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Differential Contributions of Microglial and
Neuronal IKKB to Synaptic Plasticity and
Associative Learning in Alert Behaving Mice

Vasiliki Kyrargyri," German Vega-Flores,” Agnés Gruart,? José M. Delgado-Garcfa,?
and Lesley Probert’

Microglia are CNS resident immune cells and a rich source of neuroactive mediators, but their contribution to physiological
brain processes such as synaptic plasticity, learning, and memory is not fully understood. In this study, we used mice with par-
tial depletion of IkB kinase B, the main activating kinase in the inducible NF-kB pathway, selectively in myeloid lineage cells
(mIKKBKO) or excitatory neurons (nIKKBKO) to measure synaptic strength at hippocampal Schaffer collaterals during long-
term potentiation (LTP) and instrumental conditioning in alert behaving individuals. Resting microglial cells in mIKKBKO mice
showed less Ibal-immunoreactivity, and brain IL-18 mRNA levels were selectively reduced compared with controls. Measure-
ment of field excitatory postsynaptic potentials (fEPSPs) evoked by stimulation of the CA3-CA1 synapse in mIKKBKO mice
showed higher facilitation in response to paired pulses and enhanced LTP following high frequency stimulation. In contrast,
nIKKBKO mice showed normal basic synaptic transmission and LTP induction but impairments in late LTP. To understand the
consequences of such impairments in synaptic plasticity for learning and memory, we measured CA1 fEPSPs in behaving mice
during instrumental conditioning. IKKB was not necessary in either microglia or neurons for mice to learn lever-pressing (appe-
titive behavior) to obtain food (consummatory behavior) but was required in both for modification of their hippocampus-
dependent appetitive, not consummatory behavior. Our results show that microglia, through IKKB and therefore NF-«xB activ-
ity, regulate hippocampal synaptic plasticity and that both microglia and neurons, through IKKB, are necessary for animals to
modify hippocampus-driven behavior during associative learning.
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Introduction
Microglia are resident CNS macrophages that mediate

immune responses following infection and injury (Ran-
sohoff and Brown, 2012; Kettenmann et al., 2011; Neumann
et al., 2009). Microglia are also important for synaptic prun-
ing and the maturation of neuronal circuitry during develop-
ment (Schafer et al.,, 2012; Paolicelli et al., 2011) and
increasing evidence indicates that they perform important
roles in the adult brain under nonpathological conditions.
Intravital time-lapse two-photon imaging in cell-specific fluo-
rescence reporter mice showed that microglial processes are
highly motile (Nimmerjahn et al., 2005; Davalos et al,

2005), making frequent contacts with neuronal synapses in
the visual cortex in an activity-dependent way (Wake et al.,
2009; Tremblay et al., 2010). Microglia act to reduce neuro-
nal activity in zebrafish optic tectum (Li et al., 2012) and
mouse hippocampal neurons (Ji et al., 2013). Several lines of
evidence indicate that microglia play a functional role in syn-
aptic plasticity and cognition, mainly from studies of micro-
glial cytokines IL-1B (Schneider et al, 1998) and TNF
(Stellwagen and Malenka, 2006), and of brain slices from
mice deficient in microglial receptors or their ligands which
show impairment of LTP and cognitive function (Rogers
et al.,, 2011; Costello et al., 2011; Roumier et al., 2004).
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However, since gene expression in cell types other than
microglia may be altered in conventional gene knockout mice
and the preparation of brain slices can inherently activate
microglia, direct evidence for a role of microglia in synaptic
plasticity and cognitive function has remained elusive.

NF-kB is a ubiquitous, dynamically regulated transcrip-
tion factor expressed by CNS neurons and all glial cell types.
It induces the expression of growth factors, cytokines, and
anti-apoptotic molecules and thereby promotes immune func-
tions of glia and cell survival in neurons (Kaltschmidt and
Kaltschmidt, 2009). NF-kB is constitutively active in neurons
and was originally thought to play a cell-autonomous role in
the modulation of synaptic function (Mattson and Caman-
dola, 2001; Meffert et al., 2003). Spatial memory and late
LTP were reduced in mice with an inducible deficiency of
NF-kB activity in glutamatergic neurons (Fridmacher et al.,
2003; Kaltschmide et al, 2006), and correspondingly
increased in mice with a similar deficiency mainly in
GABAergic neurons (O’Mahony et al., 2006). NF-xB is
inducibly expressed by CNS glia, and astrocyte-specific NF-
KB activity was shown to contribute to spatial learning and
fear memory (Bracchi-Ricard et al., 2008). However, the role
of microglial NF-kB in the brain under nonpathological con-
ditions has not been investigated.

In this study, we directly compared microglial and neuro-
nal NF-xB function in the hippocampus of alert behaving mice
by recording synaptic strength at hippocampal CA3-CAl syn-
apses during TP and instrumental conditioning in mice with
cell-specific depletion of the inhibitor of kB kinase f (IKK(),
the main NF-kB-activating kinase in the inducible pathway
(Vallabhapurapu and Karin, 2009), in cells of myeloid lineage
or excitatory neurons. We show that microglial and neuronal
IKKR are differendally required in the regulation of hippocam-
pal neuronal activity but both independently contribute to asso-
ciative learning of hippocampus-dependent appetitive behavior.

Materials and Methods

Mice

Mice containing a conditional IKK allele in which exon 3 of the
Tkbkb gene, encoding the IKK activation loop, is flanked by loxP
sites (IKKBF/F) have been described previously (Park et al., 2002; Li
et al., 2003). Mice with a selective depletion of IKKB in CNS neu-
rons (nIKKBKO) were generated by crossing IKKBF/F mice with
transgenic mice that express a neuronal CamKII promoter-driven
Cre recombinase (CamKII-Cre) (Minichiello et al., 1999) and have
been characterized previously (Emmanouil et al., 2009). Mice with a
selective depletion of IKKB in cells of myeloid origin (mIKKBKO)
were generated by crossing IKKBF/F mice with transgenic mice that
express a CD11b promoter-driven Cre recombinase (CD11b-Cre;
Fig. 1). Controls referred to throughout this manuscript are IKKB"/
mice. All mice were backcrossed onto the C57BL/6 genetic back-
ground for at least seven generations. Mice were generated and bred

under specific pathogen-free conditions in the experimental unit of
the Hellenic Pasteur Institute and male mice were transferred to the
Pablo de Olavide University Animal House 2 weeks before the
beginning of the experiments. Animals were kept on a 12 h light/
dark cycle with constant ambient temperature (21 * 1.5°C) and
humidity (55 = 10%). Food and water were available ad /libitum.
Experiments were performed in adult (3-5 months old; 25-30 g)
male mice under specific housing conditions (no females in the same
building, sound- and vibration-proof). All electrophysiological and
behavioral studies were performed in accordance with European
Union (2010/63/EU) guidelines and Spanish (BOE 34/11370-421,
2013) regulations for the use of laboratory animals in chronic experi-
ments. The experimental protocols were also approved by the local
ethics committee of the Pablo de Olavide University (Seville, Spain).

Isolation of Primary Microglial Cells, Astrocytes,
and Peritoneal Macrophages

Primary mixed astrocytes/microglia cultures were prepared following
procedures described elsewhere (Lee et al., 2000). Briefly, the cultures
were prepared from individual postnatal day 1-3 mIKKRKO and
control mice, which were concurrently genotyped by tail biopsy. After
removing meninges from the cerebral hemispheres, tissue (cortex and
hippocampus) was dissociated into a single-cell suspension by gentle
trituration. Cells were cultured in glial culture media (high glucose
DMEM supplemented with 10% FBS, 10% HS, 2 mM L-glutamine
and 1 mM PenStrep) in 25 cm” flasks (poly-L-lysine coated) at 37°C
in a 5% CO, incubator. The medium was supplemented with GM-
CSF (5 ng/mL, Cat # G0282, Sigma-Aldrich) for enhancing micro-
glial growth and was changed every 3 days. At DIV (days in vitro)
14, floating microglia were collected from the mixed cultures by
shaking the flasks at 200 rpm at 37°C for 4-5 h. The supernatants
with the floating microglia were collected, centrifuged at 900 rpm for
5 min and seeded in 12-well plates (5 X 10° cells/well), and used for
protein isolation 2—-3 days later. Microglial cell lysates were collected
from untreated cells or cells treated with LPS (10 pg/mL) for 30 min
at 37°C. The remaining astrocytes were supplemented with fresh glial
culture medium and were used as controls. The presence of micro-
glial cells in the remaining astrocyte cultures was estimated to be
27% while microglia enrichment in microglial cell cultures was esti-
mated to be >95%, as determined by FACS analysis using an anti-
body to the myeloid cell lineage marker CD11b (see Supp. Info.
Material and Methods and Fig. 1). Peritoneal macrophages were har-
vested by peritoneal lavage from adult mIKKBKO and control mice
that had received 1 mL of 4% thioglycollate medium (Difco, Cat #
225650, Becton Dickinson) i.p. 3 days previously. Cells were washed
once in RPMI containing 10% FBS and allowed to adhere to 6-well
plates by incubation for 45 min at 37°C in a 5% CO, incubator.

