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A Requirement for Nuclear Factor-«B in Developmental and
Plasticity-Associated Synaptogenesis
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and Mollie K. Meffert'
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Structural plasticity of dendritic spines and synapses is a fundamental mechanism governing neuronal circuits and may form an endur-
ing basis for information storage in the brain. We find that the p65 subunit of the nuclear factor-«B (NF-«B) transcription factor, which
is required for learning and memory, controls excitatory synapse and dendritic spine formation and morphology in murine hippocampal
neurons. Endogenous NF-«B activity is elevated by excitatory transmission during periods of rapid spine and synapse development.
During in vitro synaptogenesis, NF-«B enhances dendritic spine and excitatory synapse density and loss of endogenous p65 decreases
spine density and spine head volume. Cell-autonomous function of NF-«B within the postsynaptic neuron is sufficient to regulate the
formation of both presynaptic and postsynaptic elements. During synapse development in vivo, loss of NF-kB similarly reduces spine
density and also diminishes the amplitude of synaptic responses. In contrast, after developmental synaptogenesis has plateaued, endog-
enous NF-kB activity is low and p65 deficiency no longer attenuates basal spine density. Instead, NF-«B in mature neurons is activated by
stimuli that induce demand for new synapses, including estrogen and short-term bicuculline, and is essential for upregulating spine
density in response to these stimuli. p65 is enriched in dendritic spines making local protein—protein interactions possible; however, the
effects of NF-«B on spine density require transcription and the NF-«B-dependent regulation of PSD-95, a critical postsynaptic compo-
nent. Collectively, our data define a distinct role for NF-kB in imparting transcriptional regulation required for the induction of changes

to, but not maintenance of, excitatory synapse and spine density.

Introduction

Changes in the strength and connectivity of synapses within neu-
ral circuits underlie developmental and experience-dependent
plasticity. Structural change at the level of synapses and dendritic
spines, the primary postsynaptic sites for excitatory input, can
impart endurance to these forms of plasticity (Bonhoeffer and
Yuste, 2002; Bhatt et al., 2009). Spine morphology and the for-
mation or retraction of dendritic spines is activity responsive to
potentiating or depressing stimuli, respectively (Matsuzaki et al.,
2004; Nagerl et al., 2004; Zhou et al., 2004; Kopec et al., 2007).
Recent in vivo work indicates that changes in dendritic spine
density outlast experience and may provide a structural basis for
long-term information storage (Hofer et al., 2009; Restivo et al.,
2009). In addition, diseases associated with developmental disor-
ders of cognitive function, such as autism, trisomy 21, and fragile
X syndrome, are characterized by altered dendritic spine density
and morphology (Nimchinsky et al., 2002).
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Endogenous transcriptional pathways capable of coordinating
the essential upregulation of dendritic spine and excitatory synapse
density during development and plasticity are not well characterized.
The nuclear factor-«B (NF-«B) transcription factor family is re-
quired for synaptic plasticity and learning in multiple organisms
including crabs (Freudenthal and Romano, 2000), Drosophila
(Heckscher et al., 2007), and rodents (Meffert et al., 2003;
Kaltschmidt et al., 2006; O’Riordan et al., 2006; Ahn et al., 2008), and
genes containing NF-kB regulatory elements are selectively en-
hanced by learning (Levenson et al., 2004; O’Sullivan et al., 2007),
further indicating the significance of transcriptional regulation by
NF-kB during plasticity. Nonetheless, relatively little is known re-
garding cellular pathways that could underlie this function of
NEF-kB.

NF-kB transcription factors function as dimers containing
one or more of five mammalian subunits and can be activated by
degradation of the inhibitor of NF-«B, IkB. Three NF-«B family
members, including p50 (Kassed et al., 2002), c-Rel (Levenson et
al., 2004; O’Riordan et al., 2006; Ahn et al., 2008), and RelA or
p65 (Meffert etal., 2003), are implicated in learning and memory.
The p65:p50 heterodimer of NF-«B is localized in the cytoplasm
and synapses of hippocampal neurons where it can be acti-
vated by excitatory stimulation (Kaltschmidt et al., 1993; Su-
zuki et al., 1997; Wellmann et al., 2001; Meffert et al., 2003).
p65-deficient mice lack synaptic NF-kB and demonstrate sig-
nificant deficits in hippocampal-dependent learning (Meffert
et al., 2003).
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We now report a requirement for the p65 subunit of NF-«B in
regulating dendritic spine and synapse density in hippocampal
neurons both during development and in response to stimuli that
increase the demand for new synapses in mature neurons. These
findings demonstrate a conserved endogenous regulatory pathway
used for both initial spinogenesis and later structural plasticity.
Our data also indicate that NF-kB positively regulates dendritic
spine head size and the amplitude of synaptic responses. The
specialized scaffold protein, postsynaptic density protein-95
(PSD-95), is a critical NF-«kB target gene. These findings ex-
pand our understanding of NF-kB functions in learning and
other forms of adaptive plasticity and reveal a novel pathway
driving transcriptional regulation of spine and excitatory syn-
apse density.

Materials and Methods

The care and use of animals met all guidelines of the local Institutional
Animal Care and Use Committee (The Johns Hopkins University School
of Medicine).

Expression constructs and lentiviral preparation

Wild-type and mutant human p65 expression constructs were cloned by
in-frame insertion into the Clontech Cl1 vector at the C terminus of either
enhanced green fluorescent protein (GFP) or mCherry (gift from R. Tsien,
University of California at San Diego, La Jolla, CA). The p65ATAD construct
encodes p65 residues 2—442 fused to GFP; the p65 DNA binding domain
mutant (p65R33,35A) was made using site-directed mutagenesis of full-
length p65 by PCR amplification with primers (F-GCAGCGGGGCATG-
GCCTTCGCCTACAAGTGCGAGG; R-CCTCGCACTTGTAGGCGA-
AGGCCATGCCCCGCTGC). EBFP2 (Ai et al., 2007) followed by an F2A
sequence (Szymczak et al., 2004) and an inducible Cre recombinase fused to
a mutant estrogen receptor fragment (CreER "?) responding specifically to
4-hydroxy tamoxifen (OHT) (Feil et al., 1997) were inserted into a replica-
tion-incompetent lentiviral vector to produce EBFP2-F2A-CreER ™2 (sup-
plemental Fig. S1, available at www.jneurosci.org as supplemental material);
the F2A sequence causes the ribosome to skip the formation of a peptide
bond producing a 1:1 ratio of EBFP2 and CreER "2, Lentiviral stocks were
prepared as previously described (Lois et al., 2002). Cre-IRES-dsRed plasmid
was a gift from A. Kolodkin (Johns Hopkins University School of Medicine,
Baltimore, MD), and GFP-PSD-95 was a gift from R. Huganir (Johns Hop-
kins University School of Medicine, Baltimore, MD).

Small interfering RNA (siRNA) oligos (Dharmacon) targeting PSD-95
(Elias et al., 2006) used the sense sequence: 5'-TCACGATCATCGCTCAG-
TATA-3' or control oligo with every fourth base replaced with adenosine:
TCAAGATAATCACTCAGTAAA.

Hippocampal cultures and stimulation

Dissociated hippocampal cultures were prepared from postnatal day 0
(P0) male and female mice as previously described (Meffert et al., 2003)
and plated onto poly-1-lysine-coated glass-bottomed dishes (MatTek) at
a density of 100,000 cell/cm? (low density) or 280,000 cell/cm? (high
density). Cultures were maintained in Neurobasal A medium (Invitro-
gen; 10888) with B27 Supplement (Invitrogen; 17504-44). Neurons were
transiently transfected with Lipofectamine 2000 according to the manu-
facturer’s instructions (Invitrogen) 16—48 h before experimentation.
Cultures from RelA ¥ mice were infected at a multiplicity of infection of
5-10 at 2 d in vitro (DIV 2) with EBFP2-F2A-CreER Tz—expressing lenti-
virus. CreER ™2 was activated by OHT (400 nm; Sigma-Aldrich; H6278)
addition at DIV 5 or as required. This interval ensured that neurons
did not experience toxicity because of concomitant viral infection and
p65 loss.

