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In the mammalian hippocampus, changes in the expression of
immediate early genes (IEGs) is thought to contribute to long
term plastic changes in neurons brought about by learning tasks
and high frequency stimulation of synapses. The phosphatase
calcineurin has emerged as an important negative regulator of
hippocampus-dependent learning and long term potentiation.
Here we investigated the possibility that the constraining action
of calcineurin on hippocampal plasticity is mediated in part by
regulation of gene expression through negative control of tran-
scription factors, such as cAMP-response element (CRE)-bind-
ing protein (CREB). We assessed the effect of calcineurin inhib-
itors on CREB activation by neuronal activity and show that
calcineurin activity is in fact required for CREB-mediated gene
expression. However, inhibition of calcineurin had disparate
effects on the transcriptional induction of CREB-dependent
IEGs. We find that the IEG c-fos is unaffected by suppression of
calcineurin activity, the plasticity-related genes Egrl/Zif268
and Egr2/Krox-20 are up-regulated, and genes encoding the
orphan nuclear hormone receptors Norl and Nur77 are down-
regulated. We further show that the up-regulation of particular
IEGs is probably due to the presence of serum response elements
(SREs) in their promoters, because SRE-mediated gene expres-
sion is enhanced by calcineurin blockers. Moreover, expression
of the c-fos gene, which is unaffected by calcineurin inhibitors,
could be down-regulated by mutating the SRE. Conversely, SRE-
mediated c-fos induction in the absence of a functional CRE was
enhanced by calcineurin inhibitors. Our experiments thus
implicate calcineurin as a negative regulator of SRE-dependent
neuronal genes.

In the mammalian hippocampus, alterations to IEG® expres-
sion levels induced by behavioral stimuli, such as learning tasks,
or by high frequency electrical stimulations are thought to play
a role in transforming electrical activity into neuronal modifi-
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cations that underlie plasticity (1, 2). Synaptic activity-induced
changes in IEG expression levels are triggered by intracellular
Ca’" ions that activate a network of signaling pathways involv-
ing Ca®"-sensitive protein kinases and phosphatases, which
converge on neuronal transcription factors. The Ca**/calmod-
ulin-activated phosphatase calcineurin (PP2B), is one of the
downstream effectors of Ca®" signals (3).

Several behavioral and electrophysiological studies agree
that genetic or pharmacological suppression of calcineurin
activity enhances synaptic plasticity, learning, and memory (3,
4). However, the molecular mechanisms underlying this
enhancement are not clear. Because calcineurin can dephos-
phorylate many presynaptic and postsynaptic proteins, includ-
ing those involved in neurotransmission, Ca>" homeostasis,
and gene expression, it could modulate synaptic plasticity
through multiple mechanisms (3, 5). A recent study showed
that in the amygdala, calcineurin inhibition correlates with
increased expression of the IEG Egr1/Zif268 and strengthens
memory traces, making them resistant to extinction (6), sug-
gesting that alterations in gene expression may be central to the
enhancement of learning and memory. It has been speculated
that calcineurin activity attenuates signaling to transcription
factors by opposing the activating actions of protein kinases on
transcription factors, such as CREB (6, 7). CREB activation
requires its phosphorylation on serine 133, which allows CREB
to associate with the coactivator CBP (8). Calcineurin has been
shown to negatively modulate CREB activity in hippocampal
neurons during short bursts of synaptic activity by promoting
dephosphorylation of serine 133 through activation of the
CREB phosphatase PP1 (9). In contrast, recent work has impli-
cated calcineurin in positively regulating CREB-dependent
gene expression in neurons by promoting nuclear translocation
of the newly identified CREB coactivators called transducers of
regulated CREB activity (TORCs) (10-12). Calcineurin sup-
pression can also inhibit CREB-dependent gene expression in a
TORC-independent manner (13).

These contradictory suggestions in literature pertaining to
the role of calcineurin in CREB regulation prompted us to
examine the effects of the calcineurin inhibitors on CREB acti-
vation. We show here that in hippocampal neurons, calcineurin
activity is required for CREB-mediated gene expression
induced by membrane depolarization and synaptic activity and
by increases in intracellular cAMP. We further demonstrate
that suppression of calcineurin activity has distinct effects on
the expression of different IEGs that contain CREB binding
sites. We examined the effects of calcineurin inhibitors on
expression of plasticity-associated IEGs c-fos (14, 15), Norl/
Nr4a3 (16), Nur77/Nrdal (17), Egr1/Zif268 (18), Egr2/krox-20
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(19), and Arc (15). We find that expression of the archetypal
IEG c-fos is unaffected, expression of Egrl and Egr2 is aug-
mented, and expression of Norl and Nur77 is attenuated by
calcineurin suppression. Furthermore, calcineurin inhibitors
enhanced gene expression mediated by the serum response ele-
ment (SRE) found in the promoter regions of c-fos, Egrl, and
Egr2. Expression of the c-fos gene that is unaffected by cal-
cineurin inhibitors could be down-regulated by mutating the
SRE and augmented in the absence of a functional CRE. These
experiments indicate that calcineurin constrains SRE-mediated
gene expression.

Our findings indicate that the effect of calcineurin on expres-
sion of plasticity-associated neuronal genes is determined by
combinatorial control of multiple transcription factors, some of
which are activated and others of which are inhibited by
calcineurin.