Western Blot Analysis

Twenty-five micrograms of total protein extracts from microglia,
astrocytes, peritoneal macrophages, and brain tissues (whole brain,
cerebellum, cortex, and hippocampus) were resolved on NuPAGE
Novex Bis-Tris Gels (Invitrogen, Cat # NP0321) and transferred
onto nitrocellulose membranes (Schleicher and Schuell). Blots were

probed with antibodies to IKKP (1:1000, L1570, Cell Signaling
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FIGURE 1: mIKKBKO mice show selective depletion of IKKp and NF-kB signaling in cells of myeloid origin. (A) Schematic representation of
IKKp-mediated NF-kB activation. (B) Schematic representation of the targeting strategy followed for the generation of mIKKBKO mice
which carry a CD11bCre transgene and two mutant IKKp alleles in which exon 3 is flanked by loxP sites (IKKB™F). Control mice carry loxP-
flanked IKKp alleles only (IKKB™F). (C) Photomicrographs illustrating the hippocampal formation (Nissl staining) in control and mIKKBKO
mice. Scale bar, 250 pm. (D) Representative Western blot showing IKKB production by peritoneal macrophages (n=5 mice per group),
microglia (n = 4 mice per group), and astrocytes (n = 4 mice per group) isolated from mIKKBKO and control mice. Actin is shown as a loading
control. (E) Quantitative analysis of the immunoblots shown in D (*P = 0.045, Mann-Whitney test). Abbreviations: Per. M, peritoneal mac-
rophages; Mg, microglia; Astros, astrocytes. (F) Representative Western blot showing phospho 1kB-a production by microglial cells isolated
from mIKKBKO and control mice, with (+) and without (—) stimulation with LPS (10 pg/mL) for 30 min. Actin is shown as a loading control.
(G) Quantitative analysis of the immunoblots shown in F (n = 3 microglial cultures per group, **P = 0.005, t test). (H) Representative Western
blot showing IKKB production in protein lysates from different brain regions, of nIKKBKO and control mice. Actin is shown as a loading con-
trol. (I) Quantitative analysis of the immunoblots shown in H (n =3 mice per group) (*P = 0.045, ***P =0.001, t test). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

Technology, Cat # 2678, RRID: AB_2122301), phospho-IkB-a
(1:500, Cell Signaling Technology, Cat # 9241), IL-18 (1:200, Santa
Cruz biotechnology, Cat # sc-7884), and EAAT2 (see Supp. Info.
Fig. 4) (1:200, Santa Cruz biotechnology, Cat # sc-15317) followed
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by horseradish peroxidase-conjugated anti-rabbit IgG (1:2000, Cat #
111-035-003, Jackson Immunoresearch Laboratories, RRID:
AB_2313567). Antibody binding was detected using the ECL Prime
detection system (Amersham Pharmacia, Cat # RPN2232). To
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normalize for protein content, membranes were stripped and
reprobed with anti-actin antibody (1:5000, Millipore, Cat #
MABI1501, RRID: AB_2223041). Quantification of the protein

expression levels was done using the Image-J software.

RNA Isolation and Quantitative RT-PCR

Total RNA was extracted from brain and spinal cord tissues using TRI-
zol (Invitrogen, Paisley, UK) according to the manufacturer’s instruc-
tions. DNAse-treated RNA samples were analyzed by quantitative RT-
PCR using QuantiFastTM SYBR® green RT-PCR kit (Qiagen Inc.)
according to the manufacturer’s instructions. All reactions were per-
formed using a LightCycler (Roche, Mannheim, Germany). At the end
of each PCR run, melting curve analysis was also performed to verify
the integrity and homogeneity of PCR products. Gene expression levels
were calculated using standard curves for each gene, which were created
by plotting threshold cycle (CT) values versus the logarithm of serial-
diluted RNA concentrations. A least squares method was used for the
determination of A and B values in the equation CT =A*Log
(Crna) + B. The coefficient of determination (R%) was greater than
0.99. Values were normalized using the respective values for the chosen
housekeeping genes, Gapdh and Acth. Only values normalized against
Gapd)h are shown in this manuscript, however normalizations against
Actbh showed similar results (Supp. Info. Fig. 2). All results were analyzed
using the LightCycler software version 3.5 (Roche, Mannheim,
Germany, RRID: rid_000088). QuantiTect Primer Assays were used for
1[6 Mm_Il6_1_SG), /16 Mm_Il1b_2_SG), Tnf (Mm_Tnf 1_SG),
NosI (Mm_Nosl_2_SG), Nos2 (Mm_LOC673161_1_SG), Acth
(Mm_Actb_2_SG), and Gapdh (Mm_Gapdh_3_SG) (Qiagen).

Electrode Implantation

Animals were anaesthetized with 0.8%-1.5% isoflurane and implanted
with bipolar stimulating electrodes in the right Schaffer collateral/com-
missural pathway of the hippocampus, a recording electrode in the ipsi-
lateral CA1 pyramidal layer and a ground wire affixed to the bone of the
skull, as previously described (Gruart et al., 2012; Jurado-Parras et al.,
2013) (Fig. 3A, B). The final location of the recording electrode was
confirmed by the presence of reliable monosynaptic fEPSPs evoked by
paired pulses (40 ms interpulse interval) presented to Schaffer collaterals.
After surgery, animals were returned to their home cages to recover at
least 7 days before the beginning of the electrophysiology recordings.

In Vivo Electrophysiology Recordings

Animals were prepared according to procedures described elsewhere
(Gruart et al., 2012). Animals were placed in separate, small (5 X
5 X 10 cm) plastic chambers located inside a larger Faraday box
(30 X 30 X 20 cm). fEPSPs were recorded with the help of Grass
P511 differential amplifiers (Grass Instruments, Warwich, RI,
USA) through high-impedance probes (2 X 102 Q, 10 pE).
Recording sessions were performed with six animals at a time. All
the in vivo recordings were made in awake, non-anaesthetized

animals.

Input/Output (I/0) Curves. To investigate basal synaptic trans-
mission properties we measured input/output responses by stimulat-
ing the Schaffer collaterals with paired pulses (40 ms of interstimulus

intervals) at increasing intensities (0.02-0.4 mA, in steps of 0.02 mA,
~10 paired pulses each intensity) (Figs. 3C and 4A).

Paired Pulse Facilitation. To evaluate synaptic function we
induced paired pulse facilitation (PPF), a form of short-term plastic-
ity that measures the probability of neurotransmitter release from the
presynaptic terminal. We checked the effects of paired pulses at dif-
ferent (10, 20, 40, 100, 200 and 500 ms) interstimulus intervals
using intensities corresponding to 30% - 40% of the amount
required to evoke a saturating response (Figs. 3D and 4B). In all
cases, the pair of pulses of a given intensity was repeated at least five
times with time intervals >30 s, to avoid as much as possible inter-
ference with slower short-term potentation (augmentation) or
depression processes (Zucker and Regehr, 2002).

Long Term Potentiation. To further investigate synaptic func-
tion we induced LTP, a form of long-term plasticity that is thought
to underlie the processes of learning and memory. To evoke LTP in
behaving mice, we followed procedures described elsewhere (Gruart
et al., 2012). fEPSP baseline values were collected 15 min before
LTP induction using paired (40 ms interstimulus intervals) 100 ps,
square, and biphasic pulses (Figs. 3E and 4C). Pulse intensity was
set at 35% of the amount necessary to evoke maximum fEPSP
response (0.15-0.25 mA), which is below the threshold for evoking
a large population spike. An additional criterion for selecting stimu-
lus intensity was that the second stimulus should evoke a larger
(>20%) fEPSP than the first. For LTP induction, animals were pre-
sented with an HFS session consisting of five 200 Hz, 100 ms
trains of pulses at a rate of 1 min. Thus, a total of 600 pulses were
presented during an HEFS session. To avoid evoking population
spikes and/or the appearance of local seizures, the stimulus intensity
during HFES was set at the same as that used for generating baseline
recordings. Animals that presented discharges or motor seizures after
the HFES protocol (as checked by online electroencephalographic
(EEG) recordings and visual observation of the stimulated animal)
were excluded from the study. The HFS session was repeated for
the first 2 consecutive days. After the HFS sessions, the same
paired-pulse stimuli (40 ms interstimulus interval) were presented
every 20 s for 60 min and for 30 min the 4 following days. For the
analysis of the data, we measured both the amplitude and the slope
of the first fEPSP recorded throughout the different sessions. Only
fEPSP amplitudes are shown in this manuscript, however analysis of

the slopes showed similar results.

Behavioral Analysis

Rotarod. Age-matched mice (7 =14 per group) were tested for
overall balance, motor coordination and motor learning using a
rotarod apparatus (UgoBasile, Comerio, Italy) following procedures
described elsewhere (Madronal et al., 2010). Mice were placed on
the rod and tested at an accelerating speed of 2-20 rpm over a
maximum of 300 s on each of 4 consecutive days. Each mouse per-
formed two trials per day with a time interval of 1 h between them.
During that period and between the experimental days mice were
allowed to recover in their home cages. Mice were tested for the time
spent on the rod, which was recorded automatically by a trip switch
located at the floor of each rotating drum, and considered as the latency
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time to fall. The results obtained from the two trials on each day were
averaged to obtain a single value for each group and session and this
value is referred as mean latency time to fall.

Open Field Task. The open field test was used to test general
exploratory activity (total distance traveled) and levels of anxiety
(time spent in center vs. periphery). Animals (z=14 per group)
were monitored in an automated 40 cm square open arena with
30 cm walls (ACTIFOT 809, Cibertec, Madrid, Spain) for 15 min
according to procedures described elsewhere (Valles-Ortega et al.,
2011). Horizontal locomotor activity and center time exploration
were measured later by a monitor-recognition software (Smart Jun-
ior, Panlab, Barcelona, Spain, RRID: rid_000087). A square central

area accounting for 16% of the total area was defined as “center.”