To induce demand for new synapses, neurons were incubated for 24 h
with 25 um bicuculline methobromide (Enzo Life Sciences; 550-040-
MO050) in growth media or 48—72 h with 0.3-1.7 um 173-estradiol (E2)
(Sigma-Aldrich; E4389) in growth media with reduced B27. Neurons
were imaged in Tyrode’s buffer (in mm: 119 NaCl, 4.5 KCl, 2 CaCl,, 0.5
MgCl,, 25 glucose, 10 HEPES, 0.01 glycine, pH 7.33) with or without
bicuculline and E2. NF-«B reporter assays were conducted as previously
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described (Pomerantz et al., 2002; Meffert et al., 2003), and neurons were
stimulated with bicuculline (25, 50 um) or 17B-estradiol (0.3, 1.7 um).

Imaging and quantification

Confocal images of pyramidal neurons (determined by morphology) in
0.4-1.0 wm Z sections were acquired using a 63X, 1.4 numerical aper-
ture, oil-immersion lens and 0.7 or 4X optical zoom on a LSM5 Pascal
system (Carl Zeiss) at 37°C in Tyrode’s buffer (as above with the addition
of 2 mm EGTA). GFP was excited at 488 nm and emissions collected at
505-530 nm; mCherry was excited at 543 nm and emissions collected
above 560 nm. Laser power and gain were adjusted to minimize photo-
toxicity and avoid saturation. All experiments were from a minimum of
three independent cultures, with at least two dishes per condition per day
and no more than five neurons per dish; the experimenter was blinded to
conditions during acquisition and analysis.

Z-stacks containing the entire neuron or process of interest were
analyzed using Pascal and Image] software. Sholl analysis from
Z-compressed projections began with a circle of 45 um diameter with
subsequent dendritic intersections counted using circles of increasing
30-um-diameter increments. Spines were defined as protrusions 0.4-2.5
pum in length with or without a head. Secondary or tertiary dendritic
branch segments were chosen to ensure a uniform population. Spine-
associated synapses were defined as Bassoon puncta that colocalized in x,
¥, and z dimensions with a dendritic spine from the transfected neuron.
Soma area was measured by tracing the outline of the soma from a
Z-compressed stack. Automated analysis of dendritic spine morphology
(Imaris 6.3; Bitplane) determined spine head size by measuring a
terminal-fitted sphere. A 0.15 wm threshold was used for the lower limit
of spine diameter to avoid artifactual measurements.

Neurons expressing Cre recombinase constructs were binned by fluo-
rescent intensity from the associated fluorophore. Neurons infected with
EBFP2-F2A-CreER ™2 were only included in analysis if a cytoplasmic or
nuclear region of interest (ROI) returned a blue fluorescence value of 50
or greater. Neurons transfected with Cre-IRES-dsRed were included in
the analysis if they had a red fluorescence value >300. Imaging condi-
tions for fluorophores coexpressed with Cre were kept constant to permit
comparison of Cre expression levels across experiments.

Analysis of spine density in p65 rescue experiments was only con-
ducted on neurons expressing low (nontoxic) levels of p65 or p65 mu-
tants as monitored by ROI and by lack of concentration in the nucleus
relative to the cytoplasm.

Analysis of p65 concentration in dendritic spines was conducted on
low expressing neurons with fluorescence intensity determined using
ROI measurement in confocal images of the spine head and adjacent
dendritic segment. Enrichment was determined using the ratio of GFP
(alone or fused to p65) and mCherry fluorescent intensities according to
the following equations:

EGFPspine /ITlCherrYSPille
EGFPdendrite /mCher TYdendrite

Normalized spine fluorescence (NSF) =

Percentage change in fluorescence

B NSF(p65tagged) — NSF(soluble)
B NSF(soluble)

Reporter assays

NE-kB-dependent transcription was assayed by transient transfection of
an NF-«B luciferase reporter (Igk,-IFN-LUC) containing two or three
copies of the Iglight chain B site, or a mutant reporter with four residues
of the NF-«B consensus binding sites mutated as previously described.
Cotransfection of the pCSK-lacZ vector, which constitutively expresses
B-galactosidase and is not regulated by NF-«B, served to normalize
transfection efficiency and extract recovery for each sample in all reporter
assays. Each reporter experiment included extracts from cells transfected
with pcDNA3 alone as a reference control. Cultures were lysed using 1 X
lysis buffer (reporter lysis buffer; Promega), and luciferase (Promega)
and chemiluminescent B-gal (Roche) reporter assays were conducted
46 h after transfection and 3—4 h after stimulation according to manu-
facturer’s instructions using a plate-reading luminometer (PerkinEl-
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mer). Samples were compared by subtracting the background activity of
the reference control, and then normalizing the luciferase activity of each
sample to its B-gal activity. When required, fold induction was calculated
by dividing normalized stimulated samples by normalized unstimulated
samples.

Immunocytochemistry and immunoblotting

Immunoblotting. Primary neuronal cultures were lysed in buffer contain-
ing 1% Triton X-100, 0.5% sodium deoxycholic acid, and 0.1% SDS,
subjected to Bradford protein assay, and equivalent total protein
amounts resolved on SDS-PAGE gels, transferred to PVDF (polyvi-
nylidene difluoride) membrane and probed using the following primary
antibodies: anti-p65 (Santa Cruz Biotechnology; sc372; 1:4000), anti-
PSD-95 (NeuroMab; K28/43; 1:500), anti-IkB« (Santa Cruz Biotechnol-
ogy; sc374; 1:3000), anti-EIF4E (Cell Signaling; 9742; 1:1000), anti-GFP
(NeuroMab; N86/8; 1:500), anti-GAPDH (Calbiochem; CB1001;
1:50,000), and anti-3-tubulin (University of lowa Developmental Stud-
ies Hybridoma Bank; E-7; 1:500).

Immunocytochemistry. DIV 16 neurons were fixed with 4% parafor-
maldehyde with 4% sucrose for 30 min, permeabilized with 0.2% Triton
X-100 for 30 min, blocked for 1 h in 10% BSA, and incubated with
primary antibodies: anti-GFP (Invitrogen; A11120, A11122;1:500), anti-
dsRED (Clontech; 632496; 1:600), anti-Bassoon (Nventa Biopharma-
ceuticals; VAM-PS003; 1:600), and anti-vesicular GABA transporter
(VGAT) (Synaptic Systems; 151003; 1:1000). Alexa Fluor 488 and 568
secondary antibodies (Invitrogen; 1:1000) were incubated for 1 h atroom
temperature in 10% BSA and mounted with 0.1 M n-propyl gallate in
50% glycerol.

In vivo spine analysis and electrophysiology

The RelA ¥ mouse line was crossed to the SLICK-V line, which exhibits
sparse neuronal labeling of yellow fluorescent protein (YFP) and Cre-
ER™ from bicistronic Thyl promoters (Young et al., 2008). Mice were
maintained as homozygous for the RelA¥F locus and heterozygous for
SLICK-V. OHT (0.25 mg) was delivered to mice by subcutaneous injec-
tion for 4 consecutive days starting at P7 or P8. Control mice for spine
analysis received vehicle (sunflower seed oil) alone.