EXPERIMENTAL PROCEDURES

Cell Culture and Plasmids—Hippocampal neurons were cul-
tured from newborn Wistar rats as described previously (20),
except that the growth medium was Neurobasal medium
(Invitrogen) containing 2% B27 (Invitrogen), 5% fetal calf serum
(PAA Lab, Pasching, Austria), 1 mM L-glutamine, 35 mm glu-
cose (Sigma), 100 units/ml penicillin, and 0.1 mg/ml strepto-
mycin (Invitrogen). 2.4 uM cytosine arabinoside (Sigma) was
added to the cultures 2—4 days after plating to inhibit prolifer-
ation of nonneuronal cells. The firefly luciferase reporter gene
plasmid containing five Gal4 DNA binding sites, 5 X Gal4-
Elbluc, and the Gal4CREB expression plasmid have been
described previously (20). SRE,tkluc, containing two copies of
the c-fos SRE upstream of the firefly luciferase gene was a gift
from Prof. Alfred Nordheim (University of Tuebingen, Ger-
many) and has been described previously (21). pRL-TK
expressing Renilla luciferase was from Promega (Madison, W1I).
The Nur77 reporter plasmid, —1800Nur77luc (22), was pro-
vided by Prof. Talal Chatila (UCLA). The expression plasmid
encoding a constitutively active form of the calcineurin cata-
lytic subunit (pEFTAG-ACn) has been described previously
(23) and was kindly provided by Prof. Anjana Rao (Harvard
Medical School). The plasmids containing the human c-fos
gene with in-context promoter mutations of the SRE
(pFosASRFmyc) or CRE (pFosACREmyc) and pSVal encoding
the human a-globin gene have been described before (24).

Transfection and Luciferase Assays—Hippocampal neurons
were transfected with the indicated plasmids using Lipo-
fectamine 2000 (Invitrogen) 8 —9 days after plating, as described
previously (20). 36 h after transfection, cells were either left
untreated or stimulated for 6 h, as indicated, and then subjected
to luciferase assays as described previously (20) using the Pro-
mega Dual Glo assay kit (Promega). Firefly luciferase activity
was normalized to the Renilla luciferase signal, and all meas-
urements were made in duplicate. To inhibit calcineurin, cells
were pretreated with either 1 um cyclosporin A (CsA; Calbio-
chem, Darmstadt, Germany) or 0.1 um FK506 (Biomol, Plym-
outh Meeting, PA), for 10 min before stimulation with either 40
mMm KCI, 10 um forskolin (Calbiochem), 50 uMm bicuculline
(Sigma) with 2.5 mMm 4-aminopyridine (4-AP; Calbiochem) or
50 ng/ml BDNF (Invitrogen) for 6 h.
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Immunocytochemistry and Western Blotting—Neurons were
fixed in 3% paraformaldehyde in phosphate-buffered saline
supplemented with 4% sucrose and processed for immunocy-
tochemistry, as described before (20). The following primary
antibodies were used at the indicated dilutions: Nor1 at 1:200
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA); c-Fos (Santa
Cruz Biotechnology) at 1:200; HA at 1:200 (Covance, Princeton,
NJ). To quantify c-Fos and Nor-1 expression levels, neurons
were imaged with a Zeiss laser-scanning confocal microscope
(LSM-510) or a Leica TCS SP5 confocal system (Leica Micro-
systems), and the fluorescence intensity was measured using
Image J. A statistical significance test was performed using the
SPSS statistical suite (version 13).

Western blotting was performed as described by Lam and
Chawla (25). The following antibodies were used at the indi-
cated dilutions: c-Fos (Santa Cruz) at 1:1000; phospho-CREB at
1:5000 (Upstate Biotechnology, Inc., Lake Placid, NY); B-actin
at 1:10000 (Sigma); extracellular signal-regulated kinase 1/2 at
1:1000 (Cell Signaling, Beverly, MA).

Real Time Quantitative PCR—Total RNA was extracted
from neurons cultured in 35-mm plates using the Qiagen
RNeasy minikit according to the manufacturer’s instructions
(Qiagen, Hilden, Germany). First strand cDNA synthesis was
performed using Superscript III RNase H™ reverse tran-
scriptase (Invitrogen) and oligo(dT),, ;4 primer (Invitrogen).
The cDNA prepared was then subjected to real time quantita-
tive PCR (qPCR) analysis based on the SYBR Green I double-
stranded DNA staining method using the 2X SensiMix dT kit
(Quantace, London, UK). PCR was performed with gene-spe-
cific primers (all from Sigma). Primer sequences are provided in
supplemental Table 1. The relative expression of genes was
determined using a standard curve of threshold cycle value
(CT) generated from serial dilutions of an external standard of
pooled cDNAs, and the expression level was normalized with
the expression of glyceraldehyde-3-phosphate dehydrogenase
for comparison among samples. Where neurons were trans-
fected with the human c-fos gene, human c-fos mRNA expres-
sion was normalized to the levels of a-globin mRNA to control
for transfection efficiency. A statistical significance test was
performed using the SPSS statistical suite.

