt et al., 2001).

SDS-PAGE and Western Blotting
Each mouse left hippocampus was homogenized in 4 × homogenization buffer (w/v: 0.5 M
Tris HCl, pH 6.8, 0.5 M EDTA, 1 % SDS) and the protein concentration determined using
the method of Lowry (Lowry et al., 1951). Sixty micrograms of protein were applied to each
well of a 10 % polyacrylamide gel, electrophoresed, and the proteins subsequently
electrotransferred to Hybond nitrocellulose membranes (GE Healthcare, Piscataway, NJ).
Western blotting for each antibody was then performed according to the respective
manufacturer's specific instructions. Following Western blotting for P-CREB and P-Akt, the
blots were then placed in stripping buffer (62.5 mM Tris-HCl, pH 6.7, 100 mM β-
mercaptoethanol, 2 % SDS) at 55°C for 10 min with occasional stirring. Blots were then re-
probed with the respective total forms of each antibody, again, in compliance with the
manufacturer's specifications. Blots were then placed in stripping buffer once more and then
re-probed with anti-GAPDH as loading control. Following Western blotting for BDNF, blots
were placed in stripping buffer and then re-probed with anti-GAPDH, again, as loading
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control. Band visualization was carried out using enhanced chemiluminescence followed by
apposition to hyperfilm (GE Healthcare, Piscataway, NJ).

Because of the large number of groups (2 genotypes × 2 genders × 4 treatments = 16
groups), it was not experimentally possible to assign mice to PAGE lanes according to group
as presented in the bar graphs (See Results below); each gel had only 11 (if including a
standard curve) or 14 lanes available (and there were 16 groups). And because of the small
sample volume of each hippocampus (mean weight of hippocampi ∼ 25 mg), there was not
enough of most samples to repeat on additional gels to control for gel-to-gel and therefore,
film-to-film variability. All available mice hippocampi, therefore, had to be randomly
assigned to a particular gel/Western blotting experiment. The assembly of the row of
Western blotting bands according to the bars in the bar graph they represent in the figures
(see Results), therefore, required cutting and pasting the appropriate hippocampal bands
from several Western blotting films to make the composite figure. However, the usual
practice of keeping each phospho form, its total form, and its loading control together
remains intact. That is, each phospho form band and its respective pan form band and
GAPDH band all represent the same mouse hippocampal sample (same gel lane).

Densitometry
Optical densities on the autoradiograms from both ISH and Western blotting were measured
in compliance with those falling within the gray scale range on a standard curve. (MCID, St.
Catherines, Ontario, Canada). For ISH, optical densities were read at the CA1, CA2, CA3,
CA4/hilus, and dentate gyrus (DG) (Figure 2). For Western films, lightly exposed bands
were evaluated across each film for each mouse. Optical densities of the phospho forms of
CREB and Akt were corrected for by dividing them by those of the respective total forms
and then again by those of GAPDH. Optical densities of BDNF bands were divided by those
of GAPDH.

Statistics
A three-way ANOVA (gender × genotype × treatment) was conducted to evaluate
statistically significant differences in BDNF mRNA among groups for each hippocampal
region (ISH) and for P-CREB, P-Akt, and BDNF (Westerns). Pair-wise comparisons
between any 2 treatment groups were evaluated using post-hoc Fisher's PLSD.

Results
Running Distances

Of the mice allowed running wheels for 6 hr, there were no statistically significant
differences in running distances between males (5,626 ± 354 m) and females (6,196 ± 358
m), between WT (5,648 ± 322 m) and CREBIR (6,174 ± 387 m), or between exercising
(6,239 ± 392 m) and exercising-+-reboxetine- (5,747 ± 323 m) treated mice.

