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An inflammatory reaction in the brain is primarily characterized by activation of parenchymal microglial cells.
Microglia regulate several aspects of adult neurogenesis, i.e. the continuous production of new neurons in the
adult brain. Hippocampal neurogenesis is thought to be important for memory formation, but its role in brain
diseases is not clear. We have previously shown that brain inflammation modulates the functional integration
of newly formedhippocampal neurons. Here,we exploredwhether there is a defined timeperiod during synaptic
development when new neurons are susceptible to brain inflammation. Newly formed hippocampal neurons,
born in an intact environment in the adult mouse brain, were exposed to lipopolysaccharide (LPS)-induced in-
flammation during either early or late phases of excitatory and inhibitory synaptogenesis. We used intra-
hippocampal injections of GFP-retroviral vector (RV-GFP) to label the new neurons and ipsilateral LPS injection
at either 1 or 4 weeks post-RV-GFP injection. A single intra-hippocampal LPS injection induced an inflammatory
response for at least 3 weeks, including an acute transient pro-inflammatory cytokine release as well as a sub-
acute and sustained change in microglial morphology. The general cytoarchitecture of the hippocampal dentate
gyrus, including granule cell layer (GCL) volume, and astrocytic glial fibrillary acidic protein expression was not
different compared to vehicle controls, and no Fluoro-Jade-positive cell death was observed. New neurons
encountering this inflammatory environment exhibited no changes in their gross morphology. However, when
inflammation occurred during early stages of synapse formation,we found a region-specific increase in the num-
ber of thin dendritic spines and post-synaptic density-95 (PSD-95) cluster formation on spines, suggesting an
enhanced excitatory synaptic connectivity in the newborn neurons. No changes were observed in the expression
of N-cadherin, an adhesion molecule primarily associated with excitatory synapses. At the inhibitory synapses,
alterations due to inflammation were also evident during early but not later stages of synaptic development.
Gephyrin, an inhibitory scaffolding protein, was down-regulated in the somatic region, while the adhesion
molecules neuroligin-2 (NL-2) and neurofascin were increased in the somatic region and/or on the dendrites.
The GABAA receptor-α2 subunit (GABAAR-α2)was increased, while pre/peri-synaptic GABA clustering remained
unaltered. The disproportional changes in post-synaptic adhesion molecules and GABAA receptor compared to
scaffolding protein expression at the inhibitory synapses during brain inflammation are likely to cause an imbal-
ance in GABAergic transmission. These changes were specific for the newborn neurons and were not observed
when estimating the overall expression of gephyrin, NL-2, and GABAAR-α2 in the hippocampal GCL. The expres-
sion of interleukin-1-type 1 receptor (IL-1R1) on preferentially the somatic region of new neurons, often in close
apposition to NL-2 clusters, may indicate a direct interaction between brain inflammation and synaptic proteins
on newborn neurons. In summary, this study provides evidence that adult-born hippocampal neurons alter their
inhibitory and excitatory synaptic integrationwhen encountering an LPS-induced brain inflammation during the
initial stages of synapse formation. Changes at this critical developmental period are likely to interfere with the
physiological functions of new neurons within the hippocampus.
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Introduction

The adult mammalian brain is endowed with the capacity to produce
new neurons throughout the lifetime of an organism. This phenomenon
of adult neurogenesis is restricted to twobrain regions; the subventricular
zone lining the lateral ventricles and the subgranular zone (SGZ) of the
hippocampal dentate gyrus (Curtis et al., 2007; Eriksson et al., 1998;
Zhao et al., 2008). The newly formed neurons integrate into the adult
nse.
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neuronal circuitry of the olfactory bulb and hippocampus as interneurons
and granule cells, respectively. In humans, the annual turnover of hippo-
campal granule cells has been estimated to be 1.75% (Spalding et al.,
2013) and according to animal studies they may contribute to memory
formation (Gu et al., 2012; Kee et al., 2007). However, their role during
brain diseases is not clear. Various pathological insults, including epileptic
seizures and stroke, modulate different aspects of adult neurogenesis,
ranging from cell proliferation, migration, differentiation, survival, and
subsequently functional integration (Arvidsson et al., 2002; Bengzon
et al., 1997; Ekdahl et al., 2001; Jakubs et al., 2006; Parent et al., 1997).
One of the hallmarks of these brain pathologies is neuroinflammation,
which primarily involves innate immune signaling through activation of
parenchymal microglial cells (Danton and Dietrich 2003; Gorter et al.,
2006), but also an adaptive immune response with the recruitment of
systemic immune cells (Mosley et al., 2012; Shichita et al., 2009; Wraith
and Nicholson 2012).

