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New neurons generated in the adult dentate gyrus are constantly
integrated into the hippocampal circuitry and activated during
encoding and recall of new memories. Despite identification of
extracellular signals that regulate survival and integration of
adult-born neurons such as neurotrophins and neurotransmitters,
the nature of the intracellular modulators required to transduce
those signals remains elusive. Here, we provide evidence of the
expression and transcriptional activity of nuclear factor of acti-
vated T cell c4 (NFATc4) in hippocampal progenitor cells. We show
that NFATc4 calcineurin-dependent activity is required selectively
for survival of adult-born neurons in response to BDNF signaling.
Indeed, cyclosporin A injection and stereotaxic delivery of the
BDNF scavenger TrkB-Fc in the mouse dentate gyrus reduce the
survival of hippocampal adult-born neurons in wild-type but not in
NFATc4~'~ mice and do not affect the net rate of neural precursor
proliferation and their fate commitment. Furthermore, associated
with the reduced survival of adult-born neurons, the absence of
NFATc4 leads to selective defects in LTP and in the encoding of
hippocampal-dependent spatial memories. Thus, our data demon-
strate that NFATc4 is essential in the regulation of adult hippocam-
pal neurogenesis and identify NFATc4 as a central player of BDNF-
driven prosurvival signaling in hippocampal adult-born neurons.
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N ew adult hippocampal neurons are generated continuously as
a result of a finely tuned and dynamic balance among neural
stem cell proliferation, survival, differentiation, and migration.
Once integrated into the dentate gyrus (DG) and hippocampal
circuitry, adult-born neurons are likely selected for encoding new
information that contributes to learning and memory (1-4).
Several extrinsic regulators such as neurotrophins and neuro-
transmitters have been identified as pivotal in the regulation of
survival and synaptic integration of new neurons in the adult
hippocampus (5-10). However, much less is known about tran-
scription factors and intracellular signaling required to integrate
and transduce those signals. Among a number of potential in-
tracellular mechanisms, Ca** mobilization plays a pivotal role
during neuronal survival, maturation, and synapse formation.

A wide range of stimuli can increase the release of stored in-
tracellular calcium including the binding of growth factors to their
receptors and activation of voltage-dependent ion channels (11).
A rise in intracellular calcium turns on the phosphatase calci-
neurin, which rapidly dephosphorylates the four members of the
cytoplasmic nuclear factor of activated T cell (NFAT) family
(NFATc1-4), promoting their nuclear translocation and tran-
scriptional activation (12-14). NFAT family members were de-
scribed first as essential components of T-cells activation and later
as important regulators for the initiation and coordination of the
immune response, including B cells and natural Killer cells (12).
Calcineurin inhibition through the drug cyclosporin A (CsA)
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prevents NFAT nuclear translocation and transcriptional activity.
Also, CsA treatment has been shown to reduce the number and
the outgrowth of neuroblasts in the subgranular zone (SGZ) of
the DG (15). Interestingly, NFATc4 (i) is expressed in the adult
DG (16), (ii) is regulated by L-type calcium channels and GSK-3
signaling in hippocampal neurons (17), and (iii) is activated by
BDNF and NMDA in primary neurons where it promotes sur-
vival, synaptic plasticity, and axonal outgrowth (18). Taken to-
gether, these data suggest NFATc4 as a potential candidate for
regulating various stages of neural stem cell maturation in the
adult hippocampus because of its ability to integrate and trans-
duce several signaling cues from the neurogenic niche. Therefore,
we hypothesized that NFATc4 may play a pivotal role in regu-
lating adult hippocampal neurogenesis and thus also hippocam-
pal-dependent learning and memory.

Indeed, we found that calcineurin-dependent NFATc4 activity
is essential for BDNF-dependent survival of adult-born neurons
in the DG and for the survival of in vitro-differentiated hippo-
campal progenitor cells. However, it does not play a role in neural
progenitor cell proliferation or differentiation. Finally, the re-
duced survival of adult-born neurons stemming from the absence
of NFATCc4 is associated with selective defects in the encoding of
hippocampal-dependent spatial memories. Our findings demon-
strate a role for NFATc4 in the regulation of adult neurogenesis
and provide insights into the molecular and transcription-de-
pendent regulation of neural progenitor cells’ survival in the adult
hippocampus.

Results

NFATc4 Regulates the Number of Immature Neurons via Calcineurin.
To investigate a potential role for NFATc4 in adult hippocampal
neurogenesis, we first determined whether NFATc4 is required
to maintain the net number of adult-born neurons. To this end,
we decided to measure the number of neurons expressing dou-
blecortin (DCX), a reliable marker for the identification of
hippocampal adult-generated neurons (19), in the hippocampus
of WT and NFATc4 '~ mice. We quantified the total number of
DCX™ cells throughout the entire DG and found a significant
reduction in DCX™ cells in NFATc4 ™~ mice com})ared with WT
mice (mean + SEM: WT, 6,228 + 510; NFATc4™", 3,415 + 467,
P < 0.05, Student’s ¢ test) (Fig. 1 A and C). Accordingly, in the
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hippocampus of NFATc4 ™~ mice we also observed a significant
reduction in the number of cells positive for polysialylated neural
cell adhesion protein (PSA-NCAM), an antigen also present in
migrating neuroblasts (Fig. S1 4 and B) (20). This observation
is in agreement with the evidence that DCX and PSA-NCAM
often are coexpressed in adult-born neurons during neurogenesis
in the DG (19). To corroborate these findings, we next decided
to measure the number of newly generated neuronal cells in
early postmitotic stages. For this purpose we determined by
immunohistochemistry the number of cells positive for calretinin
(CR), a marker transiently expressed in the postmitotic stages of
adult-born neurons’ maturation (21). As expected, we found
a significant reduction in CR* cells in NFATc4™~ mice com-
pared with WT mice (mean + SEM: WT mice, 5,340 + 946;
NFATc4™/~ mice, 1,333 + 337; P < 0.05, Student’s ¢ test) (Fig. 1
B and C). To investigate the expression of NFATc4 in hippo-
campal adult-born neurons, we performed double-immunofluo-
rescence experiments using antibodies against NFATc4, DCX,
and CR. Indeed, we found a subpopulation of DCX* and CR*
cells expressing NFATc4 (Fig. 1 D and E and Fig. S2 4 and B),
supporting a possible cell-autonomous role of NFATc4 in adult-
born neurons by acting as an intracellular signal transducer in
a restricted time frame of adult-born neurons’ maturation.
NFATCc4 expression also was detected by immunoblotting from
the dissected hippocampus, although at a low level compared
with its high expression in the developing brain at embryonic day
13 (E13) (Fig. S3), supporting the observation by immunohis-
tochemistry that NFATc4 is expressed clearly only in a subset of
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Fig. 1.