RESULTS

Calcineurin Activity Is Required for CREB-mediated Gene
Expression—Previous studies that have tested the effects of cal-
cineurin inhibition on CREB-dependent gene expression in
cortical (13) and hippocampal neurons (10) used a luciferase
reporter gene containing CREs upstream of the firefly luciferase
gene. Because the related basic leucine zipper-containing tran-
scription factors ATF1 (activating transcription factor 1) and
CREMT (cAMP-response element modulator 7) (8) can also
bind the CRE, we used a Gal4CREB fusion protein, comprising
the GAL4 DNA binding domain and full-length rat CREB, to
directly assess the effect of calcineurin inhibitors CsA and
FK506 on CREB-mediated gene expression. We found that the
Gal4CREB fusion protein is able to robustly activate expression
of a cotransfected luciferase reporter gene construct containing
five Gal4 DNA binding sites in the promoter following mem-
brane depolarization of cultured hippocampal neurons by 40
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FIGURE 1. Calcineurin inhibitors attenuate CREB-mediated gene expression via a phospho-CREB inde-
pendent mechanism. Inhibition of calcineurin activity by CsA or FK506 diminishes CREB-mediated gene
transcription in neurons stimulated with 40 mm KCl (A), 50 um bicuculline and 2.5 mm 4-aminopyridine (Bic/4-
AP) (B), or 10 um forskolin (C). Hippocampal neurons cultured in 12-well plates were co-transfected with 1 ug of
Gal4CREB, 0.5 ng of 5XGal4-E1bluc, and 0.1 ng of pRL-TK. 36 h after transfection, cells were pretreated for 15
minwith 1 um CsA or 0.1 um FK506 or left untreated (Un), followed by stimulation with KCl, forskolin, or Bic/4-AP
for 6 h. Firefly luciferase activity was measured and normalized to the Renilla luciferase signal. Data are from
threeindependent transfection experiments and are shown as mean = S.E. §, significant reduction of luciferase
activity in CsA- and FK506-treated cells compared with that in the corresponding stimulation in the absence of
calcineurin inhibitors; p < 0.05 (Student’s t test). D, FK506 does not affect the kinetics of CREB phosphorylation
on serine 133 (Pi-CREB) induced by Bic/4-AP or 50 mm KCI (KC/). Neurons were stimulated with either Bic/4-AP
or KCl for 5 min or 40 min in the presence or absence of 0.1 um FK506 and processed forimmunoblotting using
an antibody that recognizes CREB phosphorylated on serine 133 (top). Blots were then stripped and probed
with an antibody toward extracellular signal-regulated kinase (ERK1/2) (bottom). E, CsA and FK506 do not affect
CREB phosphorylation induced by 50 mm KCl or 10 um forskolin (Fo) Neurons were pretreated for 15 min with
either 1 um CsA or 0.1 um FK506 or left untreated followed by stimulation for 40 min with 50 mm KCl or 10 um

hippocampal neurons to the adeny-
Iyl cyclase activator forskolin. We
found that both CsA and FK506
almost completely inhibited cAMP-
induced CREB-mediated gene ex-
pression (Fig. 1C). These findings
indicate that calcineurin activity is
required for optimal CREB-medi-
ated gene expression in response to
both Ca>* and cAMP signals.

The first step in CREB activation
involves phosphorylation of CREB
on serine 133, which is necessary
for CREB-mediated gene expres-
sion. Previous work by Bito et al. (9)
found that FK506 treatment in-
creased the duration for which
CREB was phosphorylated follow-
ing short bursts of synaptic activity.
Since sustained and not transient
CREB phosphorylation correlates
with CREB-mediated gene expres-
sion (27), we examined the effects of
CsA and FK506 on the kinetics of
CREB phosphorylation triggered by
KCl and bicuculline/4-AP treat-
ment at 5 min and 40 min. Both KCI
and bicuculline/4-AP induced a sus-

forskolin and processed for immunoblotting as described for D above.

mMm extracellular KCI (Fig. 14). The depolarization-induced
increase in reporter gene expression was strongly inhibited
when neurons were pretreated with calcineurin inhibitors. CsA
inhibited depolarization-induced CREB-mediated gene expres-
sion to 48.4 * 3.2% of the KCl-induced response, whereas
FK506 reduced it to 29.2 = 4.8% of the KCl-induced response.
This is in agreement with recent studies that show an attenua-
tion of KCl-induced CRE-dependent gene expression by CsA
and FK506 in hippocampal and cortical neurons (10, 13). Depo-
larization of neurons with KCl activates Ca®" influx through
L-type Ca®>" channels. Since CREB-mediated gene expression
is also induced robustly following Ca®" influx through NMDA
receptors, we studied the effects of calcineurin inhibition on
CREB-mediated gene expression by synaptic NMDA receptors
by treating the cells with the GABA , antagonist bicuculline in
the presence of the K* channel blocker 4-AP. Exposure of cul-
tured hippocampal neurons to bicuculline has previously been
shown to trigger bursts of action potential firing and NMDA
receptor-dependent Ca®" transients (26). We found that Ca®"
influx through synaptic NMDA receptors resulted in a 3.7-fold
increase in CREB-mediated gene expression that was inhibited
by CsA and FK506 to 39.7 + 8.8 and 35.1 = 3.6, respectively, of
the maximal response (Fig. 1B). Neither CsA nor FK506
affected basal expression of the reporter gene. Long term
changes in neuronal plasticity involve signaling cascades trig-
gered by both Ca®>" and cAMP, and either of these can stimu-
late CREB activity. We therefore tested the effects of CsA and
FK506 on cAMP-induced CREB activation by exposing
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tained increase in phospho-CREB
levels. FK506 did not affect the time
course of CREB phosphorylation induced by either KCl or bicu-
culline/4-AP treatment (Fig. 1D). We also compared the effects
of CsA and FK506 on phospho-CREB levels triggered by KCI
and forskolin stimulation of hippocampal neurons at 40 min.
Neither CsA nor FK506 had any effect on KCl-induced or for-
skolin-induced CREB phosphorylation (Fig. 1E). Thus, the inhi-
bition of CREB-mediated gene expression by calcineurin inhib-
itors is independent of CREB phosphorylation at serine 133.
Induction of the IEG c-fos Is Unaffected by Calcineurin
Inhibitors—CREB regulates the expression of many activity-
induced genes that have complex promoters containing bind-
ing sites for many transcription factors. For example, expres-
sion of the IEG c-fos is regulated by neuronal activity through
two Ca®"-responsive DNA-regulatory sequences, namely the
CRE, which binds CREB and related basic leucine zipper tran-
scription factors, and the SRE, which binds SRF and Elk-1 (24).
Although we have shown above that CREB-mediated gene
expression is attenuated by calcineurin inhibitors, it is not clear
what effect the suppression of calcineurin activity would have
on a gene such as c-fos that is regulated by additional transcrip-
tion factors. We therefore investigated the effects of CsA and
FK506 on induction of the endogenous c-fos gene by membrane
depolarization and by cAMP elevation. We first assessed c-Fos
protein expression in hippocampal neurons by immunofluo-
rescence. Fig. 24 shows examples of hippocampal neurons
stained with a c-Fos antibody, and quantitative analysis of c-Fos
immunofluorescence data is shown in Fig. 2B. As expected,
c-Fos protein expression in hippocampal neurons was induced
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FIGURE 2. Expression of c-fos is not affected by the suppression of calcineurin activity. A, representative
example of hippocampal neurons showing nuclear c-Fos protein expression in cells pretreated with 1 um CSA
or 0.1 um FK506 or left untreated (Un) for 15 min followed by stimulation with 50 mm KCl or 10 um forskolin for
2 h. Scale bar, 10 um. B, a graph showing the average level of c-Fos immunofluorescence in untreated cells
(Con) or cells treated with 50 mm KCI (K) or 10 um forskolin (Fo) for 2 h, with or without 0.1 um FK506 pretreat-
ment. Over 50 cells of each treatment from three independent experiments were analyzed. Values are shown
as mean = S.E. C, Western blot showing that the induction of c-Fos protein by 50 mm KCl (K) and 10 um forskolin
(Fo) is not changed by a 15-min pretreatment with either 1 um CSA or 0.1 um FK506. Neurons were stimulated
for 2 h and processed for c-Fos immunoblotting (top). Immunoblots were stripped and probed with an anti-
body to B-actin (bottom). D, quantitative analyses of c-Fos protein levels from immunoblots is shown in the
graph. The c-Fos and B-actinimmunoreactivity was measured using Image J, and c-Fos levels were normalized
to that of B-actin. Values are shown as mean * S.E., and data are from three independent experiments. £, qPCR
revealed that the induction of c-fos mRNA expression by 50 mm KCl (K) or 10 um forskolin (Fo) in neurons
stimulated for 50 min was unaffected by a 15-min pretreatment with either 1 um CSA or 0.1 um FK506. Values
are represented as mean = S.E., and data are from five independent experiments.