Lipopolysaccharide (LPS) is an endotoxin of gram-negative bacteria,
used extensively for inducing an immune response in the brain both
through peripheral (Laflamme et al., 2003) and intra-cerebral adminis-
tration (Deng et al., 2012; Herber et al., 2006; Zhou et al., 2012). LPS-
induced microglial activation in the brain can be characterized by an
increase in the proliferation and migration of the cells, as well as
changes in their expression/secretion of inflammatorymediators. How-
ever, several studies have stressed the dual role of activation, by which
the microglia may exert both detrimental/neurodamaging and benefi-
cial/neuroprotective effects, possibly through differential expression of
pro- (i.e. interleukin (IL) -1β, IL-6 or tumor necrosis factor (TNF)-α)
and anti- (i.e. IL-4, IL-10 or transforming growth factor (TGF)-β) inflam-
matory cytokines, respectively (Nguyen et al., 2002). Consistently,
there is accumulating evidence suggesting that microglial activation
may simultaneously or sequentially both promote and prohibit adult
neurogenesis, depending on the activation stage and the functional
balance of secreted molecules with pro- and anti-inflammatory ac-
tions (Butovsky et al., 2006; Ekdahl et al., 2003; Ekdahl et al., 2009;
Monje et al., 2003). Most of these studies have focused on the initial
stages of neurogenesis including proliferation, survival and neuronal
fate determination. The role of microglia at later stages, i.e., during
synaptic assembly, stability, and transmission, is just beginning to
be unraveled (Ekdahl 2012).

Adhesion molecules are one of the potential candidates linking the
microglial cells to the synaptic integration of adult-born neurons. They
are crucial not only during synaptic assembly and development but
also in fine-tuning the synaptic response (Arikkath and Reichardt
2008; Dalva et al., 2007; Washbourne et al., 2004). We have previously
shown that the expression of neuroligin-2 (NL-2), an adhesionmolecule
primarily associated with inhibitory synapses, together with the post-
synaptic scaffolding protein gephyrin is significantly altered on newly
formed hippocampal neurons in a model of partial status epilepticus
(SE) (Jackson et al., 2012). Interestingly, inflammatory mediators are
suggested to regulate the expression of adhesion molecules either di-
rectly or indirectly. In fact, N-cadherin, an adhesion molecule present
at excitatory synapses is modulated by TNF-α (Kubota et al., 2009).
Additionally, IL-1 receptor accessory protein (IL-1RAcP), an essential
component mediating IL-1 cytokine-related immune responses, can it-
self act as a trans-synaptic cell adhesion molecule in neurons and orga-
nize synapse formation (Yoshida et al., 2012). These studies indicate
that adhesion molecules may function as one of the important players
in potential signaling pathways between microglia and neurons.

The objectives of the present study were, first, to describe the tem-
poral development of the inflammatory response in the hippocampal
dentate gyrus following a single intra-hippocampal LPS injection and,
secondly, to analyze the expression of synaptic adhesion molecules
and scaffolding proteins related to excitatory and inhibitory trans-
mission on newly formed hippocampal neurons encountering the
LPS-induced inflammation during either early or late phase of synap-
tic development.
Materials and methods

Animals and group assignment

In total, ninety-eight adult male C57BL/6 mice (Charles Rivers),
weighing 25 g each at the beginning of the experiments, were
used. The mice were housed under a constant 12 h light/dark cycle
with access to food and water ad libitum. All experimental proce-
dures followed the guidelines set by the Malmö-Lund Ethical Com-
mittee for the use and care of laboratory animals.