hippocampal cells. As expected, no immunosignal for NFATc4
was observed in NFATc4™~ hippocampus (Fig. 1 D and E).
Because NFAT signaling classically is activated by calcineurin-
dependent dephosphorylation (12-14), we next determined if
calcineurin acts upstream of NFATc4 in controlling the number
of adult-born neurons. We evaluated the number of DCX™ cells
in NFATc4™~ and WT mice following i.p. delivery of CsA,
a highly specific inhibitor of calcineurin phosphatase activity.
Notably, CsA passed through the blood-brain barrier, as shown
by its high expression in the brain (Fig. S4). Importantly, we
found a drastic reduction in the number of hippocampal adult-
born neurons in CsA-treated WT mice that phenocopies obser-
vations in NFATc4™"~ mice (mean number + SEM: WT mice,
6,568 + 548; WT CsA-treated mice, 3,949 + 411; P < 0.01,
Student’s ¢ test) (Fig. 1F). Remarkably, we observed no differ-
ence in the number of DCX™ cells in NFATc4 ™'~ mice injected
with vehicle or CsA, indicating that calcineurin signals specifi-
cally through NFATc4 and that the other members of the NFAT
family are not involved in the control of the number of adult-
born neurons in the DG (mean number + SEM: NFATc4 ™/~
mice, 3,054 + 423; NFATc4™~ CsA-treated mice, 2,805 + 300)
(Fig. 1F). Finally, the observation that calcineurin inhibition
during adulthood mimics the phenotype of NFATc4™~ mice,
along with previous findings that these mutants show no major
macroscopic or microscopic abnormalities during development
and in adulthood (22), rules out the possibility that the changes
observed might have developmental origins.
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NFATc4 regulates the number of immature neurons via calcineurin. (A) DCX immunostaining (green), and Hoechst labeling (blue) in the DG of WT and

NFATc4~"~ mice. (B) CR immunostaining (green), and Hoechst labeling (blue) in the DG of WT and NFATc4~"~ mice. (Scale bars: 100 um.) (C) Quantification of
the total number of DCX- and CR-labeled cells in the DG of WT and NFATc4~/~ mice. Data represent mean + SEM, n = 6 for DCX; 3 for CR. *P < 0.05, Student’s t
test. (D and E) Immunofluorescence shows NFATc4 (Cell Signaling antibody) (red) colocalization in DCX* cells (green) (D) and in CR* cells (green) (E). Hoechst
labeling is shown in blue. (Scale bars: 40 um.) (F) Quantification of the total number of DCX-labeled cells in the DG of vehicle- and CsA-treated WT and
NFATc4™~ mice. Data represent mean + SEM; n = 5 per group. *P < 0.01, Student's t test.
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Fig. 2. NFATc4 is required for the survival but not the commitment of adult-born neurons in the DG. (A) Immunofluorescence for BrdU (green) and Hoechst
staining (blue) in the DG of WT and NFATc4™~ mice. Arrows indicate cells localized in the GCL. (Scale bar: 50 pm.) (B) Quantification of BrdU-labeled cells 21 d after
BrdU injection in the entire DG of WT and NFATc4™~ mice. Data represent mean + SEM; n = 5 per group. *P < 0.05, Student's t test. (C) Quantification of BrdU-
labeled cells in subregions of the DG [SGZ, granular cell layer (GCL), and hilus] of WT and NFATc4™"~ mice. Data represent mean + SEM; n =5 per group. *P < 0.05,
Student'’s t test). (D) Representative picture of an apoptotic DCX* cell showing DCX (green), cleaved-caspase 3 (red), and Hoechst staining (blue). The arrow
indicates a double-labeled cell showing caspase 3 expression and a condensed nucleus next to a healthy-looking nucleus. (Scale bar: 5 um.) (E) Quantification of
DCX/cleaved-caspase 3 double-labeled cells expressed as percentage of the total number of DCX* cells in the entire DG of WT and NFATc4™~ mice. Data represent
mean + SEM; n =3 per group. *P < 0.05, Student's t test. (F) Percentage of BrdU* cells coexpressing the neuronal lineage marker NeuN* in the DG of WT, NFATc4™",
and WT CsA-treated mice 21 d after BrdU injection. Data represent mean + SEM of 80 cells per condition; n = 3 per group. (G) Tbr2 immunostaining (brown) in the
DG of WT and NFATc4~"~ mice. (Scale bar: 80 um.) (H) Quantification of the total number of Tbr2* cells in the entire DG of WT and NFATc4™~ mice. Data represent
mean + SEM; n = 4 per group. (/ and J) Percentage of differentiating hippocampal neural progenitor cells versus neuronal (Tuj1* cells, red) or glial (GFAP* cells,
green) lineages in WT, NFATc4™~, or WT CsA-treated cells (100 ng/mL CsA added in vitro), as determined by immunocytochemistry. Data represent mean + SEM;

n =3; ~100 cells were counted for each condition from at least five randomly chosen fields of view, in three different coverslips. (Scale bar: 100 pm.)

NFATc4 Is Not Required for the Proliferation of Hippocampal Pro-
genitor Cells. In principle, the NFATc4-dependent reduction in
the number of adult-born neurons could be caused by an alter-
ation in neural stem cell proliferation, differentiation, impaired
cell survival, or by a combination of these events. Importantly,
when comparing WT with either NFATc4™~ or CsA-treated
mice, we observed no difference in the number of proliferating
Ki67-immunopositive cells in the SGZ (mean + SEM: WT,
3,648 + 226: NFATc4 ™, 3,001 + 422; WT CsA-treated, 3,200 +
401) (Fig. S5 A and B) and in the entire DG (WT, 5,478 + 294;
NFATc4 ™, 4,895 + 343; WT CsA-treated, 5,680 + 398) (Fig. S5
A and B). Similarly, and to evaluate directly whether NFATc4
plays a role in precursor cell proliferation, we performed BrdU
experiments (150 mg/kg i.p., 2-h pulse) in 3-mo-old NFATc4 ™/~
and WT male mice. As expected, we found that the majority of
BrdU™ cells were localized within the SGZ of the adult DG
where neural stem cells naturally have access to proliferating
signals (Fig. S5C). More importantly, we observed no difference
in the number of BrdU™" cells between WT and mutant mice in
the SGZ (mean + SEM: WT, 767 + 87; NFATc4 ™, 693 + 161)
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(Fig. S5C) as well as in the entire DG (mean + SEM: WT, 1,157 +
122; NFATc4™~, 1,020 + 197) (Fig. S5C). Accordingly, when
hippocampal neurospheres (NSPs) were isolated and cultured in
vitro, we did not detect any difference in the proliferation rate by
BrdU incorporation regardless of the genotype or treatment with
CsA (WT, 10,465 + 348; NFATc4 ™", 10,095 + 455; WT CsA-
treated, 10,561 + 677) (Fig. S5D). Finally, in these cultured cells,
no differences were observed in early apoptosis, as detectable
with Annexin V positivity, or in late apoptosis, typical of Annexin
V propidium iodide double-positive cells (early WT, 4.33 +
0.29%; late WT, 0.70 + 0.1%; early NFATc4™~,3.95 + 0.17%;
late NFATc4 ™, 0.7 + 0.06%) (Fig. SSE).