K

KCl-induced levels in the absence of
calcineurin inhibition, whereas in
FK506-treated cells, c-fos tran-
scripts were 75.6 = 18.2% relative to
the expression induced by KCI
alone. The forskolin-induced tran-
scription of c-fos mRNA was simi-
larly unaffected by CsA or FK506
treatment (Fig. 2E). This is in con-
trast to the reported inhibition of
the plasticity-related CREB-target
genes TrkB and Bdnf by CsA and
FK506 in cortical neurons (13). The
lack of effect of CsA and FK506 on
c-fos induction shows that inhibi-
tion of CREB activity by calcineurin
blockers is not always sufficient to
affect CREB target gene expression.

SRE-dependent Gene Expression
Is Enhanced by Calcineurin In-
hibitors—We hypothesized that the
lack of effect of calcineurin suppres-
sion on c-fos induction might be due
to the presence of an SRE. We there-
fore tested the effect of inhibiting
calcineurin on a luciferase reporter
gene driven by two copies of the
c-fos SRE. The c-fos SRE, depicted in
Fig. 3A, comprises a CArG box that
binds SRF as a dimer (28) and a
binding site for the ternary complex
factor (TCF) Elk-1 (29). We found
that expression of the SRE-driven
luciferase reporter gene is induced
by KCl and BDNF treatment,
although the induction by KCI was
weak (Fig. 3B). In neurons pre-
treated with FK506, Ca®>*-induced
SRE-mediated gene expression was
enhanced to 122.7 = 8.4% of the KCl
response in the absence of FK506.
We also observed a strong increase
of BDNF-induced SRE-dependent
gene expression, which was en-
hanced by 26.8% in FK506-treated
neurons (Fig. 3B). In addition to
enhanced KCl-induced and BDNF-

by KCI and forskolin. However, pretreatment of neurons with
CsA and FK506 had no effect on c-Fos induction by Ca®>* or
cAMP (Fig. 2, A and B). Similar results were obtained when
c-Fos protein expression was examined by Western blot analy-
sis (Fig. 2, C and D). We further examined the effect of CsA and
FK506 on c-fos expression at the transcriptional level by meas-
uring c-fos mRNA levels by real time quantitative PCR. Fig. 2E
shows that, similar to c-Fos protein levels, CsA and FK506 had
no significant effect on the induction of c-fos transcripts by
membrane depolarization. In CsA-treated neurons, KCl-in-
duced c-fos mRNA levels were found to be 84.0 = 11.9% of the
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induced SRE-mediated gene expression, we observed a signifi-
cant increase (by 24.6%) in SRE-mediated gene expression in
untreated hippocampal neurons (Fig. 3B). Although untreated
neurons have not been stimulated, they do exhibit spontaneous
synaptic activity, indicating that FK506 can enhance SRE-de-
pendent transcription even at low levels of neuronal activity.
Similar effects on SRE-dependent gene expression were seen
when neurons were exposed to CsA (data not shown).

The up-regulation of SRE-mediated gene expression may
explain why c-fos expression by membrane depolarization is
insensitive to CsA and FK506 despite the presence of CREB
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test). C, FK506 inhibits KCl-induced expression of a Nur77 reporter gene. Neu-
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three independent experiments, and the mean = S.E.is shown here. §, signif-
icant reduction of luciferase activity by FK506 treatment when compared
with the corresponding stimulation in the absence of FK506; p < 0.05 (Stu-
dent’s t test).