The animals were included in the following three sets of experi-
ments: Experiment 1: Fifteen mice were used to optimize the intra-
hippocampal LPS injections in order to achieve sustained microglial
activation throughout the unilateral hippocampal dentate gyrus. This
included two different doses of LPS (0.5 μl of 0.5 or 1 μg/μl) and two dif-
ferent stereotaxic coordinates at 2 survival time points (3 days and
3 weeks). Experiment 2: Eighty-three mice were used for histological
(n = 47, including mice used in Experiment 3) and biochemical (n =
36) characterization of LPS-induced inflammation in the ipsilateral hip-
pocampal dentate gyrus. The mice received a single intra-hippocampal
injection of LPS or vehicle and were then perfused at three different
time points (12 h, 3 days and 3 weeks). Experiment 3: Thirty-three
mice were used for evaluation of synaptic protein expression on newly
formed hippocampal neurons following intra-hippocampal LPS injec-
tions. These mice first received a stereotaxic injection of green fluores-
cent protein-expressing retroviral vector (RV-GFP) in the hippocampal
dentate gyrus. One or four weeks later, LPS or vehicle was injected into
the ipsilateral hippocampus. The mice were then perfused 3 weeks
later (at 28 days post-injection (dpi) of RV-GFP and 49 dpi, respectively)
for immunohistochemical and confocal analyses.

Lipopolysaccharide (LPS) administration

Animals were anesthetized with isofluorane (1%) and LPS from
Salmonella enterica, serotype abortus equi (Sigma-Aldrich, Sweden;
0.5 μg in 0.5 μl of artificial CSF (aCSF)) or vehicle (0.5 μl of aCSF)
was stereotaxically injected into the left dorsal hippocampus (coor-
dinates: 3.0 mm caudal and 2.5 mm lateral to bregma, and 1.9 mm
ventral to dura; toothbar set at −2.2 mm) (Paxinos and Watson
1997) using a glass microcapillary.

Labeling of new neurons

Animals were anesthetized with isofluorane (1%) and were ste-
reotaxically injected with 1.5 μl of retroviral vector, containing the
GFP gene under the CAG promoter (4.8 ∗ 108 TU/ml), unilaterally
into the left dorsal hippocampus (coordinates: 2.0 mm caudal and
1.5 mm lateral to bregma, and 1.8 mm ventral to dura; toothbar
set at −2.2 mm) using a glass microcapillary (similar to (Laplagne
et al., 2006)).

Enzyme-linked immunosorbent assay (ELISA)

At 12 h, 3 days and 3 weeks after intra-hippocampal LPS or vehi-
cle injection, mice received an overdose of sodium pentobarbital
(200 mg/kg, i.p.) and were trans-cardially perfused with ice-cold
saline and whole hippocampus, ipsilateral to the LPS or vehicle in-
jection, was rapidly removed and quickly frozen on dry ice. Samples
were homogenized on ice in buffer (pH 7.6), containing (in mM):
50.0 Tris–HCl, 150 NaCl, 5.0 CaCl2, 0.02% NaN3, and 1% Triton X-100,
and then centrifuged at 17,000 times gravity for 30 min at 4 °C. Protein
concentration was determined in supernatants by BCA protein assay as
permanufacturer's instructions (Pierce, USA). IL-1β, IL-6, IL-4, and IL-10
concentrations were determined by ELISA (Duoset; R & D Systems,
USA) according to the manufacturer's protocol.
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Immunohistochemistry

For histological analyses, mice were given an overdose of sodium
pentobarbital and were trans-cardially perfused with ice-cold saline
and paraformaldehyde (PFA) (4% in 0.1 M phosphate buffered saline
(PBS), pH 7.4). Brains were removed, post-fixed overnight, dehydrated
in 20% sucrose in 0.1 M PBS overnight, and then cut into 30 μm-thick
coronal sections and stored in cryoprotective solution at −20 °C until
use.