NFATc4 Is Needed for Survival but Not for Fate Commitment of Adult-
Born Neurons in the DG. To clarify if the drastic reduction in the
number of newborn neurons detected in NFATc4™~ mice is
caused by a defect in their survival, we decided to trace and
measure the number of surviving BrdU* cells in WT and
NFATc4™~ mice 21 d after BrdU injection. Indeed, the total
number of BrdU™ cells in the DG was reduced significantly in
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NFATc4™~ compared with WT mice (mean + SEM: WT, 1,795 +
211.8; NFATc4™, 1,010 + 143.6; P < 0.05, Student’s ¢ test)
(Fig. 2 A and B). As eXEected under these experimental con-
ditions, most of the BrdU™ cells in WT mice were localized in the
granular cell layer (GCL) of the DG, where the progeny of neural
stem cells migrate and differentiate. On the contrary, in
NFATc4™~ mice, surviving BrdU™ cells were distributed equally
between the GCL and the SGZ (Fig. 2C) because of a selective
reduction in the number of BrdU™" cells in the GCL (mean +
SEM: WT, 955 + 194; NFATc4 ™", 398 + 68.4; P < 0.05, Student’s
t test) (Fig. 2C) and in the hilus (mean + SEM: WT, 225 + 23.9;
NFATc4™7, 116 + 22.7; P < 0.05, Student’s ¢ test) (Fig. 2C) but
not in the SGZ (mean + SEM: WT, 615 + 59.8; NFATc4™~,
496 + 56.8) (Fig. 2C). To verify whether the observed decrease in
the survival of progenitor cells also was reflected in a structural
difference, we then investigated the overall hippocampal mor-
phology (Fig. S64), the neuronal density (Fig. S6B), the volume
(Fig. S6C), and the total number of granule cells (Fig. S6D) of the
DG in NFATc4™~ mice and found no differences compared with
WT mice. This result might be explained by a possible re-
quirement for NFATc4 in the turnover of hippocampal neurons
in the presence of a homeostatic mechanism that keeps the
number of granule neurons constant over time. Importantly, in
agreement with this view, immunohistochemistry for cleaved-
caspase 3 showed a similar number of apoptotic cells in
NFATc4™~ and WT mice (Fig. S6E). Thus, we hypothesized that
NFATc4 might be responsible for the physiological survival and
turnover of the select population of adult-born neurons in the
DG, which are highly dependent upon the rate of apoptotic cell
death. To this end, we performed double immunolabeling for
cleaved-caspase 3 and DCX to detect the rate of apoptotic cell
death in adult-born neurons of NFATc4™~ and WT mice. As
predicted, we found a consistent increase in the number of dou-
ble-labeled cells in the DG of NFATc4™~ mice (mean + SEM:
WT, 1.83% =+ 0.3; NFATc4™~, 6 + 0.6; P < 0.05) (Fig. 2D and E),
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Fig. 3. BDNF promotes NFATc4 expres-
sion and activity in vitro. (A) RT-PCR
analysis for NFATc4 gene-expression
level in hippocampal progenitor cells
cultured for 20 h in differentiating con-
ditions in the presence of vehicle or
BDNF (100 ng/mL). GAPDH was used as
a loading control. (B) qRT-PCR analysis
for NFATc4 gene-expression level in WT
and NFATc4™"~ cells in the conditions de-
scribed in A normalized to GAPDH ex-
pression level. Data represent mean +
SEM, n=3. *P < 0.01, Student’s t test. (C)
Immunofluorescence staining of WT and
NFATc4~'~ hippocampal progenitor cells
cultured for 12 h in differentiating con-
ditions, treated with vehicle, BDNF (100
ng/mL), CsA (100 ng/mL), or BDNF+CsA.
NFATc4 (Cell Signaling antibody) (green),
PSA-NCAM (red), and Hoechst (blue).
(Scale bar: 20 pm.) (D) Dual luciferase re-
porter assay for NFAT transcriptional ac-
tivity. NFAT relative luciferase activity
was calculated as the ratio of Firefly/
Renilla luciferase signals in WT and
NFATc4™~ hippocampal progenitor cells
cultured for 12 h in differentiating con-
ditions in the presence of vehicle or BDNF
(100 ng/mL). Data represent mean + SEM;
n =3.*P < 0.01, Student's t test.

vehicle BDNF

lending support to the idea that NFATc4 is required for the long-
term survival of adult-born neurons in the mouse hippocampus.
To investigate whether the reduction in the number of adult-born
neurons results purely from impairment in cell survival or also
from alteration in cell fate commitment, we traced and measured
the percentage of BrdU™ cells positive for the neuronal marker
NeuN 21 d after BrdU injection. We found that the majority of
progenitor cells in the DG physiologically commit toward the
neuronal lineage in both WT and NFATc4 ™'~ animals as well as in
CsA-treated mice (mean + SEM: WT, 85.4% + 1.7, NFATc4™~,
82.7% + 1.43; WT CsA-treated 84 + 2.5) (Fig. 2F). In further
support of the evidence that newborn neurons are targeted se-
lectively by NFATc4, we also evaluated the total number of
T-box brain gene 2 (Tbr2)-positive cells in the adult DG of WT
and NFATc4 ™~ mice. Tbr2 is expressed in proliferating neuro-
blasts in a small percentage of DCX- and PSA-NCAM-positive
cells but not in CR™ cells, suggesting that Tbr2 is down-regulated
as progenitors become committed to the neuronal lineage and
then exit the cell cycle (23). Importantly, we found no difference in
the number of Tbr2* cells in WT and NFATc4™~ mice (mean +
SEM: WT, 503 + 58; NFATc4™, 537 + 150) (Fig. 2 G and H),
further demonstrating that DCX* newborn neurons are targeted
selectively in the absence of NFATc4.

In agreement with these in vivo data, neither the absence of
NFATCc4 nor the inhibition of calcineurin upon CsA treatment
influenced neuronal-vs.-glial fate choice in cultured differentiated
NSPs (mean + SEM: WT neuronal, 22 + 4%; WT glial, 78 + 4%);
WT CsA-treated neuronal, 28 + 3%; WT CsA-treated glial, 72 +
3%; NFATc4™~ neuronal, 26 + 3%; NFATc4 ™'~ glial, 74 + 3%)
(Fig. 2 I and J), thus ruling out the involvement of NFATc4 activity
in the decision-making process for neuronal-vs.-glial differentiation.

NFATc4 Is Expressed in Differentiating Hippocampal Neuroblasts and

Promotes Their Survival via BDNF/Calcineurin Signaling. To in-
vestigate whether NFATc4 plays a cell-autonomous role in the