Phospho-CREB
In part to confirm that CREB phosphorylation was indeed repressed in TAM-induced
CREBIR mice, Western blotting was performed to probe for P-CREB in the hippocampi of
all mice. P-CREB was markedly decreased in all mutant mice, and significantly increased in
wild-type mice receiving interventions; particularly exercise or exercise/reboxetine (Figure
1b). None of the interventions led to an increase in P-CREB beyond the low baseline in
CREBIR mice. There were significant main effects for both genotype [F(1,115) = 298.13, p
< .0001, n = 123] and treatment [F(3,115) = 15.40, p < .0001, n = 123] (Figure 1b). Among
WT mice, sedentary mice (n = 12) expressed significantly less P-CREB than exercising
mice (p < .0001, n = 29) and exercising-+-reboxetine combination mice (p < .0001, n = 7),
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but with a trend towards that of being less than reboxetine-treated mice (p = .067, n = 9)
[F(3,53) = 15.17, p < .0001, n = 57]. Among CREBIR mice, there were no significant
differences among the 4 treatment groups (F(3,62) = 1.47, p = .231, n = 66) (Figure 1b).
Again, males and females were not significantly different from each other in hippocampal P-
CREB [F(1,119) = .563, p = .455, n = 123].

BDNF mRNA
There were no statistically significant effects on BDNF expression with respect to gender
(i.e., males and females were statistically identical) in any hippocampal regions evaluated.
On the other hand, WT mice expressed significantly more BDNF mRNA than CREBIR mice
resulting from the 3 exercise and/or drug treatments in all 5 hippocampal regions examined
(Figure 3). That is, there were significant main effects for genotype in all 5 hippocampal
regions [CA1, F(1,70) = 34.29, p < .0001, n = 86; CA2, F(1,70) = 29.93, p < .0001, n = 86;
CA3, F(1,70) = 82.12, p < .0001; CA4/hilus, F(1,70) = 65.77, p < .0001, n = 86; DG, F(1,70) =
69.77, p < .0001, n = 86] and for the 3 exercise and/or drug treatments in 4 of the 5
hippocampal regions examined [CA1, F(3,70) = .688, p = .563, n = 86; CA2, F(3,70) = 2.98, p
= .037, n = 86; CA3, F(3,70) = 8.57, p < .0001, n = 86; CA4/hilus, F(3,70) = 8.06, p < .0001, n
= 86; DG, F(3,70) = 12.22, p < .0001, n = 86] (Figure 3). In summary, baseline BDNF
mRNA levels were identical in both experimental mouse groups, but only wild-type mice
showed a BDNF mRNA response to exercise and/or antidepressant. In CREBIR mice,
BDNF mRNA levels remained at baseline for all treatments (Figure 3).

BDNF protein
Short-term (6 hours) exercise, a single dose of reboxetine, or the combination of these two
interventions led to significant increases in hippocampal BDNF protein as measured by
Western analysis. Although sedentary BDNF levels were normal, CREBIR mice showed no
BDNF response to any of the interventions. There were significant main effects for genotype
[F(1,81) = 23.95, p < .0001, n = 97] and treatment [F(3,81) = 2.76, p = .048, n = 97] in BDNF
protein expressed (Figure 4). Among the WT mice, exercising (p = .019, n = 27) and the
combination-treated mice ((p = .004, n = 7), but not the reboxetine-treated mice (p = .078, n
= 7), expressed significantly more BDNF immunoreactivity than that of sedentary mice (n =
12) [F(3,49) = 3.49, p = .025, n = 53]. Among the CREBIR mice, exercising mice (n = 23)
expressed significantly more BDNF immunoreactivity than those that received just
reboxetine (p = .006, n = 5) and the combination treatment (p = .007, n = 7) [F(3,36) = 4.83, p
= .006, n = 44]. Except for sedentary individuals (n = 12 WT, 9 CREBIR), WT mice
expressed significantly more BDNF immunoreactivity than CREBIR mice as a result of
exercise (p = .0003, n = 27 WT, 23 CREBIR), reboxetine (p = .0117, n = 7 WT, 5 CREBIR),
or the combination treatment (p < .0001, n = 7 WT, 7 CREBIR) (Figure 4). Again, there
were no significant differences between males and females [F(1,81) = 0.173, p = .679, n =
97].

