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Abstract
The Ca2+/cAMP response element binding protein CREB mediates transcription of genes essential
for the development and function of the central nervous system. Here we investigated the ability of
caffeine to stimulate CREB-dependent gene transcription in primary cultures of developing mouse
cortical neurons. Using the CREB-dependent reporter gene CRE-luciferase we show that
stimulation of CREB activity by caffeine exhibits a bell-shaped dose-response curve. Maximal
stimulation occurred at 10 mM caffeine, which is known to release Ca2+ from ryanodine sensitive
internal stores. In our immature neuronal cultures, 10 mM caffeine was more effective at
stimulating CREB activity than depolarization with high extracellular KCl (50 mM). Quantitative
real-time PCR analysis demonstrated that transcripts derived from endogenous CREB target
genes, such as the gene encoding brain derived neurotrophic factor BDNF, are increased following
caffeine treatment. The dose response curves of CREB target genes to caffeine exhibited gene-
specificity, highlighting the importance of promoter structure in shaping genomic responses to
Ca2+ signaling. In the presence of a weak depolarizing stimulus (10 mM KCl), concentrations of
caffeine relevant for premature infants undergoing caffeine treatment increased CRE-luciferase
activity and Bdnf transcript levels. The ability of caffeine to enhance activity-dependent Bdnf
expression may contribute to the neurological benefit observed in infants receiving caffeine
treatment.
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Caffeine, which is present in coffee, tea, soft drinks and chocolate, is the most commonly
used psychostimulant in the world [1]. Caffeine exerts multiple effects on cells. At the low
doses of caffeine achieved by dietary intake (1–10 μM), the primary effect of caffeine in the
central nervous system is believed to be inhibition of adenosine receptors and subsequent
modulation of neurotransmitter release [2–3]. But higher doses of caffeine can also 1) block
GABA-A receptors, reducing the inhibitory input in functional neuronal networks, 2) inhibit
phosphodiesterase activity leading to increased cellular cAMP levels and 3) release Ca2+
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from intracellular ryanodine sensitive stores stimulating Ca2+ signaling in numerous cell
types including neurons. [4].

Caffeine is one of the most commonly prescribed drugs in pediatric emergency rooms.
Clinically, caffeine is utilized for the treatment of premature infants with apnea [5–6]. In
newborns, the half-life of caffeine slows from the 2–5 hours reported in adults to
approximately 80 hours in full-term infants and over 100 hours in premature infants [7–9].
Due to their reduced metabolism of caffeine, premature infants receiving caffeine treatment
accumulate significantly higher concentrations of plasma caffeine than those observed in
adults due to dietary caffeine intake. A study in 1996 monitoring caffeine levels in the serum
of 59 premature infants, however, reported a mean serum caffeine concentration of 29.9 mg/
L (154 μM) with a high concentration of 93.3 mg/L observed (480 μM) [10]. More recent
studies have reported serum concentrations ranging from 19–80 mg/L (98–412 μM) [9] or
11–33 mg/L (57–170 μM) [11]. Interestingly, infants treated with caffeine are less likely to
exhibit neurodevelopmental deficits [12–13], suggesting that caffeine treatment exerts a
positive influence on developing neurons.

The Ca2+/cAMP response element binding protein CREB mediates transcription of genes
critical for development and function of the nervous system [14]. CREB-mediated
transcription of the Bdnf gene, which encodes brain-derived neurotrophic factor, promotes
neuron survival, neurite outgrowth and synaptic plasticity [15]. In this study we directly test
the ability of caffeine to regulate CREB activity in developing cortical neurons.

Materials and Methods
Cell culture and transfection

Cortical neuron cultures were prepared from mouse brains on embryonic day 15.5 (E15.5) as
previously described [16]. Neurons were plated onto p35 dishes or 24-well dishes coated
with 15 μg/ml polyornithine (Sigma) and 2 μg/ml laminin (Invitrogen) and cultured in
Neurobasal media supplemented with 2% B27, 1mM glutamine and penicillin/streptomycin
(Invitrogen). Neurons were transiently transfected 3–5 DIV using calcium phosphate as
previously described [17].