Relative luciferase activity
(percentage KCl response)

binding sites in its promoter. We next investigated the effects of
CsA and FK506 on activity-induced expression of the IEG
Nur77 that is also a CREB target gene. In neuronal cells, tran-
scriptional induction of Nur77 by Ca®>" signals is mediated by

12566 JOURNAL OF BIOLOGICAL CHEMISTRY

CREB (30) and the MEF2 (myocyte enhancer factor-2) family of
transcription factors (31). Transcriptional activity of the MEF2
family of transcription factors is activated by calcineurin
through multiple mechanisms. Calcineurin enhances MEF2
DNA binding (32) and also participates in altering the sumoy-
lation status of MEF2 transcription factors to cause derepres-
sion of MEF2-mediated gene expression (31). Since the Nur77
promoter contains four CRE sites and two MEF2 response ele-
ments (MREs) we hypothesized that its induction would be
inhibited by CsA and FK506. We used a luciferase reporter
construct that contains the firefly luciferase gene downstream
of rat Nur77 genomic DNA from —1800 to +119 bp relative to
the transcription start site that encompasses the CREs and
the MREs. Expression of this Nur77 reporter gene was
induced by membrane depolarization. Pretreatment with
FK506 strongly inhibited KCl-induced Nur77 expression by
50.8 = 0.8% (Fig. 3C).

The experiments above suggest that the promoter context in
which CREB binding sites are located determine what effect
calcineurin inhibitors will have on the expression of a particular
gene. Induction of the c-fos gene, which contains one CRE and
one SRE was unaffected, whereas a Nur77 reporter gene that
contains two MEF2 binding sites in addition to four CREs was
down-regulated. To further support the notion that the context
in which the CRE exists is an important determinant of a gene’s
calcineurin sensitivity, we examined the effect of calcineurin
inhibition on transcriptional induction of a mutant c-fos gene
that lacks either a functional SRE (Fig. 44) or CRE (Fig. 4B).
Hippocampal neurons were transfected with a plasmid con-
taining the entire human c-fos gene, including 711 base pairs of
upstream regulatory sequences, which encompasses the SRE
and the CRE, with mutations in either the SRF binding site
(pFosASRFmyc) or in the CREB binding site (pFosACREmyc).
These plasmid constructs have been characterized previ-
ously (24), and it has been established that expression of c-fos
from pFosASRFmyc is dependent on the CRE and that
pFosACREmyc is an SRE-dependent c¢-fos gene. Because these
plasmids encode the human c-fos gene, we were able to detect
expression of c-fos specifically from the transfected genes by
using appropriate primers. We examined the effect of cal-
cineurin inhibitors on c-fos expressed from pFosASRFmyc and
found that in the absence of a functional SRE, FK506 reduced
CRE-mediated c-fos expression by 47.4 = 7.7% (Fig. 4A). In
contrast to this, when we analyzed the effects of FK506 on c-fos
transcription when the CRE is mutated, we found that SRE-
mediated c-fos expression was enhanced by 48.3 * 19.2% in
neurons treated with FK506 (Fig. 4B). These experiments dem-
onstrate that calcineurin inhibitors have opposite effects on
SRE- and CRE-mediated c-fos expression and explain why there
is no net effect of calcineurin suppression on the endogenous
c-fos gene.

Inverse Regulation of CREB-dependent IEGs—Our results
thus far show that the effect of CsA and FK506 on the expres-
sion of a particular gene is influenced by the presence of cis-
regulatory elements other than the CRE. To generate some
guiding rules that may help us predict a gene’s sensitivity to
calcineurin inhibitors, we compared six plasticity-associated
CREB-dependent IEGs whose promoters contain binding sites
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FIGURE 4. Differential effects of calcineurin inhibition on SRE-mediated
and CRE-mediated c-fos expression. A, CRE-mediated c-fos expression is
inhibited by FK506. Hippocampal neurons grown in 35-mm dishes for 8 days
were transfected with 1 pg of the plasmid pFosASRFmyc and 0.5 pg of
pSVal. Plasmid pFosASRFmyc contains mutations within the c-fos CArG box
(underlined) that binds SRF. The base changes in the mutant are shown in
boldface type below the wild-type sequence. 24 h after transfection, cells were
either left untreated or pretreated with 0.1 um FK506 for 15 min, followed by
stimulation with 50 mm KCI (KCI) for 50 min. The mRNA levels of human c-fos
were determined by qPCR using primers specific for the human c-fos gene
and normalized to levels of a-globin mRNA. The normalized c-fos mRNA lev-
els from different conditions are shown in the graph as a percentage of the
KCl response. Data are from five independent experiments, and the mean =+
S.E.is plotted here. B, SRE-mediated c-fos expression in enhanced by FK506.
Hippocampal neurons were transfected and stimulated, and RNA was quan-
tified asin A except that the SRE-dependent reporter gene pFosACREmyc was
used instead of pFosASRFmyc. Plasmid pFosACREmyc contains mutations
within the c-fos CRE, which is underlined. The base changes in the mutant are
shown in boldface type under the wild-type sequence. §, a significant reduc-
tion; ¥, a significant increase in relative mRNA expression in FK506-treated
cells when compared with the corresponding stimulation in the absence of
FK506; p < 0.05 (Student’s t test).

for other neuronal transcription factors in addition to the CREB
binding site(s). We first tested the effect of CsA and FK506 on
the transcriptional induction of the endogenous Nur77 gene by
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qPCR. Similar to the Nur77 reporter gene, Nur77 mRNA levels
were induced by KCl and forskolin. CsA and FK506 inhibited
KCl-induced Nur77 mRNA levels by 48.0 = 5.4 and 43.3 =
6.6%, respectively (Fig. 5B). Forskolin-induced Nur77 induc-
tion was also attenuated by CsA and FK506 (Fig. 5B). We next
examined how expression of the related orphan nuclear recep-
tor gene Norl, which is also a CREB target, is affected by cal-
cineurin inhibitors. NorI has recently been identified as a plas-
ticity-related gene (16), and its expression is induced by
synaptic NMDA receptor activity in hippocampal neurons (33).
The Norl promoter contains three CREs (Fig. 54). To identify
additional DNA-regulatory sequences, we performed in silico
analysis of the NorI promoter and found three putative MREs
that are conserved in the rat, human, and mouse genes (Fig. 54
and supplemental Fig. 1). Additionally, in preliminary experi-
ments, we observed an increase in NorI expression by a consti-
tutively active MEF2-VP16 fusion protein.* We found that sim-
ilar to Nur77, transcriptional induction of the Norl gene by
membrane depolarization and by elevated cAMP was inhibited
by CsA and FK506 (Fig. 5C).