Phospho-Akt
In WT mice, all interventions led to a significant activation of the signaling molecule, Akt,
whereas no change from baseline was evident in CREBIR mice. There were significant main
effects for genotype [F(1,81) = 36.02, p < .0001, n = 97] and treatment [F(3,81) = 4.66, p = .
005, n = 97] in the extent of P-Akt expressed (Figure 5). Among the WT mice, exercising (p
< .0001, n = 27), reboxetine-treated (p = .027, n = 7), and the combination-treated (p < .
0001, n = 7) expressed significantly more P-Akt immunoreactivity than that of sedentary
mice (n = 12) [F(3,49) = 7.32, p < .0001, n = 53]. Among the CREBIR mice, there were no
significant differences among the 4 treatment groups [F(3,40) = .576, p = .634, n = 44].
Except for sedentary mice (n = 12), WT individuals expressed significantly more P-Akt than
CREBIR mice as a result of exercise (p < .0001, n = 27 WT, 23 CREBIR), reboxetine (p = .
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0097, n = 7 WT, 5 CREBIR), or the combination treatment (p < .0001, n = 7 WT, 7
CREBIR) (Figure 5). And again, there were no significant differences between males and
females [F(1,81) = .017, p = .896, n = 97].

Discussion
In the current study, we tested the hypothesis that the increased BDNF expression and
activation of pro-survival signaling molecules resulting from an acute bout of running
exercise is dependent upon the activation of CREB. Using a mouse model genetically
engineered to express a repressor induced by 4-OH-tamoxifen (Kida et al., 2002), we
observed that these cellular changes were indeed prevented in the absence of CREB
phosphorylation. Consistent with the findings of several earlier studies (Conti et al., 2002;
Segel, 2003; Rossler et al., 2004), our results also suggest that enhanced BDNF expression
resulting from short-term antidepressant treatment involves CREB activation. Other
investigators have suggested that the BDNF-enhancing mechanism stimulated by
antidepressants depends upon the activation of this key transcription factor (Malberg and
Blendy, 2005; Duman and Monteggia, 2006; Ploughman et al., 2007; Tang et al., 2008), and
evidence is emerging that the pro-survival mechanisms stimulated by antidepressant
treatment and running exercise may overlap (Russo-Neustadt et al., 2001) and possibly
converge upon CREB (Russo-Neustadt and Chen, 2005).

With the exception of P-CREB, the baseline (sedentary, untreated) levels of the molecules
we assessed were not altered when the CREB repressor was activated. Nevertheless, this
mutation completely abolished a dramatic increase in BDNF mRNA expression in all
regions of the hippocampi of mice participating in exercise or undergoing antidepressant
treatment. These results are consistent with those of Conti et al. (2002), who showed that in
CREB-deficient mice, BDNF expression was not up-regulated in response to antidepressant
treatment, indicating that CREB acts upstream of BDNF in response to an antidepressant
regimen. Others have found that induced over-expression of CREB in the DG, but not in the
CA1 and CA3 regions, is associated with an antidepressant effect (Chen et al., 2001a, b).
Our results underscore the possibility that the intracellular changes associated with not only
antidepressant, but also exercise, involve CREB as a convergence point.

Recent evidence indicates that both exercise and antidepressant medications, via enhanced
monoaminergic neurotransmission, increase the activation of multiple pro-survival signaling
pathways, including the phosphatidylinositol-3 kinase (PI-3K) pathway and the mitogen-
activated protein kinase (MAPK) pathway, and that enhanced BDNF expression may occur
through a positive feed-forward mechanism (Tong et al., 2001; Chen et al., 2007; Vaynman
et al., 2006), or via crosstalk between key signaling pathways (Luttrell et al., 1999; Chen et
al., 2007). It has also been established that exercise-associated increases in BDNF
expression are dependent on the availability of insulin-like growth factor-1 (IGF-1) (Chen
and Russo-Neustadt, 2007b; Carro et al., 2000, 2001; Trejo et al., 2008), and the nitric
oxide/cGMP signaling pathway has also been shown to play a vital role in the enhanced
CREB expression (Riccio et al., 2006) and Akt activation (Chen and Russo-Neustadt,
2007a) associated with exercise. With so many different pathways converging on CREB, it
is not surprising that any one intervention, such as exercise or antidepressants, may activate
CREB several-fold above baseline (Chen and Russo-Neustadt, 2005).