Quadrato et al.
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Fig. 4. BDNF is necessary to rescue
hippocampal neural progenitor cells
from physiological apoptotic death
through calcineurin-NFATc4  signal-
ing. (A) Immunofluorescence staining
(green, cleaved caspase; red, Tujl;
blue, Hoechst) of WT and NFATc4™~
hippocampal progenitor cells cultured
for 5 d in differentiating conditions,
treated with vehicle, BDNF (100 ng/
mL), CsA (100 ng/mL), or BDNF+CsA.
Arrowheads show triple-labeled cells.
(B) Quantification of cleaved-caspase
3-labeled cells, expressed as percent-
age of the total number of cells
(Hoechst staining) in WT and NFATc4~~
hippocampal NSP cultures. Approxi-

mately 100 cells were counted in each 60 W Veh B GFo
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survival of hippocampal differentiating neuroblasts, we per-
formed experiments in cultured adult hippocampal NSPs. First,
we found that NFATc4 indeed was expressed in differentiating
NSPs (1 d in vitro) and that administration of 100 ng/mL BDNF,
a well-described activator of NFATc4 signaling (24, 25), further
enhanced NFATc4 gene expression significantly (mean + SEM:
vehicle-treated, 1 + 0.1; BDNF-treated, 3.6 + 0.2; P < 0.01) (Fig.
3 A and B), but, as expected, no signal for NFATc4 was detected
by real-time RT-PCR in NFATc4™'~ cells. Consistent with these
data, as shown by immunofluorescence, BDNF also increased
NFATCc4 expression as well as nuclear localization, whereas CsA
blocked these BDNF-dependent events (Fig. 3C). Interestingly,
the gene expression of another NFAT family member, NFATc2,
was not affected by either BDNF or NFATc4 genotype, whereas
NFATCc3 expression was increased in NFATc4™'~ cells and en-
hanced by BDNF (Fig. S7 A-C). As expected, the NFATc4
immunosignal was absent in NFATc4™~ cells but was clearly
present in NFATc4 ™'~ NSPs overexpressing NFATc4-EGFP (Fig.
S7D). Importantly, TrkB, the major receptor for BDNF, also was
expressed in these differentiating hippocampal NSPs, as shown by
immunofluorescence (Fig. S7E). To demonstrate further that
BDNF activates NFAT-dependent transcriptional activity, hippo-
campal NSPs were cotransfected with an artificial luciferase-based
reporter construct containing ~500 bp of 1,4,5.-inositol tri-
sphosphate receptor 1, which includes NFAT-specific responsive
elements, and with a constitutive active reporter construct. Im-
portantly, under these conditions, BDNF administration signifi-
cantly increased NFAT-dependent luciferase expression compared
with vehicle treatment (mean + SEM: vehicle, 1 + 0.2; BDNF,
7.5 £ 0.6; P < 0.01) (Fig. 3D), supporting the concept that BDNF
activates NFATc4-dependent transcription in NSPs. BDNF trig-
gered NFAT-dependent luciferase activity only very modestly and
not significantly in NFATc4 7/~ cells, probably accounting for mi-
nor NFATc3-dependent effects, further suggesting NFATc4 as a
major player in BDNF signaling in NSPs.

Because BDNF plays an important role in the survival of
neuroblasts (5-8), we hypothesized that the prosurvival effects of
NFATc4 in adult-born neurons could depend upon BDNF. To
verify our hypothesis, we first measured apoptotic cell death
during in vitro differentiation of NFATc4™~ and WT adult
hippocampal NSPs in the presence of BDNF. Indeed, BDNF
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rescued the physiological apoptotic death rate, as shown by
cleaved-caspase 3 staining in WT cells, but failed to do so in
NFATc4™~ cells (mean + SEM: WT vehicle-treated, 41 + 1.1%;
WT BDNF-treated, 25 + 2.1%; NFATc4 '~ vehicle-treated, 37 +
2.5%; NFATc4™~ BDNF-treated, 36 + 2.5%; P < 0.05) (Fig. 4 4
and B). In addition, when we codelivered CsA with BDNF,
BDNF no longer could rescue apoptotic cell death (mean +
SEM: WT CsA-treated, 45 + 5.39%; WT CsA/BDNF-treated,
41.3 = 4.8%; NFATc4™~ CsA-treated, 39.5 + 2.1%; NFATc4™'~
CsA/BDNF-treated, 41.2 + 2.2%) (Fig. 4 A and B), supporting
the existence of a prosurvival BDNF—-calcineurin-NFATc4 axis
in hippocampal NSPs. Furthermore, we treated differentiating
NSPs with BDNF, TrkB-Fc (a BDNF scavenger) (26), or both.
The combination of BDNF and TrkB-Fc selectively blocked the
BDNF-dependent rescue of apoptotic cell death in WT cells
(mean + SEM: WT IgG-treated, 45.2 + 5.5%; WT BDNF-
treated, 27.3 + 1.6%; WT TrkB-Fc-treated: 43.2 + 6.6%; WT
TrkB-Fc/BDNF-treated, 40.46 + 4.1%; P < 0.05) (Fig. 4C) but
not in NFATc4™"~ cells (mean + SEM: NFATc4™~ IgG-treated,
399 + 3.9%; NFATc4”~ BDNF-treated, 388 + 6.4%;
NFATc4™'~ TrkB-Fe-treated, 34.9 + 1.64%; NFATc4™'~ TrkB-
Fc/BDNF-treated, 36.2 + 5.4%) (Fig. 4C). Finally, to ascertain
whether the BDNF-NFATc4 pathway is directly responsible for
the survival of differentiating hippocampal NSPs, we overex-
pressed NFATc4-EGFP or GFP by electroporation and then
treated these cells with vehicle or BDNF. In these conditions, we
observed a significant rescue of the physiological apoptotic death
rate upon codelivery of NFATc4 and BDNF as shown by
cleaved-caspase 3 staining (mean + SEM: GFP/BDNEF, 42.5 +
2.3%; NFATc4/BDNF, 28 + 3.2%; GFP/vehicle, 40.7 + 2.6%;
NFATCc4/vehicle, 37.5 = 0.7%; P < 0.05, Student’s ¢ test) (Fig. 5
A-C). Taken together these data support the existence of
a prosurvival BDNF-calcineurin-NFATc4 axis and suggest that
BDNF mediates the survival of cultured hippocampal NSPs by
stimulating calcineurin/NFAT activity. Importantly, the total
expression levels of BDNF (Fig. S84) and of TrkB (Fig. S8 B and
C) did not differ in WT and NFATc4~'~ adult hippocampus,
suggesting that NFATc4 does not regulate their basal levels but
specifically acts downstream of BDNF/TtkB signaling.

A remaining relevant question was whether NFATc4 would
play a prominent role in the survival of adult-born neurons
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Fig. 5. NFATc4 overexpression rescues differentiating progenitor cells from
apoptosis after BDNF administration. (A) Split images of vehicle- and BDNF-
treated progenitor cells transfected with NFATc4-EGFP or GFP (green) and
labeled with Tuj1 (red), cleaved-caspase 3 (pink), and Hoechst (blue). Arrow-
heads indicate triple-labeled cells. (Scale bar: 20 pm.) (B) Split images of vehicle-
and BDNF-treated cells transfected with NFATc4-EGFP or GFP (green) and la-
beled with PSA-NCAM (red), cleaved-caspase 3 (pink), and Hoechst (blue).
Arrowhead indicates triple-labeled cell. (Scale bar: 20 pm.) (C) Rescue experi-
ment in NFATc4™~ hippocampal progenitor cells transfected with NFATc4-
EGFP or GFP plasmids as shown in A and B. Data show the rate of apoptosis in
transfected cells treated with vehicle or BDNF (100 ng/mL) with 5 d of differ-
entiation. Approximately 100 cells were counted for each of three different
coverslips. Data represent mean + SEM; n = 3. *P < 0.05, Student’s t test.