Immunofluorescence. At P12, brains were removed and fixed with 4%
paraformaldehyde with 4% sucrose in PBS for 4 h at 4°C. Brains were
then cryoprotected in 4% sucrose in PBS at 4°C overnight or until brains
sank and then were embedded in Tissue-Tek OCT (Sakura; 4583) and
frozen. Forty micrometer coronal hippocampal cryostat sections were
mounted on slides and postfixed with 4% paraformaldehyde with 4%
sucrose for 5 min, followed by blocking and overnight incubation at 4°C
with chicken anti-GFP antibody (Aves; GFP-1020). Secondary detection
was by a goat anti-chicken Alexa Fluor 488 antibody (Invitrogen;
A11039; 1:500), and slides were then mounted with 2.5% DABCO
(diazabicyclo[2.2.2]octane) (Sigma-Aldrich; D2522) in Fluoromount G
(Beckman Coulter; 731604). The experimenter was blinded during data
analysis.

Electrophysiology. Coronal forebrain slices were prepared from P11-
P13 OHT-treated mice as previously described (De Biase et al., 2010).
Whole-cell recordings from YFP-positive or control hippocampal pyra-
midal neurons were performed using a 2.5-3.3 M{) glass electrodes filled
with the following (in mm): 100 CsMeS, 20 TEA (tetraethylammonium)-
chloride, 20 HEPES, 1 MgCl,, 10 EGTA, 2 sodium-ATP, and 0.2 sodium-
GTP, pH 7.3, 295 mOsm. Miniature EPSC (mEPSC) recordings were
made without series resistance compensation and were performed in the
presence of the following: TTX (1 um), gabazine (5 um), and (RS)-3-(2-
carboxypiperazin-4-yl)-propyl-1-phosphonic acid (RS-CPP) (NMDA
receptor antagonist; 5 uM). Responses were recorded using a Multi-
Clamp 700A amplifier (Molecular Devices), filtered at 3 kHz, digitized at
50 kHz, and recorded to disk using pClamp9.2 software (Molecular De-
vices). Data were analyzed off-line using Clampfit (Molecular Devices),
Origin (OriginLab), and Mini analysis (Synaptosoft) software. Input re-
sistance and membrane capacitance were calculated from a 2 mV hyper-
polarizing step from a holding potential of =70 mV. mEPSC frequency
(>5 pA amplitude, <1 ms rise time) was quantified by monitoring ac-
tivity during continuous recording for at least 8 min. The experimenter
was blinded to the condition during data analysis.
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RNA analysis

Total RNA was extracted from murine hippocampi or hippocampal cul-
tures throughout development using Tri-Reagent (Molecular Research
Center). RNase protection assay was performed with 5 ug of RNA using
a custom Riboquant MultiProbe set (BD Pharmingen) according to the
manufacturer’s instructions.

Statistical and bioinformatics analysis

Neuron dishes were randomly assigned to treatment conditions and the
experimenter was blinded during data acquisition and analysis. Graphs illus-
trate the arithmetic mean and error bars are SEM. For statistical analyses,
two-tailed ¢ tests were used (paired or unpaired) with & = 0.05, unless oth-
erwise noted. Data for spine density are not normally distributed (F,,, test);
therefore, analyses were conducted with correction for unequal variance. To
Maintain an Agypeimentwise = 0-05 With multiple pairwise comparisons for
spine density experiments, o = 0.01 was set for each ¢ test. The « level was
calculatedbya = 1 — ﬁ/l — lexperiment-wiser Where ¢ is the number of pair-
wise comparisons. Statistical significance for mEPSC amplitudes was deter-
mined using the Kolmogorov—Smirnov (K-S) test.

Putative consensus NF-«B binding sites in the promoter region of
Dlg4 were determined using TESS: Transcriptional Element Search Sys-
tem (http://www.cbil.upenn.edu/tess/) and analyzed for conservation
between Mus musculus, Rattus norvegicus, and Homo sapiens.

Results

NF-kB regulates dendritic spine and excitatory

synapse number

The potential for NF-kB-dependent regulation of dendritic
spines and synapses in the mammalian brain was initially evalu-
ated by testing the effect of exogenous p65 expression in hip-
pocampal neurons. Enhanced GFP-tagged p65 (GFPp65) or GFP
was expressed in low-density hippocampal cultures at DIV 16 for
24 h before immunostaining for GFP and the presynaptic marker
Bassoon, and confocal imaging of dendritic spines and synapses.
Expression of exogenous p65 or GFPp65 activates NF-«B and
induces NF-kB-dependent gene expression (Meffert et al., 2003)
(see Fig. 5A), presumably by overwhelming endogenous produc-
tion of the inhibitor of NF-«B, IkB. GFPp65 expression in pyra-
midal neurons increased the density of dendritic spines by 46%
compared with GFP (GFPp65: 4.1 £ 0.15 spines/10 wm, n = 95
dendrites; GFP: 2.8 = 0.09, n = 183 dendrites; p = 1.3 X 10 ~'"),
Spine-associated synapses, which are predominantly glutamater-
gic and excitatory, were increased 106% by GFPp65 expression
compared with GFP (GFPp65: 3.3 = 0.21 synapses/10 uwm; GFP:
1.6 = 0.16; p = 1.8 X 10 ") (Fig. 1 A,C). Although p65 expres-
sion increased both spine and excitatory synapse density, the pro-
portionally larger increase in synapses was accounted for by an
increase in the average number of presynaptic puncta on spines
participating in synapses (GFPp65, 1.32 puncta/spine; GFP, 1.17
puncta/spine; p = 0.001) as well as an increase in the percentage of
dendritic spines opposed by presynaptic puncta (GFPp65: 66.1 *
2.6%; GFP: 49.1 * 3.75%; p = 6.8 X 10 7).

In contrast to the marked effects on dendritic spines and as-
sociated excitatory synapses, p65 did not regulate inhibitory syn-
apse density. Quantification of inhibitory synapse number by
immunostaining for the VGAT revealed no significant differ-
ences in hippocampal pyramidal neurons expressing either GFP
or GFPp65 (Fig. 1B,C).

Endogenous NF-kB regulates dendritic spine development

To determine whether NF-«B was required at endogenous levels
for regulating dendritic spine and synapse growth, we used a
previously characterized mouse strain carrying a loss-of-function
allele of the RelA gene (encoding p65) in which exons 7-10 are
flanked by loxP sites (Geisler et al., 2007) (RelA™"). Effective
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Figure1.  Exogenous expression of NF-«Bincreases spine and excitatory synapse density. 4,
B, Confocal projections of dendrites and dendritic spines from DIV 16 murine hippocampal
pyramidal neurons plated at low-density and immunostained for GFP and either a presynaptic
marker Bassoon (4) or a marker of inhibitory presynaptic terminals VGAT (B). Neurons express
either GFP or GFPp65 as indicated. Scale bar, 20 wm. C, Dendritic spine density and spine-
associated predominantly excitatory synapses (colocalized Bassoon puncta) are both signifi-
cantly increased (*p << 0.001) (see text) in DIV 16 pyramidal neurons expressing GFPp65.
Inhibitory synapse density (VGAT staining) is not significantly different. Error bars indicate SEM.

recombination at the RelA site was achieved by infecting hip-
pocampal cultures with lentivirus encoding OHT-inducible Cre
recombinase (CreER '?) coupled to the expression of equivalent
levels of enhanced blue fluorescent protein 2 (EBFP2) (Ai et al.,
2007) by a picornavirus-derived F2A sequence (Szymczak et al.,
2004) (supplemental Fig. S1, available at www.jneurosci.org as
supplemental material). Increasing titers of viral infection resulted
in dose-dependent loss of p65 protein in the presence, but not in
the absence, of OHT (Fig. 2A). CreER ">-mediated loss of endog-
enous p65 significantly diminished the induction of NF-kB-
dependent gene expression in hippocampal cultures stimulated
with bicuculline (50 uMm) to enhance excitatory activity; NF-«B
reporter activity in stimulated cultures lacking p65 was not sig-
nificantly different from unstimulated p65-deficient conditions
(Fig. 2B) (n = 4; p = 0.707).