Whereas the c-fos gene contains one SRE, several other plas-
ticity-associated genes, such as Egrl/Zif268, contain multiple
copies of the SRE (34). Our findings that SRE-mediated gene
expression is augmented by calcineurin inhibitors predict that
CsA and FK506 should enhance Egrl expression, since its pro-
moter contains five copies of the SRE (Fig. 54). However, the
Egrl promoter also contains two CREs (Fig. 54) that could
transmit inhibitory effects of CsA and FK506 on to Egrl tran-
scriptional induction. We therefore examined the effects of
CsA and FK506 on Egrl transcript levels in untreated, KCl-
stimulated, and forskolin-treated neurons. We found a marked
enhancement of KCl-induced Egri mRNA levels by calcineurin
inhibitors. CsA increased KCl-induced Egrl mRNA levels by
79.8 £ 19.1% and FK506 by 70.7 = 28.0% (Fig. 5D). In contrast
to Ca’"-activated gene expression, forskolin-induced Egrl
expression was not significantly changed by calcineurin inhibi-
tion (Fig. 5D). However, Egrl mRNA levels were doubled by
CsA in untreated hippocampal neurons that exhibit spontane-
ous activity (Fig. 5D). We also examined the effects of reduced
calcineurin activity on transcriptional induction of the related
zinc finger transcription factor Egr2/Krox-20. Similar to Egrl,
Ca**-induced Egr2 expression was strongly enhanced by cal-
cineurin inhibitors; the mRNA levels in CsA- and FK506-
treated KCl-stimulated cells were more than twice those meas-
ured in KCl-stimulated cells in the absence of calcineurin
inhibitors (Fig. 5E). Forskolin-induced Egr2 expression, on the
other hand, was unaffected by calcineurin inhibitors (Fig. 5E).
These results indicate that endogenous calcineurin activity
suppresses Egrl and Egr2 gene expression by membrane depo-
larization but does not participate in cAMP-induced expres-
sion of these genes.

The IEGs examined above encode transcription factors that
would direct secondary programs of gene expression, the prod-
ucts of which influence neuronal plasticity by effecting struc-
tural and functional changes in neurons. Such IEGs that control

4B.Y.H.Lam and S. Chawla, unpublished observations.
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FIGURE 6. Expression of the Arc gene is not affected by the inhibition of
calcineurin. A, the promoter organization of the Arc gene is depicted here.
Synaptic activity-induced Arc expression is mediated by a 100-bp enhancer
(SARE) composed of three DNA-regulatory elements, a CRE, an MRE, and a
SRE, which are conserved in the rat, mouse, and human genes and are
depicted here in boldface type and also underlined. The SRE shown here con-
tains a 3’ CArG box and a 5’ TCF binding site. B, depolarization and cAMP-
induced Arc expression are unaffected by CsA and FK506. Hippocampal neu-
rons were either left untreated or pretreated with 1 um CSA or 0.1 um FK506
for 15 min, followed by stimulation with 50 mm KClI (K) or 10 um forskolin (Fo)
for 50 min. The mRNA levels of Arc were determined by qPCR and were nor-
malized to glyceraldehyde-3-phosphate dehydrogenase.

Relative Arc mRNA expression
(Percentage KCl response)

the expression of other genes are therefore classed as regulator
IEGs. The products of some IEGs, however, called effector
IEGs, can directly affect neuronal properties. We next tested
how CsA and FK506 may influence the expression of an effector
IEG, such as Arc (activity-regulated cytoskeleton-associated
protein). Synaptic activity-induced Arc expression is mediated
by a 100-bp distal enhancer that comprises the three cis-
regulatory elements CRE, MRE, and SRE, which are con-
served in rat, mouse, and human genes (Fig. 6A4) (35). The
Arc gene also contains two proximal SREs (36), but these
make a negligible contribution to activity-induced Arc
expression (35). Fig. 6 shows that Arc mRNA levels in
untreated, KCl-stimulated, and forskolin-stimulated cells
are unaffected by CsA and FK506. Thus, calcineurin inhibi-

and a putative MRE-like sequence in the Nor1 promoter is shown here in a
lighter shade. A rectangle represents a CRE, and a circle represents an SRE.
Black circles indicate SREs that contain a TCF binding site within 10 bp. On the
Egr1 gene, there is an SRE that is not accompanied by a TCF binding site and
is shown here as a lighter circle. The MREs in the Nor1 promoter have been
determined in silico, and the alignment is available in supplemental Fig. 1.
B-E, hippocampal neurons at 8-9 days in culture were either left untreated or
pretreated with 1 um CsA or 0.1 um FK506 for 15 min, followed by stimulation
with 50 mm KCI (K) or 10 um forskolin (Fo) for 50 min. The mRNA levels of Nur77
(B), Nor1 (C), Egr1 (D), and Egr2 (E) were determined by qPCR and were nor-
malized to glyceraldehyde-3-phosphate dehydrogenase transcript levels.
Data are from five independent experiments and are shown here as mean *
S.E. ¥, significant increase (p < 0.05) in relative mRNA expression in CsA- or
FK506-treated cells when compared with the corresponding stimulation in
the absence of calcineurin inhibitors. §, significant reduction in relative mRNA
expression in CsA- or FK506-treated cells when compared with the corre-
sponding stimulation in the absence of calcineurin inhibitors; p < 0.05 (Stu-
dent’s t test).
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in untreated ACn-expressing hip-
pocampal neurons, Norl protein
expression was potentiated and was
found to be 74.2 * 6.8% higher than
% Norl expression in untransfected
cells (Fig. 7, A and B). Activated cal-
cineurin also increased Norl expres-
sion in KCl-stimulated neurons to
131.4 = 6.5% of that observed in
untransfected KCl-stimulated neu-
rons (Fig. 7, A and B). In contrast to
its effects on Norl protein expres-
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sion, expression of constitutively
active ACn inhibited c-Fos protein
expression in KCl-stimulated cells
by 29.1 = 7.0% (Fig. 7, C and D).
These findings further support the
notion that CREB-mediated gene
expression is enhanced by cal-
cineurin activity, and SRE-mediated
gene expression is inhibited by
§ calcineurin.