Previous studies have provided ample evidence that exercise is neuroprotective against
stress (Zheng et al., 2006) and other insults, such as ischemia (Gerasimov et al., 2001;
Ploughman et al., 2007) by increasing the expression of BDNF (Ang et al., 2003) and that of
other plasticity-related genes (Tong et al., 2001). Along the same lines, antidepressants have
been shown to reverse corticosterone (stress)-induced decrease in BDNF (Dwivedi et al.,
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2006) suggesting that these medications are also neuroprotective. So, it is not surprising that
both BDNF and CREB have antidepressant effects of elevated mood and enhanced memory
and cognition ((Silva et al., 1998; Tong et al., 2001; Kida et al., 2002; Bozon et al., 2003). In
addition, CREB activation has been shown to dierectly result in enhanced BDNF expression
(Conti et al., 2002).

As noted above, physical exercise and antidepressant treatment both increase the availability
of CNS monoamines (Dishman et al., 2000; Chaouloff et al., 1997), and norephinephrine
activation in particular is essential for the BDNF-increasing effects of both interventions
(Ivy et al., 2003; Garcia et al., 2003). This underscores the role that norepinephrine may
have on altering plasticity-related genes (Laidenfeld et al., 2002). The antidepressant used in
this study, reboxetine, is highly norephinephrine-selective (Montgomery, 1998). This agent
has been shown to have rapid and robust effects on hippocampal BDNF expression in
previous studies (Russo-Neustadt et al., 2004;).

Of particular clinical interest is the very acute time frame utilized in the current study. Six
hours is the window for optimal activation of the CREB repressor after treatment with TAM
(Kida et al., 2002), and severe inhibition of CREB activation was verified by Western
analysis in this study (Figure 1b). Both exercise and reboxetine treatment led to striking
elevations in hippocampal BDNF mRNA, BDNF protein and Akt phosphorylation in wild
type mice during this brief time frame. Therefore, initial cellular changes occurring with
both interventions are quite rapid. Exercise has been known to increase BDNF mRNA
within 6 hours in rats (Oliff et al., 1998), and has recently been revealed to do so in as little
as 200 min (Soya et al., 2007), but initial reports of antidepressant effects indicated that 2-3
weeks of treatment was necessary (similar to the time frame for clinical efficacy in humans)
(Nibuya et al, 1995; Duman et al, 1997). On the other hand, more recent studies have
examined cellular effects of very short-term antidepressant treatment, and a few agents
increase BDNF expression within 4-6 hours (Sacchetti et al., 1999; Dias et al., 2003;
Saarelainen et al., 2003; Vaynman et al., 2003; Rantamaki et al., 2007). Importantly, it
should also be noted that our mice were allowed to run for 2 consecutive days nearly a week
before their 6-hr intervention period. It is possible that this pre-training primed the
molecular machinery for BDNF expression before the actual intervention (Berchtold et al.,
2005). It is plausible that increased BDNF signaling is among the first in a series of steps
toward enhanced neuronal functioning, such as increased expression of growth cone-
associated proteins necessary for renewed dendritic arborization and synaptogenesis (Duman
and Monteggia, 2006), which may require several weeks.

One possible limitation of this study, owing to the extreme shortage of hippocampal lysates
from most of the mice, is the lack of P-MAPK data resulting from our interventions.
Collectively, the mean weight of the left hippocampi was ∼ 25 mg. Although
homogenization occurred in as small a tube as possible (0.65-ml capacity), a significant
amount was lost as a natural result of the homogenization process (see Methods and
Materials). This limitation, however, is tempered by earlier findings by ourselves, as well as
by others, who have found P-MAPK activation at least coincident, if not dependent, on
CREB phosphorylation (Waltereit and Weller, 2003; Chen et al., 2007; Shimizu et al.,
2007).