mediated by BDNF signaling in vivo. To this end, we examined
whether the inhibition of BDNF signaling in the adult DG could
impair the survival of adult-born neurons in WT but not in
NFATc4™~ mice and potentially mimic the NFATc4~'~ pheno-
type. We delivered the BDNF scavenger TrkB-Fc (100 pg, 0.5
pL/h) or its control peptide IgG-Fc, (33.3 pg, 0.5 uL/h) stereo-
taxically in the DG for 15 d via osmotic minipumps in both WT
and NFATc4~'~ mice and measured the number of DCX* cells.
Although it must be remembered that TrkB-Fc also may inhibit
NT4, because of the very low expression of NT4 in the hippo-
campus as compared with BDNF, it is conceivable that TrkB-Fc
might mainly block BDNF signaling. Strikingly, the number of
DCX™* cells in WT mice treated with TrkB-Fc was significantly
reduced, phenocopying the NFATc4 ™~ genotype (mean + SEM:
WT IgG-treated, 100 = 27.8%; WT TrkB-Fc-treated, 40.4 +
8.1%; P < 0.05) (Fig. 6 A and B), but the treatment did not have
any effect on the total number of DCX™* cells in NFATc4~~
mice (mean + SEM: NFATc4™~ IgG-treated, 33 + 9%;
NFATc4 ™~ TrkB-Fe-treated, 30.2 + 7.9%) (Fig. 6 A and B).
Importantly, the number of hippocampal Ki67" proliferating
cells was not affected by the BDNF scavenger in either WT or
NFATc4™~ mice (mean + SEM: WT IgG-treated, 100 + 10.7%;
WT TrkB-Fc-treated, 99.8 + 8%; NFATc4™~ IgG-treated,
100.3 + 5.4%; NFATc4™'~ TrkB-Fc-treated, 88.9 + 12.6%) (Fig.
6C). In addition, to rule out the possibility that the observed
reduction in DCX™* cells was caused by an alteration in neuronal
fate commitment, we performed double-immunolabeling exper-
iments for BrdU and NeuN in the DG of TrkB-Fc-treated or
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control mice. Indeed, 2 wk after BrdU injection, we found no
significant differences in the percentage of BrdU™ cells coex-
pressing the neuronal lineage marker NeuN, in the four con-
ditions studied (mean = SEM: WT IgG-treated, 76.7 + 3.3%; WT
TrkB-Fc-treated, 78 + 3.6%; NFATc4™~ IgG-treated, 81.4 +
4.7%; NFATc4™~ TrkB-Fc—treated, 79.2 + 2.1%) (Fig. 6D).

NFATc4~"~ Mice Show Selective Impairment in the Formation of Spatial
Long-Term Memory and Long-Term Potentiation. Several previous
studies have indicated a correlation between the number of hip-
pocampal adult-generated neurons and learning and memory
(27). Therefore, we decided to assess the performance of
NFATc47~ mice in behavioral tasks that test the formation of
hippocampal-dependent memory. First, NFATc4~~ and WT mice
were subjected to a fear-conditioning paradigm that evaluates
hippocampal-dependent (contextual test) and amygdala-de-
pendent (cued test) long-term reference memory (28-30). During
the training session, animals learned to associate a particular cage
(context/conditioned stimulus) with a mild foot-shock (aversive
stimulus/unconditioned stimulus). Additionally, the foot shock
was paired with a tone (cue). After 24 h the animals were put back
in the same cage, and the amount of time in which they exhibited
a fear response (freezing/conditioned response) (31) was recorded
to evaluate the memory of contextual fear conditioning. Also, 48 h
after training, mice were tested for auditory-cued fear condition-
ing in a novel chamber. NFATc4™~ and control WT mice dis-
played similar levels of freezing to the context (mean + SEM: WT,
81.9 + 16.2 s; NFATc4 ™™, 97 + 15.6 5) (Fi}g. 7A) and to the tone
(mean + SEM: WT, 16.9 + 8.5 s; NFATc4 ™", 21.2 + 8s) (Fig. 74),
indicating that NFATc4™"~ mice are not impaired in either con-
textual or cued long-term memory.

Next, mice underwent a reference memory version of the
Morris water maze, which is among the most frequently used
experimental paradigms for the functional assessment of adult
neurogenesis (32). NFATc4™~ and control WT mice were ana-
lyzed with the standard hidden-platform version of the Morris
water maze task (33) and trained with six trials per day for 4 d
consecutively. In these conditions, both WT and NFATc4 ™/~
mice were able to learn to navigate to the hidden platform during
the 4-d training [as evidenced by a nonsignificant interaction in
the mixed model repeated-measures two-way ANOVA; F3 72 ) =
1.67, genotype X training days]. Interestingly, mutant mice
took longer to locate the goal during the last day of training
(mean + SEM; WT day 1, 53.45 + 4.3 s; WT day 2, 24.1 + 4.4 s;
WT day 3,24.1 + 3.2s; WT d 4, 18.6 + 2.6 s; NFATc4 7/~ day 1,
492 + 5 s; NFATc4™™ day 2, 309 + 5 s; NFATc4™~ day 3,
30.2 + 5.7 s; NFATc4 ™~ day 4, 34 + 7.2 s; P < 0.05 at day 4 be-
tween WT and NFATc4~'~ mice; Student’s ¢ test) (Fig. 7B). Im-
portantly, visual acuity (measured in a cued version of this task),
swim speed, and thigmotaxic behavior did not differ between the
two groups throughout the training session (Fig. S9 A-C).

As expected, when tested in the probe trial conducted on day
5, WT mice spent significantly more time in the target quadrant
(NE) than in the other three quadrants (NW, SE, and SW)
[mean + SEM for WT: NE, 39.5 + 2.6 s; NW, 28.2 + 2.12 s; SE,
30.0 £ 2.1s; SW, 22.1 + 1.7 s; one-way ANOVA; F(351) = 11.19;
P < 0.0001; Bonferroni’s multiple comparison test: NE vs. SE,
P < 0.05; NE vs. SW, P < 0.01; NE vs. NW, P < 0.01] (Fig. 7C).
On the contrary, in line with the increased latency time displayed
on day 4 of the acquisition phase, NFATc4 ™~ mice did not show
preference for any of the quadrants in the probe trial (Fig. 7C)
[mean + SEM NFATc4™": NE, 31.4 + 2.6 s; NW, 33.1+ 19 s;
SE, 25.6 £ 1.9 s; SW, 29.7 + 2.4 s; one-way ANOVA; F351) =
2.17], indicating that NFATc4 is required for spatial memory
consolidation.