NF-«kB transcription factors regulate aspects of cell growth
and proliferation in many tissues. To examine potential roles for
NF-kB in growth and metabolism of hippocampal neurons, the
effect of p65 deficiency on cell soma size and dendrite arbor com-
plexity was evaluated at distinct time points that span the early
stages of rapid dendritic spine and synapse formation, conclud-
ing with relatively mature neurons in which changes in spine and
synapse density have stabilized. Cultures were infected at DIV 2
with CreER ™ lentivirus, treated with or without OHT at DIV 5,
and transfected with mCherry fluorophore for morphological
visualization 24 h before confocal imaging. Loss of p65 did not
significantly affect cell soma size or dendrite complexity of pyra-
midal neurons at any tested culture DIV (Fig. 2C,D). In contrast,
analysis of dendritic spine density showed significantly fewer
spines in neurons lacking p65 at all tested time points until =DIV
19 (Fig. 2E,F) [DIV 12: n = 68 dendrites (—OHT), 38 (+OHT),
p=7.3%10"%DIV 14:n = 82 (—OHT), 82 (+OHT), p = 2.0 X
10 7% DIV 16: n = 67 (—OHT), 44 (+OHT), p = 0.006; DIV
19-21: n = 117 (—OHT), 121 (+OHT), p = 0.57]. Although
spine density did increase during DIV 12-19 in p65-deficient
neurons, it lagged behind the spine density of p65 wild-type neu-
rons with ~32% fewer spines/10 wm at DIV 14 and 16 (Fig. 2 E, F).
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The possibility that the lack of p65 effect on spine density in
older cultures could be attributable to a longer period available
for compensation was evaluated by comparison of spine density
in cultures made p65 deficient at either early or late time points.
Cultures made p65 deficient by OHT addition at either DIV 5-8
(early) or DIV 13-16 (late) time points showed no difference in
spine density, compared with p65 wild-type controls, when eval-
uated at DIV 19-21 (Fig. 2G); this finding further supports dif-
ferential regulation of basal spine density by p65 during neuronal
maturation.

Dendritic spine regulation is cell autonomous

Lentiviral infection was highly efficient and achieved Cre recom-
binase expression in =95% of cultured hippocampal cells. To
determine whether the effects of p65 deficiency on dendritic
spine density were cell autonomous or, alternatively, attributable
to potential effects on either the network activity of cultures or
loss of p65 in glial cells, isolated neurons in cultures from RelA ™'F
mice were made p65 deficient by transient transfection. Cultures
were cotransfected with GFP and either mCherry or constitu-
tively active Cre recombinase coexpressing the dsRed fluoro-
phore (Cre-IRES-dsRed) and were analyzed for spine density
48 h later. Transient transfection achieved expression in 1-2% of
cells and readily permitted analysis of single isolated neurons.
This duration of Cre expression was sufficient to cause a loss of
NF-kB-dependent gene expression as monitored by luciferase
assay (data not shown). The loss of dendritic spines generated by
p65 deficiency in either a population (lentiviral) or individual cell
(transfection) was not significantly different (Fig. 2H) (30.7 =
7.5; 34.0 = 4.5% loss of spines, respectively). This indicates that
cell-autonomous actions in the postsynaptic neuron can mediate
p65-dependent regulation of dendritic spine density.

NEF-kB deficiency decreases dendritic spine head size

The size of dendritic spines at glutamatergic synapses is highly
variable with a robust positive correlation between spine size and
both receptor content and excitatory synapse strength (Bonhoef-
fer and Yuste, 2002; Holtmaat and Svoboda, 2009). A comparison
of spine morphology in control or p65-deficient (OHT) DIV 16
pyramidal neurons revealed that NF-«kB modestly shortens den-
dritic protrusion length (spines and filopodia) (Fig. 2I) while
enhancing the diameter and volume of dendritic spine heads (Fig.
2],K). Loss of p65 decreased average spine head volume by
33.9% (Fig. 2K) [control (—OHT): 0.081 = 0.0028 um?, n =
1133 spines; p65-deficient (OHT): 0.0537 = 0.0034, n = 516; p =
4.7 X 10 ~'°]. There was a left shift in the cumulative distribution
of spine head diameter (Fig. 2]), indicating that all classes of
dendritic spines in p65-deficient pyramidal neurons have smaller
head diameters. Collectively, these data show that loss of NF-«B
function leads to a decrease in dendritic spine density, whereas
the remaining spines are longer in length and have diminished
spine head size. These effects are consistent with weakened excit-
atory synaptic connectivity and fewer mature dendritic spines in
the absence of p65.

NF-kB regulates dendritic spine density and mEPSC
amplitude in vivo

To examine the role of NF-kB in vivo, we generated a conditional
transgenic line by crossing RelA ™" mice with the SLICK-V line
that expresses YFP and CreER ™ from bicistronic Thyl promot-
ers in a subset (~5% by positional variegation) of hippocampal
pyramidal neurons (Young et al., 2008). Recombination could
then be induced in vivo by treating animals with OHT. This al-
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Figure2.  Endogenous NF-kB regulates spine density and morphology during spinogenesis. 4, Dose-dependent excision of p65 by CreER ™ in the presence of OHT. The indicated microliters of
lentivirus coexpressing CreER " and EBFP2 were added to DIV 9 cultured RelA /F hippocampal neurons, followed by 72 h of OHT exposure beginning at DIV 12; lysates were immunoblotted for p65
protein and EBFP2. The asterisk indicates p65 peptide remaining after excision. B, Loss of p65 (OHT) decreases NF-«B transcriptional activity in unstimulated cultures and prevents an increase in
NF-«B-dependent transcription in stimulated conditions [bicuculline (Bic), 50 wm] as determined by luciferase reporter assay. C, D, p65 deficiency did not significantly affect dendritic arbor
complexity as determined by Sholl analysis, or soma size of hippocampal pyramidal neurons at any tested DIV (ANOVA). E, Representative confocal projections of dendrites from CreER "2-expressing
pyramidal neurons during maturation. Neurons were either exposed to OHT at DIV 5 to activate CreER ™ or untreated. Scale bar, 10 wm. F, Quantitation of dendritic spine density from pyramidal
neurons treated as in E. Spine density was significantly decreased by loss of p65 (DIV 12, 14, 16, *p =< 0.005) (see text) except in mature cultures (DIV 19-21). Neurons were grown in high-density
cultures. G, Delaying the time of p65 excision by exposing cultures to OHT at DIV 13—16 (OHT late), compared with DIV 5— 8 (OHT early), did not uncover a role for NF-«B in requlating dendritic spines
in mature cultures. H, Culture-wide p65 deficiency by viral CreER ™ introduction (Population) or focal p65-deficiency by transfected Cre (Individual) both similarly reduced dendritic spine density in
DIV 16 pyramidal neurons. 1, J, Cumulative distribution curves for total protrusion length ( p = 4.2 X 10 ) (I and spine diameter (/). K, Loss of p65 (OHT) significantly decreased average spine
head volume in DIV 16 hippocampal pyramidal neurons (*p < 0.001) (see text) using the data in J. Error bars indicate SEM. See also supplemental Figure S1 (available at www.jneurosci.org as
supplemental material).

lowed morphology of individual neurons to be distinguished
and for individual neurons to be manipulated in a wild-type
background.