Luciferase assays
Plasmids used for luciferase assays were as follows: pCRE-Luc PathDetect cis-reporter
plasmid (Stratagene) and TK Renilla (Promega). Two days following transfection, cells
were stimulated with either 50 mM KCl, 10 mM KCl with or without caffeine as indicated.
Following stimulation, the medium was aspirated, cells rinsed once with PBS and then
harvested for luciferase assays using the Dual Luciferase Assay kit (Promega). Data
presented are the mean of quadruplicate samples with standard error indicated. Each
experiment was repeated at least three times with similar results using independent cortical
neuron preparations. Students paired t-test was used to determine statistical significance of
results (p < 0.05) with n = 4.

RNA analysis
RNA was isolated from cortical neurons using Trizol (Sigma). mRNA was reverse
transcribed using oligo dT primers and qScript cDNA Supermix (Quanta Biosciences). Real
Time PCR was conducted on a LightCycler 480 (Roche) using SYBR Green I (Roche)
master mix. Results were normalized to actin amplification. PCR primers used were as
follows: mouse BDNF exon I: GGACAGCAAAGCCACAATGTTCCA and
TTGCCTTGTCCGTGGACGTTTACT; mouse BDNF exon IV:
ACCAGGTGAGAAGAGTGATGACCA and AGTTGCCTTGTCCGTGGACGTTTA;
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mouse full-length trkB: TTTCCTTGCCGAGTGCTACAACCT and
TGAAAGTCCTTGCGTGCATTGTCG; actin: TGTGATGGTGGGAATGGGTCAGAA
and TGTGGTGCCAGATCTTCTCCATGT. Statistical analysis was performed using
student paired t-test with n=4.

Results
Caffeine regulates CREB-dependent reporter gene expression

Increases in intracellular Ca2+ activate CREB, which stimulates gene transcription via
binding to Ca2+/cAMP response element CRE in the promoter of CREB-dependent genes
[18]. We assayed the ability of caffeine to stimulate CREB activity using a CREB-
dependent reporter gene consisting of four tandem CREs (Stratagene). Primary cortical
neurons isolated from E15.5 mouse embryos were transiently transfected with the CRE-
luciferase reporter construct, along with the TK-Renilla luciferase control vector for
normalization. Two days after transfection, neurons were treated with a range of caffeine
concentrations from 100 μM to 30 mM for 5 hours prior to harvesting for luciferase assays.
Low doses of caffeine (0.1–0.25 mM) failed to stimulate CRE luciferase activity (Figure
1A). Treatment of neurons with 0.5 mM caffeine stimulated CRE-luciferase activity
approximately 50% compared to unstimulated neurons (1.5 ± 0.2; p=0.02). Caffeine
concentrations ranging from 1 mM to 10 mM continued to increase CRE-luciferase activity
in a dose-dependent manner, with 1, 2, 5, or 10 mM caffeine stimulated CRE-luciferase
activity 3.3, 6.8, 43 and 69-fold, respectively, compared to untreated neurons. Doses of
caffeine higher than 10 mM became increasingly less effective at stimulating CRE-
luciferase. Treatment of neurons with 20 mM and 30 mM caffeine resulted in 44 and 5.4-
fold stimulation, respectively.

Neuronal depolarization, triggered by the addition of high extracellular KCl, is routinely
used as an in vitro model to study activity-dependent CREB-mediated gene transcription.
Ca2+ influx via voltage dependent Ca2+ channels following depolarization, leads to CREB
activation [19]. In order to compare the effectiveness of caffeine stimulation to that of
depolarization-mediated CREB activation, cortical neurons were stimulated with caffeine (1
– 10 mM) in the presence or absence of 50 mM KCl for five hours. As observed previously,
increasing concentrations of caffeine up to 10 mM increasingly stimulated CRE-luciferase
activity. Treatment of neurons with 10 mM caffeine provided a more robust stimulation of
CRE-luciferase activity than treatment with 50 mM KCl depolarizing stimulus typically used
to study CREB activation in neuronal cultures (Figure 1B). In the presence of 50 mM KCl,
caffeine concentrations up through 5 mM enhanced depolarization-stimulated CRE-
luciferase activity, 2.6, 4.6 and 2.8-fold, respectively. Co-stimulation of neurons with 10
mM caffeine and 50 mM KCl was less effective at increasing CRE-luciferase activity than
caffeine treatment alone. Thus, in the presence of 50 mM KCl the bell-shaped caffeine
response curve is shifted to the left.