Finally, to exclude the possibility that any perceived memory
deficits in NFATc4™~ mice could be caused by physical disability
or anxiety, a number of control experiments were performed. We
first used the elevated plus maze, a well-established paradigm
used to study the anxiety-like behavior (34). The number of
entries and the percentage of time spent in the closed and open
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Fig. 6. Inhibition of BDNF signaling decreases the number of hippocampal adult-born neurons in WT but not in NFATc4™'~ mice. Both WT and NFATc4™~
mice were infused with IgG1-Fc (33.3 pg, 0.5 pL/h) or TrkB-Fc (100 pg, 0.5 pl/h) over a time period of 15 d via an osmotic minipump into the right hemisphere of
the DG. (A) Immunofluorescence of DCX (green) and Hoechst (blue) in the DG of WT and NFATc4~'~ mice. (Scale bar: 20 pm.) (B) Quantification of DCX-labeled
cells in the DG of WT and NFATc4~'~ mice. Data represent mean + SEM; n = 6 per group. (C) Quantification of Ki67-labeled cells in the DG of WT and NFATc4A™~
mice. (Data represent mean + SEM; n = 3 per group.) (D) Percentage of BrdU™* cells coexpressing the neuronal lineage marker NeuN in the DG of WT and
NFATc4™~ mice 15 d after BrdU injection. Data represent mean + SEM of 80 cells per condition; n = 3 per group. *P < 0.05, Student's t test.

arms and in the center of the maze did not differ between the
two genotypes (Fig. S9 D and E), demonstrating that NFATc4
does not play a role in anxiety-like behavior. Potential differ-
ences in pain sensitivity or in locomotion, which may affect the
aforementioned tests, were assessed using the plantar heat (Fig.
S9F) and the automated catwalk paradigms (Fig. S9 G-I). Im-
portantly, these experiments showed no significant differences
between genotypes, further supporting the specific involvement
of NFATc4 in the formation of long-term spatial memory.

Changes in learning and memory could result from changes
in synaptic plasticity. To determine whether the absence of
NFATCc4 leads to changes in synaptic plasticity in the DG, long-
term potentiation (LTP) of field postsynaptic potentials
(fEPSPS) evoked by activation of the medial perforant path
(MPP) was investigated in hippocampal slices obtained from 2-
to 4-mo-old WT and NFATc4™~~ mice. LTP could be induced
effectively by high-frequency trains (100 Hz) in WT but not in
NFATc4~'~ mice (Fig. 7D, Upper Left). However, LTP could be
induced in NFATc4™~ mice when GABA-dependent inhibition
was blocked (Fig. 7D, Lower Left). These data indicate that ab-
sence of NFATc4 affects the threshold for plasticity induction in
the DG when inhibition is intact. They also are in agreement
with previous studies showing that a reduction in the number of
DG adult-born neurons (35-38), which have a lower threshold
for LTP induction than mature ones (39), results in similar im-
paired LTP formation.

Discussion

NFAT proteins are considered ubiquitous regulators of de-
velopment, differentiation, and adaptation processes in a wide
range of mammalian cells types (40). As activity-dependent
transcription factors, they have been shown to be important for
the ability of a new tissue to modify the gene-expression profile
in response to environmental changes (41). Thus, they also ap-
pear ideally suited to regulate the maintenance and adaptation
processes that adult-born neurons undergo in neurogenic niches.

Here we demonstrate with several lines of evidence that
NFATc4 is selectively required for the survival of hippocampal
progenitor cells, because our data both in vitro and in vivo show
that NFATc4 does not affect the net rate of neural precursor
proliferation or their fate commitment. In addition, we show that
calcineurin-dependent activity of NFATc4 is required to mediate
BDNF prosurvival signaling in hippocampal adult-born neurons.
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In fact, the BDNF-dependent increase in survival is fully blocked
after inhibition of calcineurin activity.

Our observations are in agreement with the findings that
a functional BDNF/TrkB signaling pathway is critical for the
survival of adult-born neurons (5-8) but to some extent appears
to be dispensable for their proliferation and their fate commit-
ment (7, 42). In the adult DG, newborn neurons are recruited
into a functional memory network (49) and exhibit special syn-
aptic plasticity properties, such as a lower threshold in the in-
duction of long-term potentiation (39). Indeed survival of
newborn neurons is dependent upon their input synaptic activity
(10); interestingly, newborn neurons lacking the full-length TrkB
receptor show impaired synaptic plasticity and therefore an in-
creased death rate at the transition from the immature to the
mature stage (8). In the CNS, the amount of BDNF is regulated
by neuronal activity and is important for the positive selection
and survival of functionally active neurons (43). As discussed by
Sairanen et al. (7), in the adult DG BDNF may enhance the
turnover of dentate granule neurons rather than increasing their
total number by enhancing the survival of those neurons that best
mediate useful neuronal activity. In this perspective, the young
neurons might have a competitive advantage over the older ones
because they exhibit special properties in synaptic plasticity that
may improve the ability of the hippocampus to adjust rapidly to
environmental changes and challenges. A similar model de-
scribing the homeostatic plasticity dependent on adult neuro-
genesis as a key to cell death/survival is discussed by Butz et al.
(44) and is consistent with our observation that, despite a con-
sistent increase in the number of apoptotic DCX™ cells in the
DG of NFATc4™~ mice, the overall level of apoptosis and the
neuronal density of the dentate granule neurons are not affected
in NFATc4™~/~ mice. Based upon these data we propose a model
in which NFATc4 acts as an intracellular signal transducer only
in a restricted time frame of adult-born neurons’ maturation. In
particular, it appears to play a role in the late DCX-dependent
phase of expression, the stage at the transition between the im-
mature and the mature state, most likely regulating the turnover
of hippocampal neurons in the adult DG in response to BDNF
signaling. In principle, the impairment in adult hippocampal
neurogenesis in NFATc4 mutant mice could result from the
absence of NFATCc4 in the neural progenitor cells, in their en-
vironment, or both. Our in vitro data strongly support a cell-
autonomous requirement for calcineurin/NFATc4 signaling in
the survival of hippocampal neuronal progenitor cells; however,
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tact. (Upper Left) Summary plot illustrating the time course of changes in fEPSP slope after high-frequency stimulation (HFS) of the MPP in recordings from WT
and NFATc4 ™'~ mice indicates that LTP could not be detected in recordings from NFATc4~~ mice but was present in recordings from WT mice. (ANOVA repeated
measures: WT, *P < 0.001, n=7; NFATc4™'~, P=0.853, n = 7.) Insets illustrate typical averaged fEPSP traces obtained before (B) and after (T) LTP induction. (Upper
Right) Summary of the changes in LTP amplitude for WT and NFATc4™"~ mice. (WT: 120 + 0.5%, n = 7; NFATc4~'~: 98 + 0.5%, n = 7; P < 0.001, Student's t test.)
(Lower Left) Summary plotillustrating the time course of changes in fEPSP slope after high-frequency stimulation of the MPP in recordings from NFATc4~~ mice in
control conditions (ACSF) and during picrotoxin (Ptx) application (50 pM) illustrates that LTP could be detected after inhibition was suppressed. (ANOVA repeated
measures: picrotoxin, P < 0.001). Inset illustrates typical traces obtained under GABA, block (B and T as above). (Lower Right) Summary of the changes in LTP
amplitude in control conditions and in the presence of picrotoxin. (Picrotoxin, 153 + 1.5%; n = 7; ACSF, same data as in upper panels; P < 0.001, Student's t test.)

we currently cannot exclude an additional role for BDNF/calci-
neurin/NFATc4 signaling in surrounding cells of the adult
hippocampus. Indeed, after providing evidence of NFATc4 ex-
pression in adult NSPs, we show that both expression level and
transcriptional activity of NFATc4 are increased in differenti-
ated NSPs after prosurvival BDNF administration and that
NFATc4 overexpression rescues apoptosis in NEATc4™~ cells.
As previously described, the expression of the four NFATc1-4
family members largely overlaps in the adult brain (45), but so
far the functional significance of this similar expression pattern
remains unclear. In our study, inhibition of both calcineurin and
BDNF signaling reduces the number of adult-born hippocampal
neurons in WT mice, phenocopying the NFATc4 mutants.
However, the same treatments do not produce any effect in
NFATc4™~ mice. The same is true in vitro, where the inhibition
of calcineurin and BDNF signaling in differentiating WT NSPs
fully blocks the prosurvival effect in WT but not in NFATc4™"~
cells. These data suggest a major role for NFATc4, rather than
the other NFAT family members, in the regulation of neural
progenitor cells’ survival and at the same time argue against
a functional genetic redundancy among the family members in
the context of adult hippocampal neurogenesis.