Passive Avoidance Task. The passive avoidance test was used
to test contextual fear learning and memory. It was carried out in a
passive avoidance device for mice (UgoBasile, Comerio, Italy) in
accordance to procedures described elsewhere (Potter et al., 2010).
Each mouse (2=13 controls, »=13 mIKKBKO, and »=14
nIKKBKO mice) was placed in the illuminated part of the device,
which was connected to the dark part of the same size that was fitted
with an electric grid floor. The two parts were separated by an auto-
matic door that was opened 10 s after the placement of each mouse
to the illuminated part. During the acquisition session, entrance of
the mouse into the dark part was punished by an electric foot shock
(0.6 mA, 3 s). After 1, 24, and 48 h, pretrained mice were placed
again in the illuminated part of the device and observed for up to
300 s. The time spent in the illuminated part after the training
period is considered as the latency time and mice that avoided the
dark part during the whole time of experiment were considered to
remember the task to the maximum level (300 s).

Instrumental Conditioning Task

Associative learning was tested using the instrumental conditioning par-
adigm, and consisted of two different protocols labeled as Instrumental
test I and Instrumental test II. Training took place in Skinner box
modules measuring 12.5 X 13.5 X 185 cm (MED Associates,
St. Albans, VT, USA), as we have described elsewhere (Jurado-Parras
et al., 2013; Madronal et al., 2010) (Fig. 6). Each Skinner box was
housed within a sound-attenuating chamber (90 X 50 X 60 cm)
exposed to a 45 dB white noise (Cibertec, Madrid, Spain). The Skin-
ner box was equipped with a food dispenser from which pellets
(MLabRodent Tablet, 20mg; Test Diet, St. Louis, MO, USA) were
delivered by pressing a lever. Before training, mice were handled daily
for 7 days and food deprived to 75%-85% of their free-feeding weight.

Instrumental Test |. Animals were first trained, in 20 min ses-
sions, to press the lever to receive pellets from the feeder using a
fixed-ratio (1:1) schedule (Fig. 6B, top). Animals were trained until
they reached a selected criterion of obtaining >20 pellets per session
for two successive sessions, as previously described (Hasan et al.,
2013). Once reaching the criterion, mice were trained in a more com-
plex task (light/dark paradigm). Here, only lever presses performed
during a light period (20 s) were reinforced with a pellet; lever presses
during the dark period (20 = 10 s) were not reinforced and restarted
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the dark period for an additional random time (1-10 s) (Fig. 6B, bot-
tom). For the light/dark paradigm, the Skinner box was fitted with a
small house light (3 W) mounted above the lever.

Instrumental Test Il. Mice with permanently implanted electro-
des in the Schaffer collateral pathway of the right hippocampus were
trained using the fixed-ratio (1:1) schedule only. In this case, the
Skinner box was fitted with a Perspex wall separating the lever from
the feeder. fEPSP recordings were carried as indicated above. Electri-
cal stimuli presented to Schaffer collaterals consisted of a single 100
us, square, and biphasic pulse. Stimulus intensities ranged from 0.02
to 0.2 mA. During the Instrumental test II, animals were presented
with simple pulses at Schaffer collaterals immediately before the
daily sessions (pre-session recordings), inside a plastic box located
temporarily inside the Skinner box (Fig. 7B), and when performing
the following behaviors during instrumental conditioning sessions:
“going-to-lever” (appetitive behavior) and “going-to-feeder” (con-
summatory behavior), according to the procedures described else-
where (Jurado-Parras et al., 2013). “Going-to-lever” and “going-to-
feeder” were determined with the help of photoelectric cells located
5 cm from the lever and the feeder (Fig. 7A, D). Electrical stimula-
tions left a marker in both the electrical recording and video-capture
systems. This marker was distinct between the appetitive and con-
summatory behaviors and fEPSPs evoked by stimuli not well
synchronized with one of the two experimental behaviors were
rejected before the quantitative analysis.

Conditioning ~ programs, lever presses, and delivered
reinforcements were monitored and recorded by a computer, using a
MED-PC program (MED Associates, RRID: rid_000089). All of
the instrumental conditioning sessions were recorded with a video-
capture system (Sony HDR-SR12E, Madrid, Spain) synchronized to
fEPSP recordings. Similar to I/O, PPE and LTP analysis procedure
described above, for the analysis of the instrumental box electrophys-
iology data, we measured both the amplitude and the slope of the
fEPSPs recorded throughout the different sessions. Only fEPSP
amplitudes are shown in this manuscript, however analysis of the
slopes showed similar results.

Histology

Mice were transcardially perfused, under deep anesthesia (4% chloral
hydrate solution, 10 mL/kg), with ice-cold saline followed by 4%
phosphate-buffered paraformaldehyde (PFA). Brains were removed
and post-fixed in the same fixative overnight at 4°C. To determine
the location of the stimulating and recording electrodes, frozen coro-
nal sections (20 pm) including the dorsal hippocampus were col-
lected on gelatinized glass slides and stained by the Nissl technique
(Fig. 3B).

Localization of microglia was performed in paraffin brain sec-
tions (5 pm) taken from mIKKBKO (7»=4) and control (n=7)
mice in different groups than those used in the /7 vivo recordings.
Microglia were immunolabelled using rabbit anti-ionized calcium
binding adaptor molecule 1 antibody (Ibal) (1/500; WAKO, Cart #
019-1974, RRID: AB_23135606), followed by biotinylated goat anti-
rabbit (1:1000, Vector Laboratories, Cat # BA-1000), avidin-biotin
complex, and 3,3’-diaminobenzidine (both from Vector Laboratories)
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FIGURE 2: mIKKBKO mice show reduced microglial Ibal-immunoreactivity and IL1-f expression in the brain under physiological condi-
tions. (A) Representative photomicrographs showing Ibal-immunoreactive cells in the hippocampal CA3 area (scale bar 50 pm) of control
and mIKKBKO mice. Insets show higher magnification of Ibal-immunoreactive cells (scale bar 15 pm). (B) Quantitative analysis of Iba1-
immunostaining showing total number of Ibal-positive cells (left) and total area of Ibal-immunoreactivity (right) measured in the CA3
area of control (n=7) and mIKKBKO (n=4) mice (*P=0.021, t test). (C) Levels of 1l6, Nos2, and Il1b mRNA in whole brain (n=10 mice
per group) and TNF in spinal cord (n = 6 per group) from control and IKKBKO mice, relative to Gapdh, as measured by quantitative RT-
PCR (*P = 0.038, Mann-Whitney test). (D) Levels of 116, Nos1, and I/1Tb mRNA in whole brain samples from control and nIKKBKO mice
(n =6 mice per group), relative to Gapdh, by quantitative RT-PCR. (E) Representative Western blot showing IL1-p protein levels in brains
isolated from control, mIKKBKO, and nIKKBKO mice. Actin is shown as a loading control. (F) Quantitative analysis of the immunoblot
shown in E (n =4 mice per group). Data are shown as mean + SEM. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

(Fig. 2A). Antigen retrieval for Ibal was done in 10 mM EDTA
buffer pH 8.5 for 1 h at 95-100°C in a household food steamer.
Analysis of the Ibal staining was performed by using the Image ]
program for Windows. Total number of Ibal positive cells, as well
as area of Ibal immunoreactivity were measured in the CA3 hippo-
campal area (one coronal section per mouse, =7 control and
n =4 mIKKBKO mice). Ibal positive cells were counted manually
per mm? of the total CA3 area. Ibal immunoreactivity was defined
as the percentage of positively stained area (in pixels) including
microglial cell bodies and processes, relatively to the total CA3 area.
It was measured by manually setting a positive staining intensity
threshold that was pre-defined in control sections and was used for

all the subsequent measurements. Only sections from identical brain
regions immunostained in the same experiment were used for com-
parative analyses and all the photos were taken on the same day

LlSiIlg thC same parameters.

Data Analysis and Representation

fEPSPs and 1 V rectangular pulses corresponding to lever presses,
paired-pulse presentations and HFS were stored digitally on a com-
puter through an analog/digital converter (CED 1401 Plus; Cam-
bridge Electronic Design, Cambridge, England). Data were analyzed
offline for quantification of animal performance in instrumental
learning and fEPSPs with the Spike 2 (Cambridge Electronics
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Design, RRID: rid_000090) program and the video-capture system.
Depending on the experiment, 5-15 successive fEPSPs were aver-
aged, and the mean value of the amplitude during the rise-time
period (i.e., the period between the initial 10% and the final 10%
of the fEPSP) was determined. Computed results were processed for
statistical analysis using the Sigma Plot 11.0 package (SigmaPlot, San
Jose, CA, USA). Data are represented as mean * SEM. Acquired data
were analyzed with 2-tailed Students ¢ test or the 1-way or 2-way analy-
sis of variance (ANOVA) using days as the repeated measurement fol-
lowed by a contrast analysis (post-hoc) for further analysis of significant
differences.

Results

In the brain, the active form of NF-kB mostly consists of
p50/p65 heterodimers, which are sequestered in the cyto-
plasm by the inhibitor of kB (IxB). NF-kB is activated by
multiple stimuli, including basal synaptic transmission, gluta-
mate, kainate, pro-inflammatory cytokines, or depolarization
(Kaltschmidt and Kaltschmidt, 2009). Canonical NF-xB
(p50/p65) signaling involves activation of NF-kB, mainly fol-
lowing IxB kinase (IKKP)-mediated phosphorylation and
proteasomal degradation of IkB, and release of NF-kB which
translocates to the nucleus and activates transcription of target
genes (Fig.1A) (Vallabhapurapu and Karin, 2009). In neu-
rons, gene targets include neuroprotective antiapoptotic mole-
cules (Kaltschmidt and Kaltschmidt, 2009) while in cells of
myeloid lineage like microglia they include mediators of cell
activation and effector function (Hoffmann and Baltimore,
2006) such as IL-1, a critical microglial-specific regulator of
hippocampal-dependent learning and memory processes (Wil-
liamson et al., 2011).