We next investigated the interaction of caffeine with a weaker depolarizing stimulus of 10
mM KCl on CREB activation. In contrast to 50 mM KCl which stimulated CRE-luciferase
27-fold, treatment of neurons with 10 mM KCl resulted in a 3-fold increase is CRE-
luciferase activity (Figure 1C). Cortical neurons were co-treated with a 10 mM KCl and
increasing doses of caffeine for 5 hours prior to harvesting for luciferase assays. Co-
stimulation with caffeine concentrations of 0.1 mM caffeine did not enhance CRE-luciferase
activity due to depolarization. Lower doses (0.01–0.05 mM caffeine) were also tested and
found not to stimulate CRE-luciferase activity (data not shown). In contrast, treatment of
sub-maximally depolarized neurons with 0.25, 0.5, 1, 2, 5, or 10 mM caffeine increased
CRE-luciferase activity 1.4, 2.3, 5.5, 12, 38 and 65-fold, respectively, relative to neurons
stimulated with 10 mM KCl alone. At all concentrations of caffeine from 0.25 to 10 mM
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caffeine, co-stimulation with 10 mM KCl increased CRE-luciferase activity beyond the level
achieved by caffeine alone (Figure 1C).

Caffeine increases endogenous CREB-dependent gene transcript levels
We next tested whether caffeine could increase expression of endogenous CREB-dependent
genes c-fos and Bdnf. Cortical neurons were stimulated with increasing doses of caffeine
from 1 mM to 10 mM in the presence or absence of 10 mM KCl for 5 hours prior to
isolation of RNA for real-time PCR analysis. Gene-specific primer pairs were employed for
PCR amplification to quantify c-fos and Bdnf transcripts. Primers for the Bdnf gene were
designed to specifically detect either Bdnf promoter I or promoter IV derived transcripts,
since both promoters are stimulated by Ca2+ via CREB activation [20–24]. Amplification of
actin was conducted for normalization. Exposure of cortical neurons to caffeine increased c-
fos and Bdnf transcript levels. Interestingly, however, the caffeine concentration yielding the
greatest increase in transcript levels exhibited promoter specificity. For c-fos, stimulation of
transcript levels increased at each concentration tested through 10 mM (Figure 2A). In
contrast, Bdnf promoter I transcripts peaked at 2 mM caffeine, whereas Bdnf promoter IV
transcripts peaked at 5 mM caffeine (Figures 2B-C). Stimulation of neurons with 1, 2, 5 and
10 mM caffeine increased c-fos transcript levels 5.8, 11, 25 and 70- fold respectively; Bdnf
promoter I transcript levels increased 6.2, 7.2, 9.2, and 5.1-fold respectively; and Bdnf
promoter IV transcripts increased 3.4, 5.7, 11, and 10-fold respectively, compared to
untreated neurons.

Depolarization of neurons by addition of 10 mM KCl stimulated c-fos 27-fold compared to
unstimulated neurons. In the presence 10 mM KCl, treatment with caffeine enhanced c-fos
transcript levels an additional 2.9, 4.1, 4.9, and 6.4-fold respectively, compared to neurons
treated with 10 mM KCl alone. Depolarization with 10 mM KCl increased Bdnf promoter I
and promoter IV transcripts 17 and 10-fold, respectively. In the presence of 10 mM KCl,
inclusion of caffeine at 1, 2 or 5 mM stimulated Bdnf promoter I transcripts 2.2, 3.1 and 2.2-
fold compared to KCl treated neurons. Inclusion of 10 mM caffeine failed to further
stimulate of Bdnf promoter I transcripts in neurons depolarized with 10 mM KCl.
Quantification of Bdnf promoter IV transcript levels showed a 1.8, 2.3, 3.4, and 2.7-fold
enhancement, respectively, by co-stimulation of neurons with 1, 2, 5 and 10 mM caffeine in
the presence of depolarization by 10 mM KCl.