It should be emphasized that, even though there is mounting
evidence for a critical role of calcineurin/NFAT signaling during
the development of the central nervous system (22, 24, 46, 47),
functional developmental abnormalities have not been found for
homozygous NFATc4 mutant mice unless NFATc3 was removed
also (22), thus suggesting a redundant function of NFATc4/c3
during development. The apparent redundant function of
NFATc4 during development but not in the adult DG could be
explained as the result of a developmental switch in NFATc4/c3
function or as a cell type-dependent difference. Interestingly, in
line with this observation, recent findings suggest a cell-intrinsic
responsiveness to BDNF and calcineurin signaling in different
types of neurons (48). There has been speculation about what
surviving newborn cells do once they start to differentiate in the
DG of the adult hippocampus. Increasing evidence suggests that
adult-born neurons, because of their peculiar membrane prop-
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erties, might be involved in learning and memory formation, and
several studies propose a role in the acquisition and storage of
spatial memory (1-3, 32, 49-54). Indeed it has been demon-
strated that the newborn neurons are incorporated into DG
circuits supporting water maze memory (1, 55) and that spatial
learning influences the survival of newborn neurons (56). These
findings are consistent with our characterization of the complex
phenotype of NFATc4™~ mice. Despite being viable, fertile, and
performing normally in locomotor activity, as well as in pain
sensitivity and anxiety behavior, they exhibit a selective impair-
ment in memory formation. Interestingly, the behavioral im-
pairment in NFATc4™/~ mice is restricted to the formation of
spatial long-term memory, because contextual long-term mem-
ory is not affected. The absence of impairment in the contextual
memory tested with the fear-conditioning task as well as the
impairment observed in the Morris water maze reported in our
study is consistent with several but not all of the previous findings
(35, 50, 51, 57). This discrepancy could be explained by differ-
ences in methods and degree of ablation of adult-born neurons
used in the different studies. Furthermore the version of the
Morris water maze used in the present study employs variable
starting points among the trials, increasing the number of spatial
representations that mice acquire during the training. Impor-
tantly, the encoding and separation of similar spatial repre-
sentations (pattern separation) have been shown recently to be
highly dependent on adult hippocampal neurogenesis (4, 27, 53,
57, 58). Although these results along with the electrophysiological
data support a causal correlation between the reduced survival of
the dentate granule neurons that we observed in NFATc4~'~ mice
and their impairment in encoding and recall of spatial long-term
memory, we currently cannot exclude an additional role for
NFATc4-dependent transcription in the induction of synaptic
plasticity in postmitotic neurons. In summary, our data demon-
strate a signaling axis between BDNF and NFATc4 in adult
hippocampal neural progenitor cells and provide insight into the
intrinsic regulation of hippocampal adult-born neurons survival.
In conclusion, we propose that modulation of BDNF/NFATc4
signaling could represent a potential target in the therapy of
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several neurological disorders where increasing the survival of
endogenous or eventually transplanted progenitor cells may
benefit functional recovery.

Materials and Methods

Animals. NFATc4™'~ mice were provided and generated by the J.D.M. labo-
ratory (59). The line was maintained on a mixed C57BL/6 and 12957 genetic
background, and littermate mice from the F2 generation, generated by in-
terbreeding of heterozygous F1 offspring, were used. For further details see
SI Materials and Methods.

Tissue Preparation and Immunohistochemistry. Mice were injected i.p. once or
five times every 2 h with BrdU (Sigma) (150 mg/kg body weight) and were
killed at 2 h or 15 or 21 d after the last injection. No mice subjected to be-
havioral tasks were used for the tissue studies provided here. Mice were
deeply anesthetized with ketamine (120 mg/kg body weight) and xylazine
(14 mg/kg body weight) and perfused intracardially with a 0.1 M PBS solu-
tion (pH 7.4) followed by 4% (vol/vol) paraformaldehyde (pH 7.4). Dissected
brains were fixed further overnight at 4 °C and then were immersed for 1 d
in 25% (vol/vol) sucrose/0.1 M PBS. Frozen coronal sections (30 pm) were
collected throughout the entire mouse hippocampi, mounted on Superfrost
slides, and stored at —20 °C until further use. For details about immunohis-
tochemistry procedures, see S/ Materials and Methods.

Cell Counting and Stereology. For quantification of the total number of BrdU-,
Ki67-, DCX-, and calretinin-labeled cells in the DG, cells were counted using
a light microscope (Zeiss).

Cell Culture of Adult Hippocampal NSPs. Adult hippocampal NSPs were
obtained from WT and NFATc4~"~ 3- to 5-mo-old male mice. For each culture,
three mice were killed by cervical dislocation, and hippocampi were micro-
dissected and pooled. For experimental details, see S| Materials and Methods.

Dual Luciferase Reporter Assay. Hippocampal progenitor cells derived from
WT mice were seeded at a density of 1 x 10° cells into 24-well tissue-culture
plates and were cotransfected with 7 pg of luciferase-based reporter con-
structs in which the luciferase expression is dependent on murine inositol
1,4,5-triposphate receptor 1 promoter (a gift from Armando Genazzani) and
2.7 pg of pRL -TK-Renilla-luciferase (Promega) according to the manu-
facturer’s protocol (Promega). After transfection, cells were plated in culture
medium for 6 h and then were switched to differentiation medium where
vehicle or BDNF (100 ng/mL) was applied. After 12 h, cells were lysed and
assayed for luciferase expression using a luminescence plate reader (Mithras
LB940 96-well plate reader; Berthold Technologies).