In conclusion, nevertheless, it appears that not only is CREB activation an essential part of
the hippocampal survival-enhancing mechanism of antidepressant treatment, but also is a
key molecule in the cellular machinery activated by physical exercise. In addition, we have
shown that one of the key cellular survival-promoting pathways of BDNF signaling, PI-3K-
Akt, is also CREB-dependent and therefore, may reveal novel viable targets for drug
discovery and amelioration of depressive symptoms.
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Figure 1.
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In CREBIR mice, P-CREB expression is repressed. (a) Representative 1.5 % agarose gel of
PCR products of 6 mice in duplicate. Lanes 1 and 2, WT; Lanes 3 and 4, CREBIR, Lanes 5
and 6, CREBIR where the tube containing one of the duplicates (lane 5) largely evaporated
during the PCR cycling process; Lanes 7 and 8, WT; Lanes 9 and 10, WT; Lanes 11 and 12,
CREBIR. Note the presence of the repressor at ∼400 bp in the 3 CREBIR mice (Lanes 3, 4;
5, 6; and 11, 12). (b) WT mice express significantly more P-CREB than CREBIR mice
across all treatments. Additionally, the conditionally activated mutation prevents any
increase in P-CREB due to our interventions. *Among the WT mice, those who exercised (p
< .0001, n = 29), received reboxetine (p = .067, n = 9), and received the combination of the
two treatments (p < .0001, n = 7) expressed significantly more P-CREB than those that were
sedentary (n = 12); and those that received reboxetine (n = 9) expressed significantly less P-
CREB than exercising mice (p = .001, n = 29) or the combination-treated mice (p = .007, n =
7). Among the CREBIR mice, there were no significant differences among treatments in P-
CREB immunoreactivity. Note the dramatic decrease in P-CREB immunoreactivity of
CREBIR mice (black bars), compared to that of WT (white bars). Anti-P-CREB was very
insensitive and required 60 μg protein for detection. P-CREB was undetectable in all 4
treatment groups and both genotypes, when less than 60 μg protein was applied to the gels.
This large amount of protein, however, resulted in overloaded lanes for the much more
sensitive anti-CREB. Because of the very small sample volumes, each mouse hippocampus
was randomly assigned to a particular gel/Western film, thereby controlling for film-to-film
variability. Therefore, the row of P-CREB bands and their respective CREB and GAPDH
bands are a composite from several different Western blotting films. However, each P-
CREB band and its respective CREB band and GAPDH band all represent the same mouse
hippocampal sample (same gel lane).
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Figure 2.
Representative autoradiograms showing hippocampal BDNF mRNA by in situ
hybridization. (a) WT sedentary; (b) WT exercising; (c) CREBIR exercising.
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Figure 3.
The TAM-activated CREB repressor prevented the BDNF mRNA-increasing effects of
exercise, reboxetine or exercise/reboxetine in all hippocampal regions examined. (a) CA1:
*Among the WT mice, those who exercised (p = .012, n = 19), received reboxetine (p = .
006, n = 8), and received the combination of the two treatments (p = .004, n = 7) expressed
significantly more BDNF mRNA than those that were sedentary (n = 12) [F(3,42) = 4.48, p
= .008, n = 46]. # WT mice also expressed significantly more BDNF mRNA than CREBIR

mice for each intervention, except for sedentary mice. Among the CREBIR mice, there were
no significant differences among treatments [F(3,36) = .791, p = .507, n = 40]. (b) CA2:
*Among the WT mice, those who exercised (p = .002, n = 19), received reboxetine (p = .
039, n = 8), and received the combination of the two treatments (p = .001, n = 7) expressed
significantly more BDNF mRNA than those that were sedentary (n = 12) [F(3,42) = 5.26, p
= .004, n = 46]. # WT mice also expressed significantly more BDNF mRNA than CREBIR
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mice for each intervention, except for sedentary mice. Among the CREBIR mice, there were
no significant differences among treatments [F(3,36) = 1.67, p = .192, n = 40]. (c) CA3:
*Among the WT mice, those who exercised (p < .0001, n = 19), received reboxetine (p < .
0001, n = 8), and received the combination of the two treatments (p < .0001, n = 7)
expressed significantly more BDNF mRNA than those that were sedentary (n = 12) [F(3,42)
= 20.81, p < .0001, n = 46]. # WT mice also expressed significantly more BDNF mRNA
than CREBIR mice for each intervention, except for sedentary mice. Among the CREBIR