Clinically relevant doses of caffeine stimulate BDNF transcripts following weak
depolarization

Caffeine treatment of premature infants can result in caffeine serum concentrations of 100–
500 μM [9–11]. Given that caffeine has been reported to yield neurological benefits to these
infants [12], we tested the ability of these lower doses of caffeine to increase activity-
dependent Bdnf gene expression. Cortical neurons were treated with either 250 or 500 μM
caffeine in the presence of 10 mM KCl stimulation for five hours prior to harvesting RNA
for RT-PCR analysis. Analysis of Bdnf promoter I and Bdnf promoter IV revealed that both
250 μM and 500 μM caffeine enhance transcript levels beyond those observed in the
absence of caffeine (Figure 3). Bdnf promoter I transcripts were stimulated 1.3-fold (p =
0.003) and 2-fold, whereas Bdnf promoter IV transcripts were increased 1.2-fold (p = 0.039)
and 1.9-fold by 250 μM and 500 μM caffeine in the presence of KCl, compared to KCl
treated alone. Since the gene encoding the BDNF receptor TrkB is also a target of CREB
[16], we examined the ability of caffeine to stimulate TrkB transcript levels. Primers were
designed to specifically detect full-length catalytically active TrkB receptor, which mediates
BDNF signaling to promote neuron survival and development. TrkB transcripts were
stimulated 2.1-fold by inclusion of 500 μM caffeine. Although we observed a trend for
increased expression 250 μM caffeine, it did not achieve statistical significance.
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Discussion
Previous studies administering caffeine in rodents have found that acute treatment with high
doses of caffeine (75 mg/kg) stimulated c-fos expression in the brain [25–26]. In contrast,
lower doses aimed at mimicking dietary intake in humans (10mg/kg) did not increase c-fos
immunostaining. Since c-fos transcription can be stimulated by CREB activation, we sought
to test the ability of caffeine to trigger CREB-mediated transcription in neurons. In cultured
cortical neurons, we were unable to detect significant increases in CREB activity at caffeine
concentrations between 10 μM- 100 μM after 5 hours of stimulation (Figure 1 and data not
shown). Higher doses of caffeine stimulated CREB-dependent transcription. The response
curve of CREB activation to caffeine was biphasic. The concentrations of caffeine required
for CREB activation mediate release of Ca2+ from ryanodine sensitive stores. The bimodal
response of CREB activation due to increasing concentrations of caffeine is characteristic of
Ca2+-induced Ca2+ release (CICR) from intracellular stores [27–28]. At low concentrations,
Ca2+ can stimulate release of Ca2+ from intracellular stores via ryanodine receptors, which
are subsequently inhibited by increasing Ca2+concentrations. Our observation that the level
of CREB activity peaks at a lower concentration of caffeine (2 mM vs. 10 mM) in the
presence of a strong depolarizing stimulus known to elevate intracellular Ca2+, in consistent
with CICR.

During our analysis of CREB activation by caffeine, we routinely observed that 10 mM
caffeine invokes a more robust increase in CRE-luciferase than depolarization with high KCl
routinely used to assess Ca2+-stimulated CREB activation. This finding suggests that
intracellular release of Ca2+ via ryanodine receptors is a more effective mechanism to
activate CREB-dependent gene transcription in developing cortical neurons. Interestingly,
co-stimulation of neurons with 10 mM caffeine and 50 mM KCl failed to induce increased
CRE-luciferase activity compared to depolarization alone and remained lower than caffeine
treatment alone. Higher concentrations of caffeine (20–30 mM) blocked activation of CREB
by depolarization (Supplementary Figure 1). Application of 20 mM caffeine to hippocampal
slices has previously been reported to reduce the amplitude of Ca2+ transients triggered by
action potentials [29]. These findings are consistent with a requirement for intracellular
release in mediating CREB-dependent changes in gene expression due to neuronal
depolarization. An important role for release of Ca2+ from intracellular stores has previously
been implicated in CREB-mediated gene transcription due to neuronal synaptic activity.
Release of Ca2+ from the ryanodine receptor has been shown to be important for long-term
potentiation, the molecular correlate of learning and memory formation [30–31]. Depletion
of intracellular stores with cyclopiazonic acid (CPA) or inhibition of ryanodine receptors
using inhibitory concentrations of ryanodine, disrupt CREB phosphorylation and activation
due to synaptic activity and depolarization [32–33]. Although the inhibition of CREB
activity at higher caffeine concentrations is consistent with the loss of RyR signaling,
inhibition of inositol 1,4,5 triphosphate receptor opening may also contribute to the observed
reduction of CREB activity since high doses of caffeine can also inhibit IP3 receptors in
neurons [34–35].