For immunohistochemistry, the following primary antibodies were
used: Rabbit anti-Iba1 (1:1000, Wako, Japan), rat anti-CD68/ED1
(1:500, AbD Serotech, Germany), mouse anti-glial fibrillary acidic pro-
tein (GFAP) (1:400, Sigma-Aldrich), rabbit anti-GFP (1:5000, Abcam,
UK), mouse anti-gephyrin (1:500, Synaptic Systems, Germany), mouse
anti-postsynaptic density-95 (PSD-95) (1:200, Abcam), rabbit anti-N-
cadherin (1:200, Millipore, Germany), goat anti-neuroligin-2 (NL-2)
(1:100, Santa Cruz Biotechnology, Germany), rabbit anti-neurofascin
(1:500, Abcam), rabbit anti-gamma amino butyric acid (GABA)
(1:2000, Sigma-Aldrich), rabbit anti-interleukin-1 type-1 receptor
(IL-1R1) (1:100, Santa Cruz Biotechnology) and rabbit anti-GABAA

receptor-α2 subunit (GABAAR-α2) (1:1000, Synaptic Systems).
Free-floating sections were incubated with the appropriate primary
antibody overnight at 4 °C and secondary antibody for 2 h at room
temperature. Staining for the synaptic proteins, including adhesion
molecules, scaffolding proteins, GABA, and GABAAR-α2 involved an
additional antigen retrieval step with incubation of the sections in
sodium citrate buffer (10 mM sodium citrate, 0.05% Tween-20,
pH 6) at 90 °C for 20 min. Secondary antibodies were: Cy3-conjugated
donkey anti-mouse/goat/rat (1:200, Jackson Immunoresearch, UK), Cy3-
conjugated goat anti-rabbit (1:200, Jackson Immunoresearch), FITC-
conjugated goat anti-rabbit (1:200, Jackson Immunoresearch), Alexa-
488 conjugated streptavidin (1:200, Invitrogen, Sweden), or biotinylated
goat anti-rabbit/chicken (1:200, Vector laboratories, UK). Sections were
mounted on gelatin-coated glass microscopic slides and coverslipped
with glycerol-based mounting medium (DABCO, Sigma-Aldrich).

Cresyl violet staining

Brain sections were mounted on gelatin-coated glass microscopic
slides, hydrated, rinsed in distilledwater, immersed in 0.5% cresyl violet
solution, and rinsed again in distilled water. The slides were then
dehydrated, immersed in xylene, and coverslipped with Pertex mount-
ing medium (Histolab, Sweden).

Fluoro-Jade staining

Free-floating brain sections were mounted in potassium PBS (KPBS)
onto glass microscopic slides and allowed to dry overnight. The proce-
dure used has been described elsewhere (Schmued et al., 1997). Briefly,
the sectionswere rehydrated, pretreated in 0.06% potassiumpermanga-
nate for 15 min, rinsed in distilled water, incubated in 0.001% Fluoro-
Jade working solution (Histo-Chem, Jefferson, AR, USA) for 30 min,
rinsed in distilled water, immersed in xylene, and coverslipped with
Pertex mounting medium.

Epifluorescence microscopy

All analyses were conducted by researchers blind to the treatment
conditions. Quantification ofmicroglial activation in terms of cell counts
and morphology was performed ipsilateral to the LPS or vehicle injec-
tion in 3–5 hippocampal sections (from−1.46 mm to−2.46 mm pos-
terior to bregma) as previously described (Jakubs et al., 2008; Thored
et al., 2009) using an Olympus BX61 epifluorescence microscope. The
number of Iba1+/ED1+ cells was counted in the entire molecular layer
(ML), granule cell layer (GCL)/SGZ and dentate hilus. The data is
expressed as number of Iba1+/ED1+ cells per section, based on the
average number of Iba1+/ED1+ cells in 3–5 sections (Ekdahl et al.,
2003; Jakubs et al., 2008;Wood et al., 2011). Formorphological analysis,
a total number of 90 Iba1+ cells were analyzed in theML, and 60 Iba1+

cells were analyzed in the GCL/SGZ and the hilus, respectively. Themor-
phological phenotype of Iba1+ cells was classified into three different
subtypes; ramified, intermediate and round/amoeboid. The relative oc-
currence of each subtype was expressed as the mean percentage of the
total number of Iba1+ microglia per animal for each region of interest
(ROI).