E Untransfected
EACH

DISCUSSION

We have shown here that in hip-
pocampal neurons, CREB-mediated

Relative c-fos immunofluorescence

FIGURE 7. Constitutively active calcineurin up-regulates Nor1 protein expression but ameliorates c-Fos
protein expression. Hippocampal neurons were transfected with 1 ug of pEFTAG-ACn encoding a constitu-
tively active mutant of calcineurin. 24 h after transfection, cells were depolarized with 50 mm KCl for 1 h and
stained with an antibody to Nor1 (A) or c-Fos (B) along with an HA tag antibody to detect ACn expression.
A, representative example of neurons showing Nor1 immunoreactivity (green) in ACn-transfected cells (red)
and surrounding untransfected neurons. The arrows indicate ACn-transfected neurons. Scale bar, 15 um. B, a
graph showing the average Nor1 immunofluorescence in ACn-transfected and surrounding untransfected
cells. ¥, significant increase in Nor1 immunofluorescence in ACn-expressing cells when compared with Nor1
expression in untransfected cells p < 0.05. Over 100 ACn-expressing cells were analyzed. C, example of neurons
showing reduced nuclear c-Fos expression (green) in ACn-expressing cells (red) compared with surrounding
untransfected neurons. Arrows, ACn-transfected neurons. D, quantitative analysis of c-Fos immunofluores-
cenceisshowninthe graph.§, significant decrease in c-Fosimmunofluorescence in ACn-expressing cells when
compared with surrounding untransfected cells with p < 0.05 (Student’s t test).

tion has little effect on Arc induction by Ca®>* or cAMP
signals.

Constitutively Active Calcineurin Has Opposing Effects on
Norl and c-Fos Expression—The experiments described above
used pharmacological inhibitors of calcineurin to show that
expression of CREB target genes is down-regulated by cal-
cineurin suppression when they contain MEF2 binding sites in
addition to the CRE(s) and that SRE-containing CREB targets
are either up-regulated or unaffected. We next performed the
converse experiment, were we examined the effect of constitu-
tively active calcineurin on an MRE-containing gene, Nor1, and
the SRE containing gene c-fos (Fig. 7, C and D) by immunoflu-
orescence. We transfected hippocampal neurons with an HA-
tagged constitutively active mutant of the catalytic subunit of
calcineurin (CnAa) (23) and used immunofluorescence to
compare the expression of Norl and c-Fos protein in cells
expressing HA-tagged ACn with the expression of Norl and
c-Fos in untransfected surrounding cells. We found that
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Control

gene expression in response to mem-
Kcl brane depolarization is inhibited by
suppression of calcineurin activity,
whereas SRE-mediated gene ex-
pression is enhanced. The positive
effect of calcineurin inhibitors CsA
and FK506 on depolarization-
induced SRE-mediated gene ex-
pression is a novel finding and has
implications for the regulation of
SRE-containing genes. Our experi-
ments indicate that the effect of cal-
cineurin inhibitors on the activity-
induced expression of a particular
gene is therefore determined by the overall promoter architec-
ture, including the type of DNA-regulatory elements and their
relative numbers. Here we examined six CREB-target genes and
found that KCl-induced expression of genes with SREs was
either up-regulated (Egr!l and Egr2) or unaffected (c-fos and
Arc) by calcineurin inhibitors, depending on the relative num-
ber of SREs and CREs. Activity-induced expression of the c-fos
gene, which contains one CRE and one SRE was unaffected by
calcineurin inhibitors, whereas KCl-induced expression of Egr1
and Egr2, where the number of known SREs is relatively greater,
was up-regulated. In contrast to SRE-regulated CREB target
genes, we found that expression of CREB-dependent genes that
contained MEF2 binding sites in their promoters, such as Norl
and Nur77, was down-regulated by calcineurin blockers follow-
ing membrane depolarization. The Arc gene that contains, in
addition to a CRE, binding sites for both SRF and MEF2 tran-
scription factors was unaffected by calcineurin inhibition.
Thus, it appears that the relative number of binding sites for
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calcineurin-activated transcription factors (CREB and MEF2)
versus calcineurin-inhibited transcription factors (SRE-inter-
acting proteins) determines whether calcineurin inhibitors will
inhibit or enhance expression of a gene. In the c-fos gene, the
positive effect of calcineurin inhibitors on the SRE overrides the
inhibitory effects on CRE-mediated gene expression. This
notion is supported by experiments showing that expression of
a modified c-fos gene containing an in-context deletion of the
CRE is enhanced by calcineurin inhibitors and, conversely,
deletion of the SRE results in a down-regulation of the c-fos
gene by FK506. In addition to the relative numbers of the
three cis-regulatory sequences considered here (CRE, SRE,
and MRE), other factors, such as the relative positions of
response elements and the presence of binding sites for other
calcineurin-regulated transcription factors like NFAT3/c4
(nuclear factor of activated T-cells 3/c4), may influence
whether and to what extent transcription of a gene will be
affected by calcineurin suppression. It is noteworthy that SRF
function is required for activity-induced expression of the
genes that were either unaffected or up-regulated in our study
(namely c-fos, Egrl, Egr2, and Arc) (37). The knockdown of c-fos
induction in SRF mutant mice indicates that SRF activation is
necessary for c-fos induction. This explains why in our experi-
ments constitutively active calcineurin, which ameliorates SRE-
dependent gene expression, inhibited c-fos induction.