Reduced Microglial Area and IL-1p Expression in
Brain of Mice With Depletion of IKKp in Cells of
Myeloid Lineage
Recent studies show that microglia play an important role in
controlling neuronal activity under normal physiological condi-
tions. To investigate the role of microglia in synaptic plasticity
and cognitive function, we generated mice in which IKKf is
selectively depleted in cells of myeloid origin. To do this, we
crossed IKKB™" mice (Park et al., 2002; Li et al., 2003) with
transgenic mice expressing Cre recombinase under the control
of the CD11b promoter (Fig. 1B).

mIKKBKO mice showed normal development, repro-
duced normally and histology showed no obvious abnormal-
ities in brain structure, including the hippocampus, compared
with (IKKBF/F) controls (Fig. 1C). Cell-specific depletion of
IKKB in myeloid lineage cells of mIKKBKO mice was con-
firmed in Western blots of total protein lysates from cultures
of peritoneal macrophages, microglia and, as a control, astro-
cytes (Fig. 1D). Quantitative analysis showed that depletion
of IKKB protein levels in mIKKBKO macrophages was
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approximately 44% and in mIKKBKO microglia was 37%
compared with controls, while levels in astrocytes were not
reduced (Fig. 1E). These findings are consistent with a previ-
ous study using our CDI11b-Cre transgenic mice, which
showed 50% Cre-dependent depletion of a loxP-flanked
transgene in peritoneal macrophages and 25% depletion in
cultures of primary microglia (Boillée et al., 2006). To inves-
tigate the functional impact of microglial IKKB depletion, we
analyzed the levels of phosphorylated IxB in microglial cells
isolated from mIKKBKO and control mice and incubated in
the absence or presence of LPS (10 pg/mL, 30 min) by West-
ern blot. Levels of phosphorylated IkB were increased by LPS
in microglia from both mouse strains (Fig. 1F, G, **P=
0.005, ¢ test in controls), but LPS-treated cells from
mIKKBKO mice showed reduced induction of phosphoryl-
ated IkB compared with those from control mice confirming
that IKKP activity is reduced in mIKKBKO microglia.

To further investigate the cell-specificity of IKKf target-
ing in microglia, we compared the effects of mIKKBKO mice
with mice in which the conditional IKKp allele was depleted
selectively in  CamklI-expressing neurons (nIKKBKO). A
basic characterization of nIKKBKO mice has been previously
described in which differences in the regional distribution of
IKKP depletion in the brain was apparent (Emmanouil et al.,
2009). Based on this previous data we estimate that IKK(
depletion in cortical neuron cultures from nIKKBKO mice is
approximately 90%. Here we additionally measured IKKB
depletion in different brain regions of nIKKBKO mice by
Western blot (Fig. 1H). Production of IKKB was significantly
reduced in whole brain (46% depletion) and cortex (83%
depletion) of nIKKBKO compared with controls, and reduc-
tion was also noted in the hippocampus (44% depletion)
although this did not reach statistical significance (Fig. 11,
*P=0.045, **P=0.001, ¢ test). Production of IKKP in the
cerebellum was not altered. We also checked whether deple-
tion of IKKB in mice altered the density of dendritic spines
in hippocampal neurons. Double immunofluorescence stain-
ing of cultured hippocampal neurons isolated from
nIKKBKO, mIKKBKO, and control mice using antibodies to
the post-synaptic protein PSD95 and tubulin (beta III iso-
form) as a marker for neuronal cytoskeleton (see Supp. Info.
Materials and Methods), showed that spine morphology
(Supp. Info. Fig. 3A) and spine density (Supp. Info. Fig. 3B)
were similar in neurons from the three mouse strains.

We next compared the morphology of microglia in
mIKKBKO mice and controls under basal conditions. We
performed immunohistochemistry on hippocampal sections
from naive mice using antibody to Ibal, a calcium-binding
protein that is expressed specifically in microglia and plays an
important role in their activation (Imai and Kohsaka, 2002)
(Fig. 2A). The number of Ibal-immunoreactive cells in the
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hippocampal CA3 region was not significantly different
between mIKKBKO and control mice but the area covered
was less in mIKKBKO (Fig. 2B, *P = 0.021, ¢ test), reflecting
reduced Ibal-immunoreactivity and therefore possibly
reduced microglial cell size.

To evaluate the impact of microglial IKKB depletion on
the expression of NF-kB target genes, we analyzed the expres-
sion of genes encoding IL-1B, IL-6, and inducible NOS,
which are well-studied targets of NF-kB signaling (Cho et al.,
2008), in mIKKBKO and control CNS tissues by qRT-PCR.
Expression of //15, but not /6 or Nos2, was markedly reduced
in the brain of mIKKBKO mice compared with controls (Fig.
2C, *P=0.038, Mann-Whitney test). The expression of 77f;
as measured in spinal cord tissues, was equal in mIKKBKO
and control mice (Fig. 2C). In contrast to mIKKBKO mice,
the expression of //1b, /6, and NosI, which encodes neuronal
NOS, in nIKKBKO brain was equal to controls (Fig. 2D),
suggesting that neuronal IKKB does not participate in regulat-
ing these cytokines under resting conditions. We also meas-
ured the production of IL-1f in mIKKBKO, nIKKBKO, and
control CNS tissues by Western blot. Production of IL-1f in
mIKKBKO brain was reduced compared with control and
nIKKBKO brain, although the levels under physiological con-
ditions were low in all strains and differences did not reach
statistical significance (Fig. 2E, F). In conclusion, microglia
that are deficient in IKKB, and therefore also NF-kB activity,
show reduced Ibal-immunoreactivity and express lower levels

of IL-1B in the normal brain.

Enhanced Short-Term Synaptic Plasticity in the

Hippocampus of Freely Moving mIKKBKO Mice

We measured the functional properties of the CA3-CAl syn-
apse in vivo, by stimulating the Schaffer collateral pathway in
freely moving mIKKBKO, nIKKBKO and control mice
(Fig. 3A). To measure synaptic integrity in this pathway, elec-
trophysiological recordings were taken from mice in which
the stimulating and recording electrodes had been perma-
nently implanted in the CA3 (Schaffer collaterals) and ipsilat-
eral CAl areas of the right hippocampus, respectively (Fig.
3A, B). Animals were allowed to recover at least 7 days after
the implantation of the electrodes and before the electrophysi-
ology recordings. First, we measured synaptic transmission
(input-output test) by recording changes in fEPSP amplitudes
evoked in the pyramidal CA1l area by paired-pulse (40 ms of
interpulse interval) stimulation of increasing intensity (0.02—
0.4 mA, in 0.02 mA steps). In control and nIKKBKO mice,
fEPSP amplitude evoked by the first and second pulses
increased steadily with current strength showing a typical sig-
moid curve (Figs. 3C and 4A). In mIKKBKO mice fEPSP
amplitude evoked by first pulse was similar to controls but
the synaptic response from the second pulse tended to be

higher at lower stimulation intensities (Fig. 3C, gray shaded
area, Fig. 4A) and lower at higher stimulation intensities,
resulting in a flater curve compared with control and
nIKKBKO mice. Although these differences were not statisti-
cally significant (Ist pulse: F; 936 = 0.744, P=0.568; 2nd
pulse: Fj 936 =0.725, P=0.581), these data give a first
indication that mIKKBKO mice tend to show altered synap-
tic properties.

We next evaluated presynaptic function at the hippo-
campal CA3-CAl synapse using the paired-pulse facilitation
(PPF) test, a form of short-term plasticity. Here, presynaptic
neurons receive a pair of stimuli in rapid succession causing a
transient accumulation of calcium in presynaptic nerve termi-
nals. The increase in the ratio of the second/first fEPSP
response (facilitation) at short (<60 ms) intervals reflects
mainly the increase in presynaptic calcium which in turn
increases the probability of neurotransmitter release. We
stimulated mIKKBKO, nIKKBKO, and control mice with
paired pulses using a wide range of interstimulus intervals
(10-500 ms). All groups of mice presented a significant
increase in response to the second pulse at the short time
intervals (10, 20, and 40 ms) with the response in
mIKKBKO, not nIKKBKO mice, being significantly higher
than that in controls at the 40 ms interval (*P = 0.043,
Holm-Sidak test; Figs. 3D and 4B). This result demonstrates
that mIKKBKO mice presented a higher facilitation to the
second pulse during the paired-pulse test as compared with
control mice, indicating lower neurotransmitter release proba-
bility at the synapses of mIKKBKO mice. It could also reflect
possible impairment in glutamate uptake mechanisms, which
are regulated by glial cells including microglia (Schafer et al.,
2013). For this reason, we measured the production of gluta-
mate transporter-1 (GLT-1/EAAT2), which is selectively pro-
duced by microglia (Nakajima et al., 2001) and is involved in
the removal of glutamate from the extracellular space, in pro-
tein lysates from microglial cell cultures. No differences in
the constitutive levels of GLI-1/EAAT2 production were
detected between mIKKBKO and control microglial cells
(Supp. Info. Fig. 4), indicating that extracellular glutamate
uptake might not be altered by IKKB depletion in microglial
cells. Overall, our results show that microglia act to regulate
neuronal excitability as measured in the Schaffer collateral
pathway of the hippocampus, through mechanisms such as
control of presynaptic neurotransmitter release, and this effect
is mediated by IKK.