Endogenous NF-kB regulates spine density in the hippocam-
pus during periods of rapid synapse formation. The time course
of synaptogenesis in our cultures resembled the rate and duration
of synaptogenesis in vivo as has been previously described (Stew-

ard and Falk, 1991). RelA™" X SLICK-V pups were treated with
OHT or vehicle several days before spine analysis at P12 and
successful recombination verified by PCR assay (supplemental
Fig. S2, available at www.jneurosci.org as supplemental mate-
rial). Consistent with our in vitro studies, loss of p65 in hip-
pocampal pyramidal neurons significantly reduced spine density
by 32.8% in vivo (control: 11.6 * 0.39 spines/10 um, n = 35
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Given that a decrease in spine density
was observed in OHT-treated YFP/
CreER "-positive neurons, a reduction in
the frequency of mEPSCs might also be an-
ticipated. Recordings from YFP/CreER -
positive neurons demonstrated a trend
toward reduced mEPSC frequency, but
these results did not reach significance. One
potential explanation for this finding lies in
the pronounced cell-to-cell variability of
mEPSC frequency in acute brain slices at
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this developmental age. Indeed, the coeffi-
cient of variation for mEPSC frequency
within control (YFP/CreERTZ-negative)
neurons (Cy, = 0.90) far exceeds that for
mEPSC amplitude (Cy, = 0.31), indicating
that experimental sensitivity for changes in
amplitude is much greater.

Basal NF-kB activity is highest before
and during rapid synapse development
Under our culture conditions, the rate of
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new spine formation was greatest before
DIV 17 and increases in spine density be-
gan to plateau after DIV 18. To determine
whether and how endogenous NF-«B ac-
tivity changed throughout spine and syn-
apse development, we assayed the activity
of an NF-kB-responsive reporter, Igk,-
IFN-LUC, during culture maturation at
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Figure 3.

tive confocal projections of dendrites from YFP/CreER >-expressing pyramidal neurons from hippocampal sections of Rel
SLICK-V mice that were treated with OHT or vehicle. Scale bar, 10 um. B, Loss of p65 (OHT) significantly decreases spine density at
P12 in vivo (*p = 1.8 X 10 "% control, n = 35 dendrites; OHT, n = 36 dendrites; 3 brains per condition). €, Whole-cell
voltage-clamp recordings in acute brain slices from RelA™/F X SLICK-V mice treated with OHT; shown are representative traces
from YFP/CreER™ (—) and YFP/CreER™ (++) hippocampal pyramidal neurons; mEPSCs identified by asterisks are shown at
expanded timescale below. D, Top, Overlay of average mEPSCs from five representative YFP/CreER ™2 (—) and five representative
YFP/CreER ™ (+) neurons. Bottom, Average mEPSC for all cells in each condition. E, Cumulative percentage plot of the mEPSC
amplitude from all recorded neurons [n = 12 YFP/CreER T (—) and 15 YFP/CreER ™ (+) neurons; K-S test, p = 3.7 X 10~ "],

dendrites; OHT: 7.8 = 0.33,n = 36) (Fig. 3A, B). This experiment
indicates that NF-«kB regulates spine density during a period of
rapid synaptogenesis in vivo as well as in a culture system.

To directly test whether the structural changes in spine density
and morphology correlate with reduced synaptic function, we
performed whole-cell voltage-clamp recordings from hippocam-
pal pyramidal neurons in acute brain slices from OHT-treated
RelA ™ X SLICK-V mice during a developmental period of active
hippocampal synaptogenesis. mEPSC recordings in the presence of
TTX, gabazine (GABA receptor antagonist), and RS-CPP (NMDA
receptor antagonist) were made from SLICK-V YFP/CreER -
positive neurons (p65-deficient; n = 15) and YFP/CreER "> negative
neurons (p65-wild-type; n = 12) within the same brains. The am-
plitude of mEPSCs recorded from YFP/CreER ™-positive neurons
was significantly reduced compared with the amplitude of mEPSCs
from YFP/CreER "*-negative neurons (p = 3.7 X 10~'7) (Fig. 3C-
E), indicating that endogenous NF-«B positively regulates AMPA
receptor responses. The observed enhancement of synaptic function
is consistent with our data that NF-«kB positively regulates spine head
volume (Fig. 2K).

Endogenous NF-«B regulates spine formation and mEPSC amplitude during synaptogenesis in vivo. A, Representa-

€ 70 8 9 DIV 3,5, 7, 10, 16,and 20 (Fig. 4A). Spec-
ificity for NF-«B was demonstrated with a
reporter containing mutant kB sites
(mtkB), which did not undergo signifi-
cant change in activity during culture
maturation. Basal NF-kB-dependent re-
porter activity was lowest at DIV 20, and
reporter values for all other days were nor-
malized to the DIV 20 value (set as 1) for
comparison. During the period of rapid
new spine and synapse formation, DIV 7,
10, and 16, NF-kB activity was 8.2, 4.6,
and 4.9 times higher, respectively, than at
DIV 20 (n = 3 independent culture time courses each with three
wells per condition; p = 0.018, 0.006, and 0.047, respectively).
Interestingly, relative NF-kB activity was highest at DIV 5, before
the detection of visible dendritic spines in the period leading up
to rapid synaptic development. Immunoblot of whole-cell lysates
demonstrated no significant change in either p65 or IkBa protein
content during culture development (Fig. 4 B), indicating that the
developmental changes in NF-kB-dependent gene expression
likely result from increased posttranslational activation of the
transcription factor. As IkBa is a gene target of NF-«B, activated
NEF-kB regenerates steady-state levels of the IkB inhibitor over
time.

Excitatory neurotransmission is a major NF-kB-activating
stimulus in healthy brain; however, the elevated NF-«B levels at
DIV 3 and DIV 5 occur before robust excitatory synapse forma-
tion. Inhibiting excitatory glutamatergic transmission decreased
NEF-kB activation at DIV 16 but not at DIV 5 (Fig. 4C). These
results show that NF-«B activity is elevated during synaptogen-
esis (at DIV 16) by excitatory neurotransmission.

AFF ¢
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Figure4. Response toincreased synaptic demand in mature neurons requires NF-kB. A, NF-«B activation was monitored by luciferase assay at time points in culture maturation preceding (DIV

3,5), during (DIV 7, 10, 16), and at the conclusion of rapid spine and synapse formation (DIV 20). Comparison of activity from a reporter containing a wild-type NF-«B consensus binding sequence
(wtkB) or a mutant binding sequence (mt«B) demonstrates specificity for NF-«B. Relative activity was plotted by normalizing fold induction to DIV 20 levels, which were the lowest observed. B,
Equivalent total protein amounts from culture lysates at the indicated DIV were immunoblotted for p65, |kBc, and elF4E (loading control); quantitated p65 levels relative to DIV 5 from two
independent experiments (average = SEM) indicate minimal changes in p65 expression. C, The effects of blockade of NMDA and AMPA receptors with APV (100 pum) and CNQX (40 pum) on NF-«B
transcriptional activity at DIV 5 before rapid synapse formation and at DIV 16 (*p = 0.001) during rapid synapse formation. D, Loss of p65 after OHT addition does not decrease spine density in
CreER "-expressing DIV 20 cultured hippocampal pyramidal neurons from RelA ”* mice. Dendritic spine density in DIV 20 pyramidal neurons was increased in response to E2 (0.3 um; 4872 h) or
bicuculline (25 pm; 24 h) by 34.1 == 7.7 0r 25.5 == 3.6%, respectively, from untreated. Loss of p65 prevented neurons from increasing spine density in response to either E2 or bicuculline. Differences
in dendritic spine density in neurons exposed to E2 or bicuculline in the presence or absence of OHT were highly significant (E2, *p = 0.003; Bic, *p = 5.5 X 10 ~7). E, NF-«B-dependent gene
expression as determined by luciferase assay with wild-type (wtxB) or mutant (mt«B) NF-«B reporters in neurons stimulated with E2 or bicuculline for the indicated dose and duration; fold

induction is relative to unstimulated. F, Loss of p65 (OHT) eliminated the induction of NF-B activity by E2 in CreER ™-expressing hippocampal cultures from RelA ¥ mice. Data are means =+ SEM.