Clinically, caffeine is important for the treatment of premature infants with apnea. Using a
CREB-dependent reporter gene and real-time PCR analysis of the endogenous CREB-
dependent genes we demonstrate that clinically relevant doses of caffeine (250 – 500 μM)
can cooperate with depolarization to enhance CREB function in developing neurons.
Increased expression of BDNF and its high affinity receptor TrkB enhances BDNF
signaling, thus promoting the survival and maturation of developing neurons. Caffeine
mediated enhancement of activity-dependent Bdnf and TrkB gene expression may contribute
to the neurodevelopmental benefits observed in infants receiving caffeine treatment. The
dose-dependency of Bdnf and TrkB stimulation may also explain the observed trend toward

Connolly and Kingsbury Page 5

Biochem Biophys Res Commun. Author manuscript; available in PMC 2011 June 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



higher doses of caffeine exhibiting greater advantage reported by Steer et al. [36]. Increased
BDNF signaling, which promotes neurite outgrowth, may also contribute to increased
dendritic length of pyramidal neurons observed in neonatal rats treated with caffeine [37].

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

BDNF brain derived neurotrophic factor

cAMP 3,5-cyclic adenosine monophosphate

CICR Ca2+-induced Ca2+ release

CPA cyclopiazonic acid

CRE cAMP response element

CREB cAMP response element binding protein

DMSO dimethyl sulfoxide

IP3 inositol 1,4,5 triphosphate

PBS physiologic saline solution

PCR polymerase chain reaction

RyR ryanodine receptor

TrkB tropomyosin-related kinase B

TK thymidine kinase
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Figure 1. Caffeine stimulates CRE-dependent transcription
Cortical neurons were transfected with CRE-luciferase to assay CREB activity and TK
Renilla luciferase for normalization. Two days after transfection, neurons were stimulated
with increasing concentrations of caffeine alone (A) or in combination with depolarization
triggered by the addition of either 50 mM (B) or 10 mM (C) extracellular KCl. Following 5
hours of stimulation, neurons were harvested for dual-luciferase assays. Data shown is
plotted relative to untreated neurons. Bars are the average of three independent transfections
with standard error indicated.
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Figure 2. Caffeine stimulates expression of endogenous CREB-dependent genes
Cortical neurons were stimulated with caffeine in the presence or absence of 10 mM KCl
and harvested for RNA after 5 hours of stimulation. Real-time PCR analysis was conducted
to determine the relative expression levels of A) c-fos, B) Bdnf promoter I or C) Bdnf
promoter IV transcripts. RNA samples are normalized to actin amplification. Data are
plotted relative to unstimulated neurons. Data shown are average of three independent
experiments with standard error indicated.
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Figure 3. Clinically relevant caffeine doses enhance Bdnf expression
Cortical neurons were stimulated with either 0.25 mM or 0.5 mM caffeine in the presence of
10 mM extracellular KCl. RNA was purified and subjected to real-time PCR analysis to
quantify Bdnf promoter I, Bdnf promoter IV and TrkB transcript levels. Data plotted relative
to neurons treated with 10 mM KCl alone. Data shown are average of quadruplicates with
standard error indicated. Stimulation of Bdnf transcripts was statistically significant at both
250 μM and 500 μM caffeine. Increased expression of TrkB transcripts was statistically
significant at 500 μM caffeine as assessed by student paired t-test (p < 0.05).
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