Freely Moving mIKKBKO and nIKKBKO Mice Show
Different Impairments in Long-Term Potentiation

To further investigate the role of microglial IKKp in synaptic
plasticity, we induced LTP by high frequency stimulation
(HES) of the hippocampal Schaffer collateral pathway and
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FIGURE 3: Input/output curves, paired-pulse facilitation and LTP
evoked at the CA3-CA1 synapse with HFS under alert behaving
conditions showed increased PPF and higher LTP in mIKKBKO
mice. (A) Bipolar stimulating electrodes (St.) were chronically
implanted in the CA3 area of the right hippocampus to activate
the Schaffer collateral/commissural pathway (Schaffer coll.).
Recording electrodes (Rec.) were implanted in the ipsilateral
CA1 area. (B) Photomicrographs illustrating the location (white
arrows) of the stimulating and recording sites, in coronal hippo-
campal sections. Scale bar, 200 pm. Abbreviations: D, dorsal; L,
lateral; M, medial; V, ventral. (C) Regression lines illustrating
input/output curves evoked at the CA3-CA1 synapse of control
and mIKKBKO (n=10 per group) mice. Paired pulses (40 ms of
interstimulus interval) were delivered at increasing intensities in
20 pA steps. Dotted and unbroken lines represent the sigmoid
regression lines evoked from the mean value computed from
five stimulus presentations of the 1st pulse (R®=0.9904,
P=0.0096) and 2nd pulse (R>=0.9988, P=0.0012) in control
mice and of the 1st pulse (R>=0.9983, P=0.0017) and 2nd
pulse (R?=0.9849, P=0.0151) in knockouts, respectively. Repre-
sentative examples of fEPSP recordings (0.2 mA) of control (dot-
ted line) and mIKKBKO (unbroken line) mice are also illustrated.
(D) Paired-pulse facilitation was evoked in control and mIKKBKO
mice (n=10 per group) by stimulating Schaffer collaterals with a
fixed current (30-40% of the amount required to evoke a saturat-
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compared the evolution of fEPSPs evoked at the CA3-CAl
synapse in freely moving mIKKBKO, nIKKBKO, and control
mice (Figs. 3E and 4C). HES was delivered as five trains
(200 Hz, 100 ms) of pulses at a rate of 1/s. Baseline record-
ings (15 min) and HFS sessions were performed on days 1
and 2 using the same stimulation parameters (Figs. 3E and
4C) and LTP was measured as the amplitude of fEPSPs
evoked by each session of HFS followed by 1 h of postHFS
recordings. Subsequently, additional daily recordings of 30
min each were taken up to day 6. Normalization of the
results from the entire 7z vivo LTP protocol was performed
using day 1 baseline recordings for each mouse. All mouse
strains  showed significant LTP responses on day 1.
mIKKBKO mice showed a significantly larger response to
HES (Fa7571)=2.313; ***P<0.001, two-way repeated
measures, ANOVA) than controls on both days 1 and 2, with
fEPSP amplitude returning to control levels between the two
HES sessions (Fig. 3E). In contrast, nIKKBKO mice showed
an equal response to controls on day 1, but failed to induce
LTP following the second HEFS on day 2 (Fig. 4C,
Fa,7371) = 2.318; **P<0.001, two-way repeated measures,
ANOVA).

These results demonstrate that microglia and neurons
are independently important for modulating LTP following
HES of Schaffer collaterals through the action of IKK, but
in different ways. Microglial IKKf is involved in regulating
the excitability of neurons in response to HFS without
affecting their ability to generate LTP. This is further

ing response). Averaged (5 times) fEPSPs paired traces were col-
lected at interstimulus intervals of 10, 20, 40, 100, 200, and 500
ms. Data shown are mean=*SEM amplitudes of the second
fEPSP expressed as the percentage of the first [(second/first) x
100] for each of the six interstimulus intervals used in this test
(PP ratio) (F1,9,45y=1.319, *P=0.043, Holm-Sidak test). Aver-
aged fEPSP recordings collected from representative control and
mIKKBKO mice after paired-pulse stimulations (arrows) with 10
(1), 40 (2), and 100 (3) ms interstimulus intervals are also illus-
trated. (E) Graph illustrating the time course of changes in fEPSP
amplitudes (LTP) after HFS of the Schaffer collaterals in control
and mIKKBKO (n=28 per group) mice. The HFS train was pre-
sented after 15 min of baseline recordings on 2 consecutive
days, at the time indicated by the vertical dashed lines. The
fEPSP amplitudes are expressed as a percentage of the baseline
(Day 1, before HFS) amplitude (100%) in each group. lllustrated
data were collected up to 60 min after HFS during the first (Day
1) and second (Day 2) days, and for 30 min on Days 3, 4, 5, and
6 after the first HFS. The two groups presented a significant
increase in fEPSP amplitude after HFS compared with baseline
recordings. In addition, values collected from mIKKBKO mice
were significantly larger (F( 7371)=2.313, ***P<0.001) than
those from controls at the indicated times (*P<0.05; *P<0.01;
#P<0.001). Representative fEPSPs recorded in the CA1 area
from control (up) and mIKKBKO (down) mice before (baseline)
and 1, 2, 3, and 4 days after HFS of Schaffer collaterals are also
shown. Data are shown as mean *= SEM and statistical analysis by
two-way ANOVA, repeated measures.
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FIGURE 4: Input/output curves, paired-pulse facilitation and LTP
evoked at the CA3-CA1 synapse with HFS under alert behaving
conditions showed normal synaptic transmission but impairment
in LTP induction at later phases in nIKKBKO mice. (A) Regression
lines illustrating input/output curves evoked at the CA3-CA1 syn-
apse of control and nIKKBKO (n=10 per group) mice. Paired
pulses (40 ms of interstimulus interval) were delivered at increas-
ing intensities in 20 pA steps. Dotted and unbroken lines repre-
sent the sigmoid regression lines evoked from the mean value
computed from five stimulus presentations of the 1st pulse
(R*=0.9904, P=0.0096) and 2nd pulse (R*=0.9988, P=
0.0012) in control mice and of the 1st pulse (R?=0.9988, P=
0.0012) and 2nd pulse (R>=0.9991, P=0.0005) in knockouts,
respectively. Representative examples of fEPSP recordings (0.2
mA) of control (dotted line) and nIKKBKO (unbroken line) mice
are also illustrated. (B) Paired-pulse facilitation was evoked in
control and nIKKBPKO mice (n=10 per group) by stimulating
Schaffer collaterals with a fixed current (30% - 40% of the
amount required to evoke a saturating response). Averaged (5
times) fEPSPs paired traces were collected at interstimulus inter-
vals of 10, 20, 40, 100, 200, and 500 ms. Data shown are mean-
+SEM amplitudes of the second fEPSP expressed as the
percentage of the first [(second/first) x 100] for each of the 6
interstimulus intervals used in this test (PP ratio). Averaged
fEPSP recordings collected from representative control and
nIKKBKO mice after paired-pulse stimulations (arrows) with 10
(1), 40 (2), and 100 (3) ms interstimulus intervals are also illus-
trated. (C) Graph illustrating the time course of changes in fEPSP
amplitudes after HFS of the Schaffer collaterals in control and
nlKKBKO (n=28 per group) mice. The HFS train was presented
after 15 min of baseline recordings on 2 consecutive days, at the
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supported by the finding that hippocampal neurons in
mIKKBKO mice showed higher electrical activity in
response to peripheral administration of low doses of kainic
acid compared with those in nIKKBKO and control mice
(Supp. Info. Materials and Methods and Fig. 5). In contrast,
neuronal IKKP is not required for the induction of LTP by
the first HES but is critical for LTP induction by the second
HES, suggesting that neuronal NF-kB activity is required
for LTP induction at a later phase which is known to be
dependent on gene transcription and thought to correspond
to the initial stages of memory consolidation (Citri and Mal-
enka, 2008).

Normal Motor Learning but Increased Anxiety and
Differential Disturbances in Short-Term and
Long-Term Fear Memory in mIKKBKO and nIKKBKO
Mice, Respectively

To investigate whether functional changes in brains of
mIKKBKO and nIKKBKO mice, such as the altered hippo-
campal electrical activity described above, are paralleled by
altered learning and memory processes we compared the per-
formance of mIKKBKO and nIKKBKO mice with controls
using standard behavioral tests. Coordination and the ability
to acquire motor skill were tested using an accelerating
rotarod test. mIKKBKO mice showed better baseline motor
performance than controls on the first acquisition day
(*P = 0.028, Mann-Whitney test) and thereafter showed simi-
lar performance (Fig. 5A). nIKKBKO mice showed equivalent
performance to controls at all time points (Fig. 5B).