We also examined the effect of calcineurin inhibitors on
cAMP-induced CREB-mediated gene expression using forsko-
lin to elevate intracellular cAMP levels. We observed that, sim-
ilar to Ca*"-induced CREB activation by KCI and bicuculline/
4-AP, cAMP-induced CREB activity was strongly inhibited by
CsA and FK506. When we investigated the effects of cal-
cineurin inhibitors on cAMP-induced IEG expression, we
found that FK506 and CsA inhibited NorI and Nur77 expres-
sion but did not affect cAMP-induced expression of the other
SRE-containing IEGs (c-fos, Egrl, Egr2, and Arc). The lack of
effect of CsA and FK506 on forskolin-induced c-fos, Egrl, and
Egr2 expression is surprising, given that their cAMP induction
depends on CREB activity that is inhibited by CsA and FK506.
One possible explanation is that cAMP induction of these genes
involves additional transcription factors or DNA-regulatory
sequences that are not affected by calcineurin inhibition. One
example of a transcription factor that can contribute to cAMP
induction of these genes is the CCAAT enhancer-binding pro-
tein, C/EBPB (NF-IL6/LAP), which interacts with the SRE of
the c-fos gene (38) and is also recruited to the promoters of Egrl
and Egr2 (39). The activation of C/EBP B by cAMP is well estab-
lished (40), and it is possible that in the presence of calcineurin
inhibitors, the cAMP-induced transcription of c-fos, Egrl, and
Egr2 is mediated by C/EBPS.

In addition to the activity-induced IEGs examined here, inhi-
bition of calcineurin activity has previously been reported to
reduce induction of the IEGs TrkB and Bdnfin cortical neurons
(13). Calcineurin also controls expression of other neuronal
genes involved in Ca®>" homeostasis that could alter neuronal
excitability, such as the IP; type 1 receptor (41) and the plasma
membrane Ca®* ATPase 4CII (42). It is interesting to note that
calcineurin has opposing effects on the expression of the IP;R1
receptor and the plasma membrane Ca®>* ATPase 4CII gene in
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cerebellar granule neurons. Although the inhibition of IP;R1
expression by calcineurin inhibitors is probably due to its reg-
ulation by NFAT3/c4 (43), the mechanism by which plasma
membrane Ca®>" ATPase 4CII expression is up-regulated by
calcineurin inhibitors remains to be identified. Expression of
many other neuronal genes was reported to be down-regulated
or up-regulated by calcineurin inhibition in cerebellar granule
neurons (44). However, because Kramer et al. (44) treated neu-
rons with calcineurin inhibitors for 2 days before assessing gene
expression changes, it is likely that many of the genes identified
in their study reflect secondary effects of altered regulator IEGs
levels, such as those described here.

Calcineurin activity has thus far been implicated in induction
of gene expression via activation of several neuronal transcrip-
tion factors. Calcineurin activates CRE- and CREB-mediated
gene expression by dephosphorylation of the CREB coactiva-
tors TORCs and their subsequent nuclear translocation (10,
12). Calcineurin also activates NFAT3/c4 in hippocampal neu-
rons by promoting its nuclear translocation (43). Finally, cal-
cineurin activates MEF2-mediated gene expression by promot-
ing desumoylation of MEF2 transcription factors (31) and by
increasing their DNA binding affinity (32). Suppression of cal-
cineurin activity thus inhibits transcriptional activation of
CREB, MEF2, and NFAT3/c4 transcription factors in neurons.
The positive effect of calcineurin inhibitors on depolarization-
induced SRE-mediated gene expression in hippocampal neu-
rons is therefore novel and unusual. An interesting feature of
the enhanced effects of CsA and FK506 on SRE-mediated gene
expression is that it occurs in untreated spontaneously firing
neurons and in cells stimulated with KCl or BDNF. Thus, the
increase in SRE function is independent of the level of neuronal
activity, suggesting that calcineurin constrains SRE-medi-
ated gene expression through a constitutive mechanism.
This raises questions about the molecular mechanisms under-
lying the increase in SRE-mediated gene expression by cal-
cineurin blockers. The SRE binds two transcription factors,
Elk-1 and SRF (45). Additionally, SRF recruits the coactivator
MAL/MKL1, a myocardin-related protein (46). Of the three
proteins Elk-1, SRF, and MAL, Elk-1 has previously been iden-
tified as a calcineurin substrate in nonneuronal cells (47, 48).
Elk-1 is a major target of mitogen-activated protein kinases that
phosphorylate it on two serine sites (serine 383/389) to posi-
tively regulate its transcriptional activity and drive expression
of IEGs. Calcineurin inhibitors have been reported to prolong
the duration of serine 383/389-phosphorylated Elk-1 (47, 48)
and to enhance its transcriptional activity (48) in nonneuronal
cell lines. In neurons, Elk-1 is phosphorylated on serines 383
and 389 by NMDA receptor activity, and this promotes its
nuclear translocation and ability to induce gene expression
(49). Further work will identify whether Elk-1 is dephosphoryl-
ated by calcineurin in neurons and whether this contributes to
the increase in KCl and BDNF-induced SRE-mediated gene
expression seen here.

Our finding that SRE-mediated gene expression is up-regu-
lated by calcineurin inhibitors has implications for neuronal
function, since SRF-mediated gene expression has been impli-
cated in neuronal plasticity (37). We have shown here that two
plasticity-associated SRE-containing target genes, Egrl/Zif268
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and Egr2/Krox-20, are up-regulated by calcineurin inhibitors.
Several studies support the hypothesis that endogenous cal-
cineurin restrains long term potentiation and memory, and
recent work (6) has established a link between calcineurin inhi-
bition, increased Egri/Zif268 expression, and establishment of
emotional memory. An increase in the expression of SRE-de-
pendent genes may thus underlie the reported enhancing
effects of calcineurin inhibition on long term potentiation,
learning, and memory.
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