Increased synaptic demand reinstates the requirement

for NF-kB

Loss of NF-«kB function during the period of rapid dendritic spine
and synapse development significantly attenuated basal dendritic
spine density (DIV 12-16) (Fig. 2E,F), whereas no effect was
observed in mature cultures when dendritic spine density had
mostly plateaued (Figs. 2F, 4D) (—OHT, n 102 dendrites;
OHT, n = 65). Under conditions of plasticity, such as during
learning, mature neurons can significantly increase the number
of dendritic spines and excitatory synapses from basal levels. To
test whether increasing the demand for new synapses might rein-
state a requirement for NF-kB in mature neurons, DIV 20 cul-
tures were exposed to low-dose bicuculline (25 uMm; 24 h; —OHT,
n = 163 dendrites; OHT, n = 129) or 173-estradiol (E2; 0.3 m;
48-72 h; —OHT, n = 33; OHT, n = 32). Short-term bicuculline
exposure (Papa and Segal, 1996) and E2 (Murphy and Segal,
1996; Liu et al., 2008) have both been previously characterized to
enhance dendritic spine and synapse numbers in hippocampal
neurons. Increased demand for new synapses by exposure to ei-
ther E2 or bicuculline resulted in robust increases in dendritic
spine density in DIV 20 pyramidal neurons (Fig. 4 D; supple-
mental Fig. S3, available at www.jneurosci.org as supplemen-
tal material), similar in magnitude to spine density increases
observed during experience-dependent plasticity in adult
mammals (Holtmaat and Svoboda, 2009). Increases in spine
density caused by E2 and bicuculline were both entirely absent
in p65-deficient neurons (Fig. 4 D; supplemental Fig. S3, avail-
able at www.jneurosci.org as supplemental material). These
results indicate that the observed structural plasticity of den-

dritic spines in response to both E2 and bicuculline requires
NF-«B.

Under unstimulated conditions, the lack of effect of p65 loss
on dendritic spine density at DIV 19-21 correlated with the re-
duced basal NF-kB-dependent transcriptional activity in mature
cultures relative to cultures during the active period of spinogen-
esis (Figs. 2E, F,4 A). To investigate the possibility that the NF-kB
requirement for stimulated increases in dendritic spine density in
mature cultures might reflect E2 and bicuculline-induced NF-«B
activation, time and dose-dependent NF-kB reporter assays were
conducted. Long-term E2 exposure (36 h) at both high and low
doses (0.3, 1.7 uM) robustly activated NF-«B-dependent gene
expression, whereas short-term E2 exposure at either dose was
relatively ineffective (Fig. 4E). Interestingly, E2-mediated in-
creases in spine density are also apparent only after several days of
E2 treatment (Murphy and Segal, 1996) (4872 h) (Fig. 4 D; sup-
plemental Fig. S3, available at www.jneurosci.org as supplemen-
tal material). Failure of E2 to activate the mtkB-reporter after
either long- or short-term treatment demonstrates specificity for
NF-kB (Fig. 4E); given the required E2 treatment duration, the
activation pathway is likely indirect. In agreement with previ-
ously published findings, bicuculline robustly activated NF-kB
after short-term exposure (Meffert et al., 2003) (Figs. 2B, 4E).
Long-term treatment with low-dose bicuculline (25 um) gener-
ated weaker, but significant, activation of NF-kB-dependent
transcription (Fig. 4 E); long-term treatment with high-dose bicu-
culline (50 uM) was toxic in preliminary experiments. Importantly,
induction of NF-kB activity by either E2 or bicuculline depended on
the presence of the p65 NF-«B subunit (Figs. 2B, 4F).
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NF-kB effects on spine density require transcription

Loss of p65 in mature neurons when NF-«B activation was low
(DIV 19-21) did not alter basal dendritic spine and synapse
number, in contrast to the effects of p65 deficiency at earlier time
points when NF-«B transcriptional activity was higher. This sug-
gests that NF-«kB-dependent gene expression could regulate den-
dritic spines and synapses; however, in addition to controlling
transcription in the nucleus, NF-«B transcription factors are also
present at synapses and could potentially function by local pro-
tein—protein interactions (Kaltschmidt et al., 1993; Suzuki et al.,
1997; Meffert et al., 2003). A nontranscriptional mechanism of
action has been suggested for Drosophila NF-«kB at the neuromus-
cular junction (Heckscher etal., 2007). To test whether NF-«kB might
regulate dendritic spine density alternatively through either tran-
scription or through local protein—protein interactions, two tran-
scriptionally inactive mutants of p65 were designed. C-terminal
truncation deleted the two transactivation domains of p65 to make
GFPp65ATAD:; loss of the transactivation domains has been previ-
ously characterized to eliminate transcriptional activity (Schmitz
and Baeuerle, 1991; Schmitz etal., 1995). The crystal structures of the
p65:p50 and p65:p65 dimers bound to DNA (F. E. Chen et al., 1998;
Y. Q. Chen etal., 1998) were used to design a DNA-binding domain
mutant in which two DNA-contacting N-terminal residues of p65
were changed to alanines (GFPp65R33,35A). As anticipated, expres-
sion of GFPp65, but not GFPp65ATAD or GFPp65R33,35A, in HEK
293T cells resulted in a dose-dependent NF-«B activation (Fig. 5A).
At the highest tested doses, none of the p65 constructs activated a
reporter with mutant consensus NF-«B binding sites (mxB-lucif)
(Fig. 5A).

Live confocal imaging and quantitation revealed that tagged
p65 (GFPp65, n = 206 spines; GFP, n = 158; p = 8.8 X 10~ %)
(mCherryp65, n = 101 spines; mCherry, n = 137; p = 1.1 X
10 ?%) is not only present but is significantly enriched in the
dendritic spines of hippocampal pyramidal neurons (Fig. 5B,C)
(see Materials and Methods). GFPp65 was enriched in spines
relative to dendritic shafts by 42 = 2.2% compared with
nontagged GFP. p65 tagged with an alternative fluorophore,
mCherry (mCherryp65), was similarly, but slightly less, enriched
in dendritic spines relative to nontagged mCherry (Fig. 5B,C).
To test that mutations with loss of transcriptional activity did not
inadvertently affect spine localization, the percentage enrich-
ment in dendritic spines of the p65 mutants was quantitated and
found not significantly different from GFPp65 (Fig. 5B,C)
(GFPp65R33,35A: 43.9 £ 7.5%, n = 88 spines, p = 0.811; and
GFPp65ATAD: 40.8 + 4.9%, n = 147, p = 0.813). Transfections
were titrated to express equivalent amounts of each p65 variant.
These findings indicated that the two structurally distinct tran-
scriptionally inactive mutants of p65 could be used to test
whether NF-«B might control dendritic spines through local ac-
tions or by transcriptional regulation.