In an open field arena, a measure of exploratory behavior
and of anxiety evoked by open spaces, mIKKBKO mice showed
less spontaneous locomotor activity than controls early in the test,
as measured by the amount of distance traveled (***P < 0.001,
Mann-Whitney test; Fig. 5C, left) and increased anxiety as shown
by less time spent in the center of the arena (**2 < 0.01, Mann-
Whitney test; Fig. 5C, right). In this test, nIKKBKO mice showed

time indicated by the vertical dashed lines. The fEPSPs ampli-
tudes are expressed as a percentage of the baseline (Day 1,
before HFS) amplitude (100%) in each group. lllustrated data
were collected up to 60 min after HFS during the first (Day 1)
and second (Day 2) days, and for 30 min on Days 3, 4, 5, and 6
after the first HFS. The two groups presented a significant
increase in fEPSP amplitude after the 1st but not after the 2nd
HFS compared with baseline recordings. In addition, values col-
lected from nIKKBKO mice were significantly larger (F1,7,371)=
2.318, ***P<0.001) than those from controls at the indicated
times (*P<0.05; *P<0.01; #P<0.001). Representative fEPSPs
recorded in the CA1 area from control (up) and nIKKBKO (down)
mice before (baseline) and 1, 2, 3, and 4 days after HFS of
Schaffer collaterals are also shown. Data are shown as mean =
SEM and statistical analysis by two-way ANOVA, repeated
measures.
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FIGURE 5: Performance in rotarod, open field, and passive avoidance tasks showed increased anxiety levels in both mIKKBKO and
nIKKBKO mice but differential increases in short-term and long-term contextual fear memory, respectively. (A, B) Rotarod test: Mean
latency to fall (s) refers to the total time (average of two trials per day) that each mouse spent on the rod before falling. Comparison of
performance of mIKKBKO (A) mice and nIKKBKO (B) mice with controls (n= 14 per group) (*P=0.028, t test). (C,D) Open field task: Hor-
izontal locomotor activity (total activity, left graph) and center time exploration (right graph) were measured for three consecutive peri-
ods of five min each. (C) mIKKBKO mice presented less horizontal locomotor activity (***P<0.001, t test) and center time exploration
during the first (0-5 min, **P=0.004, t test) and second time points (5-10 min, **P=0.008, t test) than controls (n=14 per group).
(D) nIKKBKO mice presented less horizontal locomotor activity (***, P<0.001, t test) and center time exploration during the first (0-5
min, *P=0.014, Mann-Whitney test) and second time points (5-10 min, *P =0.02, Mann-Whitney test) than controls (n =14 per group).
(E, F) Passive avoidance task: Latency refers to the time mice spent in the illuminated area before enterance to the dark compartment,
which was paired with a foot shock, on the acquisition day. (E) Comparison of performance in mIKKBKO and control mice (n=13 per
group) (P=0.057, Mann-Whitney test). (F) Comparison of performance in nIKKBKO and control mice (n=13 per group) (**P=0.003;
*P=0.012, t test). Data are shown as mean = SEM.

a similar pattern of behavior as mIKKBKO mice (Fig. 5D,
**P < 0.001; *P < 0.05, Mann-Whitney test).

We next measured the performance of mIKKBKO and
nIKKBKO mice in a passive avoidance task which is used to
study learning and memory for stress stimuli and involves
mainly dorsal hippocampus and amygdala (Phillips and
LeDoux, 1992; Baarendse et al., 2008). Animals were
trained in a two-chamber (dark/light) apparatus to avoid the
dark chamber because it was associated with a footshock of
0.6 mA during the acquisition phase. Animals were then
measured for extinction of the fear memory, which was
induced by repetition of the experimental procedure in the
absence of the footshock over a 48 h period. mIKKBKO and

control mice showed equivalent responses during acquisition,
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but mIKKBKO showed a transiently increased reluctance
to enter the dark chamber 1 h afterward (P=0.057,
Mann-Whitney test) (Fig. 5E). nIKKBKO and control mice also
showed similar responses during acquisition, but nIKKBKO
mice showed markedly increased fear memory at the later 24
and 48 h post-acquisition time points (Fig. 5F *P=0.012, ¢
test; **P = 0.003, Mann-Whitney test). Collectively, these find-
ings show that microglia and neurons both independently con-
tribute to mouse behavior through the production of IKK@, but
in distinct ways. Specifically, motor learning ability was normal
while anxiety in an open field arena was similarly increased in
mIKKBKO and nIKKBKO mice. Cell-specific differences were
revealed in the contextual fear conditioning paradigm where
mIKKBKO mice showed transiently increased short-term fear
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memory compared with controls, while nIKKBKO mice showed
increased long-term fear memory that might involve impairment
of memory extinction. Combined, the observed impairments in
synaptic plasticity and contextual fear memory, which are known
to share common molecular mechanisms (Schafe et al., 1999),
show that microglial IKKf is important for the homeostatic reg-
ulation of hippocampal neuronal activity while neuronal IKKf
is critical for long-term functional processes that probably
involve the activation of NF-kB and induction of gene

transcription.

Microglia and Neurons Independently Contribute,
Through IKKB, to Associative Learning in
Instrumental Conditioning

To investigate whether microglia contribute, through produc-
tion of IKKB, to associative learning, we next tested the per-
formance of mIKKBKO mice in instrumental conditioning
tasks as previously described (Hasan et al., 2013). This para-
digm measures learning and memory, as well as behavioral
modifications that take place during the performance of appe-
titive and consummatory behaviors that are driven by reward
(food pellet). It also allows direct recording of fEPSP evoked
at the CA3-CALl synapse which has previously been shown to
contribute to these behaviors in wild type C57BL/6 mice
(Jurado-Parras et al., 2013) (see next section).

We compared mIKKBKO and nIKKBKO mice with
controls in a learning paradigm, herein referred to as Instru-
mental test I, for their ability to learn a conditioning task in
which they first had to press a lever to obtain a food reward
in a 1:1 fixed-ratio schedule (Fig. 6A, B, top). Daily, 20 min
conditioning sessions were performed until mice reached a set
criterion level of 20-lever presses/session on 2 consecutive
days. All three groups of mice progressively improved their
performance and reached the criterion level but mIKKBKO
mice (Fig. 6C, D), not nIKKBKO mice (Fig. 6F G), showed
a significant delay compared with controls, acquiring the
instrumental conditioning task in 6.69 = 0.33 days compared
with 5.27 = 0.18 in controls (**2 = 0.003, ¢ test) (Fig. 7E).

Animals that had reached the criterion level were subse-
quently trained in a more complex situation where mice had
to modify their learned behavior to incorporate sensory infor-
mation. Here, animals received the food reward (again in a 1:1
fixed-ratio schedule) only when the lever press was performed
during a light period of 20 s. Lever presses in the dark were
punished by an additional random 1-10 s delay in appearance
of the next light period (Fig. 6B, bottom). All three groups of
mice reached point zero, defined as the point when lever-
presses in light and dark periods were equal, without signifi-
cant difference around day 8 (data not shown). Since individ-
ual mice differed slightly in reaching point zero, we analyzed
the data after synchronization of mice according to their own
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point zero, a point that was labeled after as Day 0. After that
point, the control mice continued to show progressively
improved performance while mice in the KO groups did not,
and significant differences were observed for both mIKKBKO
(Fig. 6I) (**P=0.002; *P = 0.038, Holm-Sidak method) and
nIKKBKO (Fig. 6]) (*P=0.005, Holm-Sidak method)
groups compared with controls. These results demonstrate that
microglial IKKB is essential for efficient instrumental condi-
tioning performance at all levels of the learning process while
neuronal IKKB contributes to successful performance of tasks
that require a higher level of cognitive ability.

IKKB is Independently Required in Microglia and
Neurons for Behavior Modification and Increase of
Hippocampal Synaptic Strength During Appetitive,
Not Consummatory, Behavior

To further investigate the effect of microglial and neuronal
IKKP on associative learning and to directly measure synaptic
strength across the hippocampal CA3-CAl synapse during
selected cognitive processes in the behaving mice, we carried
out a second set of learning experiments, herein referred to as
Instrumental test II (Fig. 7A), using mice with permanently
implanted electrodes (Fig. 3A, B). Mice from mIKKBKO,
nIKKBKO and control groups were placed in individual
Skinner boxes and were able to move freely while connected
to the recording wires. Performance parameters and changes
in activity-dependent strengths of the CA3-CA1 synapse were
measured during acquisition of the 1:1 fixed-ratio schedule
lever-press/food-reward task described above. For measuring
the synaptic strength, a single 100 ps, square, biphasic pulse
was presented at the Schaffer collaterals, and evoked fEPSPs
were recorded in the ipsilateral pyramidal CAl layer (Fig. 3A,
B). The stimulus was presented during the performance of two
selected behaviors: appetitive behavior, “going-to-lever” and
consummatory, “going-to-feeder,” i.e., crossing a photoelectric
cell positioned 5 cm in front of the lever or feeder, respectively
(Fig. 7A). The stimulus was repeated daily from day 1 of the
experiment until 3 days after a criterion level, set at the first day
of two successive sessions with a minimum of 20 lever presses/
session (day 0), was reached by each animal. Synaptic strength
was measured as fEPSP amplitudes and collected prior to (pre-
session) and during the two different behaviors and was either
normalized independently for each animal against the preses-
sion value on day 1 of the experiment (Fig. 7B) or expressed as
a ratio of fEPSPs going-to-lever relative to going-to-feeder dur-
ing the daily experimental session (Fig. 7C).