mice, there were no significant differences among treatments [F(3,36) = 1.34, p = .276, n =
40]. (d) CA4/hilus: *Among the WT mice, those who exercised (p < .0001, n = 19), received
reboxetine (p < .0001, n = 8), and received the combination of the two treatments (p < .0001,
n = 7) expressed significantly more BDNF mRNA than those that were sedentary (n = 12)
[F(3,42) = 18.70, p < .0001, n = 46]. # WT mice also expressed significantly more BDNF
mRNA than CREBIR mice for each intervention, except for sedentary mice. Among the
CREBIR mice, there were no significant differences among treatments [F(3,36) = .346, p = .
792, n = 40]. (e) DG: *Among the WT mice, those who exercised (p < .0001, n = 19),
received reboxetine (p < .0001, n = 8), and received the combination of the two treatments
(p < .0001, n = 7) expressed significantly more BDNF mRNA than those that were
sedentary (n = 12) [F(3,42) = 32.10, p < .0001, n = 46]. # WT mice also expressed
significantly more BDNF mRNA than CREBIR mice for each intervention, except for
sedentary mice. Among the CREBIR mice, there were no significant differences among
treatments [F(3,36) = .516, p = .674, n = 40].
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Figure 4.
Exercise and antidepressant interventions increased hippocampal mature BDNF
immunoreactivity in WT mice. No BDNF response to interventions was evident CREBIR

mice. *Among the WT mice, those who exercised (p = .019, n = 27) and received the
combination of the two treatments (p = .004, n = 7), but not those that received reboxetine (p
= .078, n = 7), expressed significantly more mature BDNF immunoreactivity
(electrophoresing as a ∼17-kDal band) than those that were sedentary (n = 12) [F(3,49) =
3.395, p = .025]. # WT mice also expressed significantly more BDNF immunoreactivity
than CREBIR mice for each intervention, except for sedentary mice, who expressed the same
amount between genotypes. Among the CREBIR mice, exercising mice (n = 23) expressed
significantly more BDNF immunoreactivity than those that received just reboxetine (p = .
006, n = 5) and the combination treatment (p = .007, n = 7). Because of the very small
sample volumes, each mouse hippocampus was randomly assigned to a particular gel/
Western film, thereby controlling for film-to-film variability. Therefore, the row of BDNF
bands and their respective GAPDH bands are a composite from several different Western
blotting films. However, each BDNF band and its respective GAPDH band all represent the
same mouse hippocampal sample (same gel lane).
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Figure 5.
In WT mice, all interventions led to a significant activation of the signaling molecule, Akt,
whereas no change from baseline was evident in CREBIR mice. *Among the WT mice,
those who exercised (p < .0001, n = 27), received reboxetine (p = .027, n = 7), and received
the combination of the two treatments (p < .0001, n = 7) expressed significantly more P-Akt
immunoreactivity than those that were sedentary (p < .0001, n = 12). #WT mice also
expressed significantly more P-Akt immunoreactivity than CREBIR mice for each
intervention, except for sedentary mice, who expressed the same amount between
genotypes. Among the CREBIR mice, there were no significant differences among
treatments in P-Akt immunoreactivity. Because of the very small sample volumes, each
mouse hippocampus was randomly assigned to a particular gel/Western film, thereby
controlling for film-to-film variability. Therefore, the row of P-Akt bands and their
respective Akt and GAPDH bands are a composite from several different Western blotting
films. However, each P-Akt band and its respective Akt band and GAPDH band all
represent the same mouse hippocampal sample (same gel lane).
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