Cultured hippocampal pyramidal neurons from RelA ™" mice
were made p65 deficient by transient transfection of Cre-IRES-
dsRed in combination with low levels of GFP, GFPp65,
GFPp65R33,35A, or GFPp65ATAD, and spine density at DIV 16
was compared with pyramidal neurons coexpressing mCherry
and GFP. Loss of endogenous p65 produced a deficiency in den-
dritic spine density that was rescued only by coexpression of tran-
scriptionally active p65 (Fig. 5D) (mCherry alone: 4.5 * 0.28
spines/10 wm, n = 27 dendrites; Cre: 3.0 = 0.20, n = 22; GFPp65
plus Cre: 4.6 = 0.24, n = 26; GFPp65ATAD 2.9 = 0.14, n = 14;
GFPp65R33, 35A 3.2 £ 0.25, n = 23). Spine densities in cells
expressing Cre with either GFPp65R33,35A or GFPp65ATAD
were not significantly different from the densities in cells express-
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Figure 5.  Requirement for NF-kB-dependent gene expression. A, Fold induction in an
NF-kB luciferase reporter assay of 293T cells transfected with the indicated amount (in nano-
grams) of GFP-tagged wild-type p65 or transcriptionally inactive mutants (p65ATAD,
p65R33,35A). A reporter containing a mutant NF-B binding sequence (m«B-lucif) is not acti-
vated by transfection with 50 ng of p65, p65ATAD, or p65R33,35A. B, Representative confocal
projections of dendrites from pyramidal neurons coexpressing mCherry and the indicated GFP or
GFP-tagged p65 construct; red and green channels are overlaid to permit visualization of spine
enrichment. Scale bar, 10 um. C, Regions of interest in dendritic spines and shafts were quan-
titated to calculate normalized dendritic spine enrichment values and percentage enrichment
relative to GFP (see Materials and Methods); wild-type p65 and mutant constructs did not
significantly differ in spine enrichment. D, Expression of Cre (Cre-IRES-dsRed) in DIV 16 hip-
pocampal pyramidal neurons resulted in a decrease in dendritic spine density that could be
rescued by coexpression of GFPp65 but not by the transcriptionally inactive mutants of p65,
GFPp65ATAD, or GFPp65R33,35A. Dendritic spine density in rescued neurons expressing
GFPp65 plus Cre did not significantly differ from control neurons expressing mCherry alone (see
text). Data are means = SEM.

ing Cre alone. Low levels of expression and the use of high-
density cultures prevented GFPp65 from substantially increasing
spine density above controls. These results indicate that tran-
scriptional activity is required for the function of p65 in regulat-
ing spine density.

PSD-95 is a critical transcriptional target of NF-«B

To begin to identify critical NF-«B targets in excitatory synapto-
genesis, we considered the regulation of genes previously known
to be important in this process. The gene for PSD-95 was initially
identified as a potential NF-«B target in unpublished results of a
microarray-based screen using nfkbl ' rela '~ doubly defi-
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Figure 6.  NF-kB-dependent increase in spine density involves the novel gene target, PSD-

95. A, p65-deficient neurons have significantly decreased levels of PSD-95 at DIV 16 (p =
0.005), but not at DIV 21 ( p = 0.09). Representative immunoblot (left) and quantitated data
normalized to GAPDH (right). B, Basal expression of PSD-95 mRNA is decreased in DIV 14 p65
deficient neuronal cultures (p65 ') compared with p65 wild-type cultures (p65 */*) (p =
0.001). C, At DIV 21, p65 ~’~ cultures no longer have significantly lower basal PSD-95 mRNA
levels, but fail to increase PSD-95 expression in response to bicuculline (Bic)-induced activation
of NF-kB (p = 0.001). D, PSD-95 is required for the rescue of decreased spine density in
p65-deficient neurons by p65 expression. DIV 16 pyramidal neurons from RelA /¥ mice express-
ing Cre recombinase show a significant loss of spine density that is rescued by p65 expression in
the presence of control mutant siRNA, but not in the presence of siRNA for PSD-95 (Cre/p65/
mut.siPSD95, n = 8, p = 0.037; Cre/p65/siPSD95, n = 13). Data are means == SEM. See also
supplemental Figure S4 (available at www.jneurosci.org as supplemental material).

cient murine embryonic fibroblast cell lines (Hoffmann et al.,
2003). Analysis of the 5 upstream region of mouse DIg4 (encod-
ing PSD-95) (see Materials and Methods) reveals multiple poten-
tial kB sites, including two conserved tandem consensus kB-sites
at 213 and 350 bp (just outside the predicted transcriptional start
site) upstream of the ATG, respectively. The effect of p65 defi-
ciency on PSD-95 protein levels was evaluated in lysates of cul-
tured RelA™F mouse hippocampal neurons during (DIV 16) and
after (DIV 21) the most active period of synaptogenesis (Fig. 6 A).
Loss of p65 significantly decreased PSD-95 protein levels at DIV
16 (n = 3 independent cultures with two wells per condition; p =
0.005) when basal NF-kB is active, and insignificantly decreased
PSD-95 protein in mature neurons (DIV 21) when basal NF-«B
activity is low. The effects of p65 deficiency on levels of PSD-95
mRNA was assessed using ribonuclease protection assays. Con-
sistent with results for PSD-95 protein, mRNA levels for PSD-95
were significantly decreased by p65 deficiency during periods of
elevated basal NF-kB activity (DIV 14) (Fig. 6 B), but not in ma-
ture neurons when basal NF-«B activity is relatively low (DIV 21)
(Fig. 6C). Enhancing excitatory synaptic activity (bicuculline, 50
uM) in mature neurons activates NF-kB and p65-dependent
transcription of PSD-95 mRNA (DIV 21) (Fig. 6C).

PSD-95 promotes dendritic spine and excitatory postsynaptic
formation and can modulate and recruit presynaptic compo-
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nents (El-Husseini et al., 2000; Futai et al., 2007). The coordina-
tion of both presynaptic and postsynaptic development by
NEF-kB of PSD-95 (Fig. 1), as well as the pattern of NF-«B-
dependent expression (Fig. 6 A—C), are consistent with PSD-95 as
an endogenous gene target for the regulation of spine and excit-
atory synapse formation by p65. To test a requirement for
PSD-95 in mediating the effects of NF-«B, experiments to rescue
loss of p65 were performed in the presence or absence of PSD-95
knockdown. Cre recombinase was cotransfected in DIV 14 neu-
rons with siRNA oligos for PSD-95 (Elias et al., 2006) or control
mutant RNA oligos in the presence or absence of cotransfected
p65 and neurons were analyzed at DIV 16. siRNA against PSD-95
successfully knocked down cotransfected GFP-PSD-95 (supple-
mental Fig. S4, available at www.jneurosci.org as supplemental
material). Loss of endogenous p65 by Cre transfection reduced
spine density (Fig. 6 D) comparably with levels observed in the
rescue experiments of Figure 5D. In the presence of the mutant
RNA oligos, expression of p65 produced a robust rescue of dendritic
spine density. In contrast, expression of p65 was unable to rescue
dendritic spine density when elevations of endogenous PSD-95 were
prevented by siRNA targeting PSD-95 (Fig. 6 D). PSD-95 knock-
down did not further reduce dendritic spine number below that seen
with loss of p65 alone (Fig. 6 D) (Cre plus mut.siPSD95 compared
with Cre plus siPSD-95). These results indicate that PSD-95 is regu-
lated by NF-«B in a developmental and activity-dependent manner
and that PSD-95 is required for the transcriptionally mediated en-
hancement of dendritic spine density by NF-«B.

Discussion

Despite the characterization of many molecules involved in the
development, function, and plasticity of excitatory synapses, a
striking deficit remains in knowledge of the endogenous mecha-
nisms controlling the coordinated expression of these molecules.
Few transcription factors have been implicated in dendritic spine
and excitatory synapse formation and the relationship between
pathways regulating initial synapse development and adult syn-
aptic plasticity is also unclear. This study demonstrates that a
subunit of the NF-kB transcription factor, p65, regulates den-
dritic spine morphology and spine and excitatory synapse density
both during developmental synaptogenesis and during increased
demand for new synapses in mature neurons.