Pre-session fEPSP amplitudes remained stable through-
out the training procedure in both control and nIKKBKO
mice (Fig. 7B). In contrast, fEPSP amplitudes were higher in
mIKKBKO mice than in controls (Fig. 7B, F(1530) = 2.738,
*P=0.03, two way ANOVA, repeated measures) and also
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FIGURE 6: Inability of mIKKBKO and nIKKBKO mice to incorporate sensory information during instrumental conditioning. (A) Diagram of
the Skinner box used in Instrumental test | to train mice to press a lever for pellet reward in the feeder. (B) Schematic representation of the
Instrumental test | to train mice with two sequential programs of increasing difficulty. First, a fixed-ratio (1:1) schedule where mice were
required to reach a criterion level of 20 pellets/20 min session for 2 consecutive days (top) before proceeding to the second program. Sec-
ond, a light/dark paradigm (bottom), where lever pressing was only reinforced by a food pellet reward when the light was on. Lever
presses during the dark period delayed the start of the next lighted period for an additional 10 s. (C) Lever presses by mIKKBKO and control
(n =13 per group) mice in order to reach the criterion level (dotted line). Performance during the first five training days is illustrated. Differ-
ences between groups are indicated (F(1,12,45) = 15.580, ***P<0.001). (D) Cumulative percentage of mice shown in (C) reaching the criterion
across the successive sessions. (E) Days required for mice shown in (C) to reach criterion (**P = 0.003, t test). (F-H) Performance of nIKKpKO
mice in 1:1 fixed-ratio schedule task, compared with controls. (F) Lever presses by nIKKBKO and control (n =13 per group) mice in order to
reach the criterion level (dotted line). Performance (lever presses) during the first five training days is illustrated. (G) Cumulative percentage
of mice shown in (F) reaching criterion across the successive sessions. (H) Days required for mice shown in (F) to reach criterion. (I, J) In the
second task, mice were presented with another 1:1 fixed-ratio schedule in which the food reward was associated with light (light/dark para-
digm). Point 0 was defined as the day the mice pressed the lever equally during light and dark periods. The light/dark coefficient was calcu-
lated as follows: (number of lever presses during the light period — number of lever presses during the dark period)/total number of lever
presses. (I) Performance of mIKKBKO and control (n =10 mice per group) groups after synchronizing individual mice according to the day
they reached point 0, revealed differences after reaching point 0 at the indicated time points (F (1,9,31)=1.096, *P =0.038, **P = 0.002). (J)
Performance of nIKKBKO and control (n = 10 mice per group) groups after synchronizing individual mice according to the day they reached
point 0, revealed differences after reaching point 0 at the indicated time points (F(1,9,81)=0.975, **P = 0.005). Data are shown as mean-
+ SEM and statistical analysis was made by two way ANOVA, repeated measures (C, |, J) and t test (E).

increased during the learning process (Fig. 7B, d-3 vs. dO:
#"Pp<0.001, Holm Sidak method). These results suggest a

higher neuronal responsiveness to a familiar context in

ated with appetitive and consummatory behaviors we next
measured the ratio between fEPSP amplitudes during going-
to-lever and going-to-feeder, respectively. It was recently

mIKKBKO mice. To evaluate hippocampal function associ- shown that synaptic strength at this synapse in C57BL/6
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mice is specifically increased during the performance of appe-
titive but not consummatory behaviors (Jurado-Parras et al.,
2013). Consistent with this, in control mice the appetitive/
consummatory ratio increased in parallel with learning (Fig.
7C). However, neither nIKKBKO nor mIKKBKO mice
showed this increase (Fig. 7C) indicating disruption of nor-
mal hippocampal function specifically during the performance
of appetitive behavior.

To understand whether altered hippocampal fEPSP
activity, as measured throughout the acquisition of this instru-
mental task, also reflects alterations in performance we next
compared behavioral parameters between the three strains.
When individual mice were synchronized according to day 0,
the overall performance of the three strains, as measured by
total lever presses, was equivalent (Fig. 7D). However, the dif-
ferent strains showed marked differences in the performance
of individual behaviors. First, mIKKBKO mice spent signifi-
cantly more time between releasing the lever and visiting the
feeder than control or nIKKBKO mice when measured after
the criterion was passed (Fig. 7E, **P=0.008; *P= 0.032,
Mann-Whitney test), suggesting that even though both
knockout mice have learned to associate their action with the
outcome to the same level as the controls, the navigation
strategy of mIKKBKO and to a lesser extent of nIKKBKO
mice was disturbed. This result is consistent with the
observed disturbances in hippocampal fEPSPs in both groups,
given the critical role of the hippocampus as a cognitive map
and of hippocampal place cells in integration of signals deriv-
ing from translational and directional components of move-
ments (Whishaw et al., 1997).

We next investigated the individual going-to-lever
(appetitive) and going-to-feeder (consummatory) behaviors.
As expected, performance improved over time in control mice
as shown by increased visits to the lever (Fig. 7F), decreased
visits to the feeder (Fig. 7G) and a decreased error index
(going-to-feeder/going-to-lever) (Fig. 7H) after the criterion
was reached (day 0). However, although both nIKKBKO and
mIKKBKO mice showed reduced visits to the feeder in a
similar way to the controls (Fig. 7G), the number of visits to
the lever was not correspondingly increased (Fig. 7F). Further
analysis showed that the error index was decreased in
nIKKBKO and control, but not mIKKBKO mice. Collec-
tively, we show that microglia and neurons are independently
and selectively important for proper hippocampal synaptic
function during the performance of appetitive, not consum-
matory behavior in associative learning, and that these effects
are dependent on cell-autonomous IKK@ function.

Discussion

In this study, we directly investigated the functions of micro-
glial and neuronal IKK in the brain during synaptic plastic-
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ity and associative learning by combining cell-specific
conditional gene targeting for IKKP, the main activating
kinase in the canonical NF-«B signaling pathway (Vallabha-
purapu and Karin, 2009), with recording of hippocampal
synaptic activity in behaving animals. We show that micro-
glial and neuronal IKK@ differentially contribute to neuronal
function and cognitive processes. Microglial IKKf is required
for regulating short-term and long-term forms of hippocam-
pal synaptic plasticity and the magnitude of fear memory,
whereas neuronal IKK is required for long-term effects such
as the maintenance of synaptic plasticity and the timely
extinction of fear memory. We also show that both microglial
and neuronal IKK@B contribute to the modification of
hippocampus-dependent behaviors in passive avoidance and
instrumental conditioning paradigms. Besides predictable
requirements for IKK@B in neuronal function, our data iden-
tify a novel and unexpected role for microglial IKKB in the
homeostatic regulation of hippocampal synaptic plasticity and
the activity of neuronal circuits involved in associative learn-
ing and modulation of fear memory.