RNA Extraction and Quantitative PCR. Total RNA was extracted from differ-
entiating cells in each of the following conditions: WT vehicle-treated, WT
BDNF-treated, NFATc4 ™~ vehicle-treated, and NFATc4~~ BDNF-treated. DNase
treatment was performed using 1 pg of RNA (DNase |, amplification grade;
Invitrogen) followed by cDNA synthesis (SuperScript Il Reverse Transcriptase;
Invitrogen), according to the manufacturer’s protocol. Quantitative PCR
(gPCR) was carried out using 7500 Fast Real-Time PCR System software version
2.0.4 (Applied Biosciences). Ther teaction mix was composed of SYBR Green
Mix (1:2; Invitrogen), 100-nM primers (NFATc2 forward: TGGCCCGCCA-
CATCTACCCT, reverse: TGGTAGAAGGCGTGCGGCTT; NFATc3 forward: TGGA-
TCTCAGTATCCTTTAA, reverse: CACACGAAATACAAGTCGGA; NFATc4 for-
ward: ACATTGAGCTACGGAAGGGTGAGA, reverse: ACTCGATGGGCACTGATG-
CT; BDNF forward: AAAGTCCCGGTATCCAAAGGCCAA, reverse: TAGTTCGG-
CATTGCGAGTTCCAGT; GAPDH forward: GCTTAAGAGACAGCCGCATCT, re-
verse: GCACCTTCACCATTTTGTCTACA; B-ACTINfForward: AGCCATGTACGTAG-
CCATCC, reverse: CTCTCAGCTGTGGTGGTGAA), and 1 pL of template (1:5 di-
lution of reverse transcription sample) in a total volume of 20 uL. The following
cycling conditions were used: 50 °C for 20 s and 95 °C for 15 min as initial de-
naturation, followed by 40 cycles of 95 °Cfor 155, 60 °C for 30's, 72 °Cfor 1 min.
Melting curve analysis was applied afterward (95 °C for 15 s, 60 °C for 1 min,
95 °C for 30 s, 60 °C for 15 s). Samples were run in triplicate, normalized to
GAPDH expression levels by applying the AACT analysis method.

Semiquantitative RT-PCR. Semiquantitative RT-PCR for NFATc4 was performed
using a thermal cycler (Applied Biosystems). The reaction mix contained
TagMan-PCR Mix (1:2; Qiagen), 400-nM primers, and 1 uL of cDNA for NFATc4
or 0.2 uL for GAPDH in a total volume of 25 pL. The PCR program was set to
a initial denaturation at 94 °C for 5 min, followed by 45 cycles (35 cycles for
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GAPDH) of 94 °C for 30 s, 60 °C for 45 s, 72 °C for 45 s, and a final extension
step at 72 °C for 5 min. PCR products were run on a 2% (vol/vol) agarose gel.

Western Blot Analysis. Protein extracts (25 pg) were prepared from E13 em-
bryos and hippocampi of 2.5-mo-old WT and NFATc4™~ mice and were
loaded onto 10% (vol/vol) SDS polyacrylamide gels. A nitrocellulose mem-
brane was incubated overnight at 4 °C with primary rabbit polyclonal anti-
body anti-TrkB (1:1,000; Upstate) and rabbit monoclonal anti-NFATc4
(Cell Signaling). For detection of protein loading, the gel was stripped and
reprobed with mouse monoclonal anti—B-actin (1:10,000; Sigma) and anti—f
lll-tubulin. Detection was performed by HRP-chemiluminescence (Thermo
Fisher Scientific).

CsA in Vivo Treatment. CsA (40 mg/kg) (Sandimmun; Novartis) or vehicle (0.9%
saline solution) was injected i.p. each day for 21 d in WT and NFATc4™~ mice.
Mice were killed on the day of the last injection. The general health, be-
havior, and weight of the CsA-treated mice were normal compared with
mice injected with vehicle.

Osmotic Minipump Implantation. Recombinant human TrkB-Fc chimera (100
ng) and recombinant human 1gG1-Fc region (33.3 pg) (Sino Biological Inc)
were infused intraparenchymally (0.5 ul/h) into the right DG of WT and
NFATc4™"~ mice for 15 d, using osmotic minipumps (Alzet #2002; Alza Corp.).
Lyophilized recombinant human TrkB-Fc chimera (0.5 pg/pL) and its control
peptide recombinant human IgG1-Fc (0.16 pg/ulL) were reconstituted in
sterile 1x PBS (Gibco). Male 2.5-mo-old mice (~30 g) were anesthetized (90
mg/kg ketamine and 10 mg/kg zylazine) and implanted with 30-gauge
stainless cannulas (Alzet brain infusion kit 3; Alza Corp.) into the right DG
(stereotaxic coordinates: —2.0 mm anteroposterior; +1.5 mm lateral from
bregma; —2.0 mm dorsoventral) with a stereotaxic frame. Correct placement
of cannulas was confirmed when animals were killed. The solutions were
loaded into osmotic minipumps that then were connected to intra-
parenchymal cannulas by polyethylene tubing and placed s.c. Before im-
plantation, the osmotic minipumps were primed in sterile 1x PBS (Gibco) for
48 h at 37 °C to avoid injection of air bubbles. After 15 d, mice were killed,
and the brains were prepared for cryosectioning.

Behavioral Tasks. All mice used for the behavioral experiments were handled
in the experimental room for 3 min on each of 2 d to minimize nonspecific
emotional reactivity to the experimenter and to the room (60). The following
behavioral tasks were performed: contextual and cued fear conditioning,
Morris water maze, elevated plus maze, automated catwalk, and plantar
heat test. For experimental details, see S/ Materials and Methods.

Statistical Analysis. For invitro, in vivo, and ex vivo experiments, data are shown
as mean + SEM. To determine the significance between groups, pairwise
comparison was performed with the unpaired two-tailed Student's t test. In
the Morris water maze training, latencies were analyzed using two-way mixed-
design ANOVA (with genotype as independent factor and training days as
repeated-measure factor). The probe test was analyzed separately for each
genotype using one-way repeated-measures ANOVA. Bonferroni post hoc
analysis was carried out where ANOVA data outputs were significant.

Electrophysiology. Male 2- to 4-mo-old mice were anesthetized with iso-
flurane and decapitated, and the brains were removed quickly. Horizontal
slices (300 pm thick) containing the entorhinal cortex and the hippocampus
were cut using a Leica VT1000S vibratome and were incubated for 1 h at RT
in aerated (95% 02, 5% CO,) artificial cerebrospinal fluid (ACSF) containing
(in mM) NaCl 125.5, KCI 2.5, NaH,PO, 1.3, MgClI2 1.5, NaHCO3 26, glucose 20,
CaCl2 2.5 at a pH of 7.4. Slices were transferred individually to a submerged
recording chamber where they were perfused continuously with carbo-
genated ACSF. In a parallel set of experiments, 50 pM picrotoxin (Tocris
Bioscience) was added to the ACSF bath to block GABA, receptor-mediated
inhibition.

Bipolar tungsten electrodes and glass micropipettes filled with ACSF, lo-
cated in the middle third of the molecular layer, were used to stimulate the
MPP and record the fEPSP, respectively. Responses were evoked using short
pulses (200 ps). A paired-pulse stimulus at 100-ms intervals was applied to
confirm that the pathway activated was the MPP by observing paired-pulse
depression. Recordings were obtained using an Axoclamp 2B amplifier
(Axon Instruments). Signals were filtered at 3 kHz and then digitized. In-
dividual synaptic responses were elicited at 20-s intervals. After a stable
baseline of 10 min, LTP was induced by applying four bursts of high-fre-
quency stimulation at 100 Hz for 1's with a 20-s intertrain interval. Responses
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were recorded for at least 35 min of LTP induction. Analysis was done using
programmable Spike 2 software (Cambridge Electronic Design). IgorPro
(Wavemetrics Inc.) and SigmaStat were used for statistical analysis (for
details see the legend of Fig. 7D). The presence and amplitude of LTP were
investigated by analyzing the initial slope of fEPSPs recorded over 5 min
after 30 min of LTP induction and comparing those slopes with the slope of
baseline recordings.
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