NF-kB activity is highly regulated during development with
activity peaking before and during rapid synaptogenesis and
dropping to low levels in mature neurons. Developmental
changes in NF-«B activity do not appear to result from changes in
the expression of NF-«B components, and are instead attributed
to the posttranslational activation pathway characteristic of
this transcription factor. During developmental synaptogen-
esis, NF-«kB activation can be blocked by the acute inhibition
of glutamate receptors, indicating a dependence on excitatory
neurotransmission.

In mature neurons, basal NF-«B activity is low and loss of p65
no longer attenuates basal spine density. Instead, stimuli such as
estrogen and short-term bicuculline that induce demand for new
synapses, both activate NF-kB and require NF-«B to upregulate
spine density in mature neurons. Collectively, these data reveal
that NF-«B may fulfill a unique function in the regulation of
excitatory synapse number and function. Other transcription
factors, such as Cuxl and Cux2, have been reported to regulate
the basal density of spine and excitatory synapses in the mature
nervous system (Cubelos et al., 2010). In contrast, NF-«B does
not appear to affect the maintenance of basal spine density in
mature neurons and is instead specifically required for stimulus-



Boersma et al. ® NF-xB Regulates Dendritic Spines and Synapses

induced upregulation of dendritic spine density during this pe-
riod. This role is consistent with the requirement for NF-«B in
behavioral learning paradigms and in vitro assays of plasticity, as
well as the absence of reported brain structural defects in mice
lacking subunits of the NF-«B transcription factor.

Structural plasticity of dendritic spines and synapses is in-
creasingly appreciated as a candidate for an enduring memory
trace or engram (Hiibener and Bonhoeffer, 2010). The magni-
tude of changes in spine density induced by p65 deficiency, near
30% loss both in vitro and in vivo, closely approximates structural
plasticity associated with both learning and regulation by estro-
gen. Neurons from control animals have been reported to have
between 10 and 40% fewer spines than neurons from animals
undergoing learning paradigms or estrogen exposure (Gould et
al., 1990; Moser et al., 1994; Restivo et al., 2009). Structural plas-
ticity also encompasses changes in dendritic spine morphology,
in which spine head size is highly responsive to activity. In p65-
deficient neurons, we observe a reduction in spine head volume
as well as reduced mEPSC amplitudes carried by AMPA recep-
tors. These findings are consistent with previous reports that
larger spine heads and larger synapses correlate with increased
numbers of AMPA receptors and increased AMPA receptor-
mediated currents (Nusser et al., 1998; Matsuzaki et al., 2001).
NF-kB specifically regulates the density of excitatory, but not
inhibitory, synapses and influences spine head volume and, to a
lesser extent, spine length (Figs. 1, 2).

Remarkably, the p65 subunit of NF-«B is enriched in the den-
dritic spines whose structural plasticity it regulates. Our data
clearly demonstrate, however, that p65-mediated regulation of
spine density absolutely depends on the ability of p65 to bind
DNA and activate transcription of target genes rather than being
mediated by local protein—protein interactions. Point mutation
of the DNA-binding domain of p65 as well as deletion of the
transactivation domain both eliminate NF-«B transcriptional ac-
tivity and regulation of dendritic spines, while leaving spine en-
richment unaffected. The importance of spine enrichment for
initial NF-«kB activation or other cellular functions is not pre-
cluded by these data. In fact, other studies indicate that NF-kB
can be activated locally at the synapse and that retrograde motor
transport can mediate NF-kB-dependent gene expression in re-
sponse to synaptic stimulation (Wellmann et al., 2001; Meffert et
al., 2003; Mikenberg et al., 2007; Shrum et al., 2009). The p65
subunit thus appears to be both localized in spines and able to
provide feedback to control spine density and morphology and
the recruitment of presynaptic elements in a cell-autonomous
manner.

Other subunits of mammalian NF-«B, including p50 and
c-Rel, have also been implicated in synaptic plasticity and may
have additional uncharacterized mechanisms in the regulation of
synapse structure and function. A role for the Drosophila ho-
mologs of NF-kB and I«B, Dorsal and Cactus, in regulating post-
synaptic glutamate receptor clustering at the neuromuscular
junction has been reported (Heckscher et al., 2007). Another
component of the NF-«B pathway, the IkB-kinase (IKK), was
recently reported to alter spine number in medium spiny neurons
of the nucleus accumbens in a cocaine reward model (Russo et al.,
2009). IKK can activate NF-«kB as well as perform NF-kB-
independent functions, including chromatin remodeling (Per-
kins, 2007). Although a requirement for IKK-induced chromatin
remodeling during plasticity has been demonstrated (Lubin and
Sweatt, 2007), downstream NF-«B activation by this kinase could
also regulate nucleus accumbens plasticity in response to cocaine.
Additional studies will be required to evaluate a generalized role
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of NF-«B in promoting dendritic spine and excitatory synapse
formation in brain regions outside of the hippocampus.

We identify PSD-95 as a transcriptional target that is critical
for NF-kB enhancement of dendritic spine density and is regu-
lated in a p65-dependent manner both during neuronal develop-
ment and in response to synaptic activity in mature neurons (Fig.
6). PSD-95 is a key component of the postsynaptic density with
an ability to organize both postsynaptic and presynaptic machin-
ery (El-Husseini et al., 2000; Futai et al., 2007; de Wit et al., 2009)
that might permit postsynaptic NF-kB activation to recruit excit-
atory presynaptic components as observed in our data (Fig. 1).
Through its many binding partners, PSD-95 also influences glu-
tamate receptor trafficking and synaptic strength (Fitzjohn et al.,
2006), making it a highly relevant target. PSD-95 is reported to
regulate spine and synapse density during periods of rapid syn-
aptogenesis (El-Husseini et al., 2000; Ehrlich et al., 2007), but not
after synaptogenesis has plateaued (Elias et al., 2006). These stud-
ies phenocopy NF-«B manipulations and further support a func-
tional link between NF-«kB and PSD-95. Nonetheless, it is likely
that complex functions, such as regulating synaptic networks,
will be achieved by the coordinated control of multiple gene tar-
gets. NF-«kB-dependent genes remain incompletely characterized
within the mammalian CNS, but several reported target genes
that could act in concert with PSD-95 are GluR1, BDNF, NGF,
nNOS (neuronal nitric oxide synthase), and several adhesion
molecules [e.g., NCAM (neural cell adhesion molecule), P-selectin,
and ephrin-Al] (Deregowski et al., 2002; Shrum and Meffert,
2008). The regulation of diffusible targets such as nitric oxide and
neurotrophins could be speculated to contribute to the capacity
of postsynaptic NF-«kB manipulations to influence presynaptic
elements.

Given the fundamental role of dendritic spines and associated
synapses in information acquisition and retention, understand-
ing the mechanisms responsible for their transcriptional regula-
tion could provide insights to control points during development
and learning and potential sources of synaptic pathology in dis-
orders such as Alzheimer’s and Parkinson’s disease in which
NF-kB activation is dysregulated (Mattson and Meffert, 2006).
The data presented here demonstrate a conserved pathway re-
quiring the p65 subunit of NF-«B to coordinately regulate excit-
atory synapse formation both during initial synaptogenesis and
in mature neurons in response to increased demand for new
synapses. This underscores the capacity of neurons to use the
same downstream pathway in the context of both developmental
and mature stimulus-dependent upregulation of excitatory syn-
apses. These findings also present a novel pathway regulating
PSD-95 expression to mediate structural plasticity of dendritic
spines and highlight transcription factor-specific roles in excit-
atory synapse regulation. NF-kB-dependent regulation of the
density, size, and function of dendritic spines and excitatory syn-
apses provides a potential cellular mechanism to underlie the
importance of this transcription factor in learning and memory.
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