Microglial IKKB was found to be necessary for down-
regulating hippocampal neuronal excitability in models of
LTP, kainic acid sensitivity, and instrumental learning, and this
effect might provide a functional correlate for recent findings
concerning the behavior of these cells in the healthy brain 7n
vivo. Microglia are highly dynamic cells (Davalos et al., 2005;
Nimmerjahn et al., 2005) that form direct contacts with neu-
ronal synapses in an activity-dependent manner (Wake et al.,
2009; Tremblay et al., 2010). The functional significance of
such microglia-neuron interactions was only recently indicated
by studies in larval zebrafish where microglia reduced sponta-
neous and visually evoked activities of contacted neurons in
the optic tectum (Li et al., 2012). Consistent with a similar
function in mammals, depletion of microglia from mouse hip-
pocampal brain slices with clodronated liposomes increased
the frequency of excitatory postsynaptic currents and, con-
versely, microglia decreased synaptic activity in cultures of hip-
pocampal neurons (Ji et al., 2013). A key role for microglia in
the control of synaptic plasticity in the hippocampus has
already been indicated by studies with gene knockout mice.
Mice deficient in the microglia inhibitory mediators,
CX3CRI (fractalkine) (Rogers et al., 2011), and CD200
(Costello et al., 2011) showed impaired LTP induction in hip-
pocampal slices. Also, hippocampal slices isolated from mice
deficient in DAP12, a microglial receptor-associated protein
involved in phagocytosis, showed enhanced LTP (Roumier
et al., 2004). Our data confirm a physiological role for micro-
glia in the homeostatic regulation of neuronal excitability and
synaptic plasticity in the healthy brain 7z vivo and further
show that IKKP is a mediator of this effect, most probably
through the induction of NF-kB transcriptional activity.
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FIGURE 7: mIKKBKO and nIKKBKO mice show a selective impairment in the modification of appetitive behavior during instrumental reward learning
that correlates with deficiency in hippocampal synaptic strength increase at the peak of acquisition. (A) Diagram of the Skinner box used in Instrumen-
tal test Il to train mice with permanently-implanted electrodes. The box was the same as that shown in Fig. 6A, except for a partial Perspex wall that
separates the lever from the feeder and a ceiling opening to allow free movement of the wires. Animals received CA3-CA1 synapse stimulation when
approaching the lever or feeder. A photoelectric cell, crossing the chamber 5 cm from the feeder/lever, registered movements towards lever or feeder
and automatically signaled intra-hippocampal stimulation. (B) Evolution of the fEPSP amplitudes measured in CA3-CA1 synapse immediately before
the daily sessions (pre-session recordings) in the indicated days for both the mIKKBKO (black circles) and nIKKBKO mice (gray triangles), compared to
controls (white circles) (n = 6 mice per group). Day 0 is defined as the first of the two days with 20 lever presses/session (criterion). Differences within
the mIKKBKO group during the acquisition process (d-3 vs. dO: *#, P < 0.001) and between the mIKKBKO and the control groups (F (15,30 = 2.738, *,
P = 0.03) are indicated. Representative pre-session fEPSPs recorded in CA1 of representative control, mIKKBKO and nIKKBKO mice on days O (dotted
line) and 1 (line) of the acquisition process are illustrated. (C) Representation (left graph) and comparison (right graph) of the fEPSP ratio (“going-to-lev-
er”/"going-to-feeder”) in mIKKBKO and nIKKBKO mice, compared to controls (n = 6 mice per group) collected before (Day —1), during (Day 0) and
after (Day 1) the peak of the acquisition process. Differences within the control group (d-1 vs. dO; dO vs. d1: # P<0.05; d-1 vs. d1: ** P < 0.001) as
well as between knockouts and control groups on day 1 are indicated (mIKKBKO vs. control: F(1 510 = 8.902, **, P = 0.006; nIKKBKO vs. control:
Fa,510) = 12.094, **, P = 0.002). (D) Total lever presses by control (white circles), mIKKBKO (black circles) and nIKKBKO (gray triangles) (n = 6 per
group) mice at the indicated days. (E) Graph illustrating the time (s) spent by control, mIKKBKO and nIKKBKO mice between the lever release and visit
to the feeder on day 2. Differences between the control and the knockout groups (**, P = 0.008; *, P = 0.032) are illustrated. A schematic representa-
tion of the Instrumental test Il is shown above the graph. The values measured in the graph represent the time spent by each group to cross the photo-
electric cell (b, dotted line) when leaving the lever (release the lever) (a) to feeder (c). (F) Graph illustrating the total number of visits to the lever, 3 days
before (white) and 3 days after (black) criterion was reached (day 0) for the control, mIKKBKO and nIKKBKO mice (n = 6 per group). Differences within
the control group (*#, P = 0.002) and between the mIKKBKO and control groups are indicated (F1 17,17 = 9.229, **, P = 0.007). (G) Graph illustrating
the total number of visits to the feeder 3 days before (white) and 3 days after (black) criterion was reached (day 0) for the control, mIKKBKO and
nIKKBKO mice (n = 6 per group). Differences within the control (#, P = 0.015), mIKKgKO ¢*, P = 0.013) and nIKKgKO * P =0.013) groups and
between the mIKKBKO and control group (F(1,17,17) = 11.066, **, P = 0.004) are indicated. (H) Graph illustrating the error index, defined as the ratio of
going-to-feeder/going-to-lever, 3 days before (white) and 3 days after (black) criterion was reached (day 0). Differences within the control (**#, P <
0.001) and nIKKBKO **, P<0.01) groups and between the two knockouts and the control group (mIKKBKO vs. control: F3 7,17y = 4.564, *, P = 0.047;
nIKKBKO vs. control: Fy 17,17 = 0.919, P = 0.351) are indicated. Data are shown as mean + SEM and statistical analysis was made by two way
ANOVA, repeated measures (B, D, F, G, H) or Mann Whitney Rank Sum test (E) for comparisons between the groups (*) and Holm Sidak method for
comparisons within the groups between the different sessions (*).
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The role of NF-xB in the brain has been intensively
studied centering on its functions in neurons. Studies of hip-
pocampal slices from transgenic mice showed that neuronal
NF-kB activity is not necessary for the induction of LTP but
is required for the maintenance of late TP (Kaltschmidt
et al., 2006; O’Mahony et al., 20006), a process that models
the initial phase of memory formation and is dependent
upon gene expression (Citri and Malenka, 2008). Consistent
with this, hippocampal slices from nIKKBKO mice also
showed normal induction but impaired late UTD, as measured
2-3 h afterward (our unpublished results). Here we extended
these results into an iz vive setting in freely moving mice by
measuring the induction of LTP in two consecutive daily
HES sessions. nIKKBKO mice showed normal synaptic func-
tion, as measured by input/output curves, paired pulse facili-
tation and the inital induction of LTP by the first HES
session (Fig. 4). However, nIKKBKO mice were resistant to
subsequent LTP induction (Fig. 4). Taken together, the avail-
able ex vivo and in vivo data show that neuronal NF-kB-
mediated gene transcription is necessary for the maintenance
of late LTP.

In contrast to neuronal NF-xB, the role of microglial
NF-kB in the brain under physiological conditions has not
been investigated. Surprisingly, mIKKBKO mice showed
enhanced short-term plasticity (PPF) and increased LTP fol-
lowing both HFS sessions, with neuronal excitability recover-
ing to control levels between sessions. These findings support
the conclusion that IKKB expressed by microglia is sufficient
to regulate neuronal activity in short and long-term plasticity
mechanisms.

Insight into the effector mechanism by which microglial
IKKB controls neuronal excitability comes from studies of
cytokine function in the brain (Hiscott et al., 1993). IL-1p is
an NF-xB-inducible gene that is expressed in the hippocam-
pus during LTP (Schneider et al., 1998) and hippocampal-
dependent learning and memory processes where it is specifi-
cally produced by CD11b"-enriched microglia (Williamson
et al., 2011). Correctly regulated IL-1f expression is needed
to ensure proper hippocampal function; either reduced or
increased levels result in impairments in neural plasticity and
memory performance (Katsuki et al., 1990; Avital et al,
2003). Furthermore, defects in LTP and hippocampal-
dependent cognitive function observed in CX3CR1-deficient
mice are rescued by IL-1B inhibition (Rogers et al., 2011).
Our finding that brains from mIKKBKO mice showed
reduced RNA transcripts for IL-1B, not other NF-xB targets,
suggests that microglial NF-xB activity regulates hippocampal
neuronal excitability and synaptic plasticity through the
induction of IL-1f expression.

The role of NF-xB in hippocampus-dependent learning
and memory tasks has been extensively studied in mice con-
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stitutively deficient in the p50 subunit of NF-«B in all cell
types but with conflicting results (reviewed by Snow et al.,
2013). Only few studies have addressed the contribution of
NF-kB in different CNS cell types to cognitive function.
Neuron-specific inhibition of NF-kB was found to impair
spatial memory formation (Kaltschmidt et al., 2006; O’Mah-
ony et al., 2006) while astroglia-specific inhibition of NF-xB
showed delayed spatial learning and impaired cued fear mem-
ory (Bracchi-Ricard et al., 2008). However, the role of micro-
glial NF-kB activity has not been previously studied. Our
results in conditional IKKB knockout mice clearly illustrate
the differential contribution of NF-xB by different cell line-
ages to behavior. In the passive avoidance task, a test for con-
textual fear memory that involves mainly the dorsal
hippocampus and amygdaloid complex (Phillips and LeDoux,
1992; Baarendse et al., 2008), both mIKKBKO and
nIKKBKO mice showed increased fear memory compared
with controls, but with different kinetics. mIKKBKO mice
showed increased short-term fear responses but normal extinc-
tion of the memory indicating a role for microglial NF-kB in
the initial consolidation of fear memory. In contrast,
nIKKBKO mice showed equivalent short-term but markedly
increased long-term fear responses indicating a role for neuro-
nal NF-xB in the extinction of fear memory to the sensory
footshock experience, a process known to be hippocampus-
dependent (Baarendse et al., 2008). Interestingly, LTP and
contextual fear conditioning have been found to share com-
mon molecular mechanisms (Schafe et al.,, 1999), so our
combined observations are consistent with a role for micro-
glial NF-xB in the initial phases of memory formation and a
requirement for neuronal NF-kB in the long-term mainte-
nance of synaptic plasticity and modification of fear memory,
which are known to depend on de novo protein synthesis.
The participation of microglial and neuronal IKK@ in
specialized hippocampal function was further revealed by
instrumental conditioning, which tested the animals ability to
identify the causal association between an action (appetitive
behavior, going-to-lever) and an outcome (consummatory
behavior, going-to-feeder, eating) and to integrate sensory
information into this relationship, processes known to depend
on the integrity of the dorsal hippocampus (Corbit and Bal-
leine, 2000; Moyer et al., 1990). First, while both mutants
learned the simple association between action and outcome,
albeit with a delay in the mIKKBKO, a process that is hippo-
campus independent (Corbit and Balleine, 2000), neither
strain optimally incorporated sensory information to improve
performance in the light/dark paradigm in the same way as
controls (Fig. 61, J). Second, we show that neither mutant
strain  showed modification of appetitive behavior, a
hippocampus-dependent function (Flaherty et al., 1998),
while hippocampus-independent consummatory behavior was
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modified in the same way as in controls. The deficit in appe-
titive behavior correlated in both strains with an absence of
increases in synaptic strength at the CA3-CAl synapse at the
peak of the acquisition process, specifically 1 day after crite-
rion day (day 0) (Fig. 7C). Interestingly, fEPSP changes and
deficits in appetitive behavior were similar in the two strains
and did not display the temporal differences detected during
LTP (Figs. 3E and 4C), a finding that supports previous evi-
dence that LTP and behavioral performance are not always
correlated (Huang et al., 1995; Migaud et al., 1998; Sahan
et al., 2007; Vega-Flores et al., 2014). Therefore, our results
identify a mechanistic dissociation between appetitive and
consummatory behavior in mice, as well as a specific comple-
mentary role for microglial and neuronal IKKB in
hippocampal-dependent modification of appetitive behavior
during associative learning. Taken together the results from
passive avoidance and instrumental conditioning paradigms
show that microglial and neuronal IKK@ are independently
required for proper modification of behavior that relies on
hippocampus function.

This study defines a novel functional role for microglia
in the regulation of hippocampal synaptic plasticity and asso-
ciative learning in the healthy intact brain. The finding that
microglial IKKB depletion affected neuronal excitability as
well as short-term and long-term synaptic plasticity in the
mouse hippocampus is fully consistent with a newly emerging
role for microglia in homeostatic regulation of synaptic func-
tion (reviewed by Schafer et al., 2013). Further studies are
needed to define whether canonical NF-kB signaling in
microglia participates in the direct control of neurotransmis-
sion in the healthy brain and whether defects can lead to the
development of brain pathology.
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