The cytoarchitecture of the hippocampal dentate gyrus was qualita-
tively evaluated with respect to cell layer dispersion or destruction in
cresyl violet staining, using an Olympus BX61 epifluorescence micro-
scope under 10× objective. The volume of the GCL was calculated by
delineating the boundaries of the GCL in 4 hippocampal sections
per animal (from −1.46 mm to −2.46 mm posterior to bregma) to
measure the area in each section with the cellSens Dimension soft-
ware (Olympus). This value was then multiplied with section thick-
ness (0.03 mm), number of sections (n = 4), and number of section
series (n = 8).

Quantification of GFAP staining was performed by intensity mea-
surements. Fluorescence images engaging representative part of the
GCL, ML and dentate hilus, ipsilateral to the LPS or vehicle injection,
were acquired from 3 to 4 hippocampal sections (from −1.46 mm to
−2.46 mm posterior to bregma) per animal using an epifluorescence
microscope. The images were then imported in ImageJ software (NIH,
USA) and converted to 32-bit grayscale images. Background intensity
was measured from the cortex for GFAP, where there was very little
positive signal. This value was then subtracted from the mean gray
value from each of the ROIs in order to obtain a background-corrected
mean gray value per animal.

Gross morphology of newly formed hippocampal neurons was
analyzed as described before (Jakubs et al., 2008). GFP+ cells were
manually counted in SGZ/GCL and dentate hilus for analysis of cell
number and relative distribution of cell bodies in these areas. For
all GFP+ cells, axon exit points, dendritic exit points, and total num-
ber of dendrites leaving the cell soma were analyzed. Dendritic po-
larity was determined by classifying the angle of the dendrites
leaving the cell soma as 0–22°, 22.5–67°, or 67.5–90°, where 90°
was perpendicular to the GCL.

Confocal microscopy and ImageJ analysis

Dendritic spines and expression of different synaptic proteins
(adhesion molecules, scaffolding proteins, GABA, GABAAR-α2) and
IL-1R1 onto the newly formed neurons were evaluated using confo-
cal microscopy as previously described (Jackson et al., 2012). All im-
ages were acquired using a confocal laser scanning microscope
(Leica), with Kr–Ar 488 and 568 nm excitation filters, 63× water
immersion objective, and 16× digital zoom. For dendritic analysis,
a total of 12 images were acquired per animal. Images were taken
on the proximal and distal parts of apical dendrites of GFP+ cells in
the inner and outer ML (iML and oML), respectively. Each of these
images was acquired in a z-stack at an interval of 0.2 μm, on average
15 slices per z stack. For somatic analysis, images from 10 GFP+ cell
somas in the GCL were taken per animal. Each of the somatic images
was acquired in a z-stack at an interval of 0.5 μm, on average 10–12
slices per z stack. To ensure the lack of bias, dendrites and somas of all
diameters were selected using the GFP channel only, by a researcher
blind to the treatment conditions. This was performed in a systematic
manner by imaging in a medio-lateral direction starting with the
supragranular blade. For each ROI, confocal images were analyzed in
ImageJ software (Sheffield 2007), the brightness and contrast corrected
using the built-in ImageJ Auto function and the noise reduced using the
Despeckle functions. Spines were defined as protrusions from the
dendritic shaft and were classified as filopodia (protrusion with long
neck and no head), thin (protrusion with a neck and head b0.6 μm in
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diameter), stubby (protrusion with no obvious neck or head), or mush-
room spines (protrusion with a neck and a head with a diameter
N0.6 μm) (Zhao et al., 2006). Dendritic spine analysis included spine
density (number of spines per μm) and classification of spine mor-
phology. Synaptic proteins, recognized as Cy3+ spherical clusters
onto the GFP+ dendrites, were analyzed in terms of cluster density
(number of clusters per μm), cluster size (area in μm2) and cluster
localization (either on dendritic spine or on dendritic shaft) in the
iML and oML, respectively. For somatic region, only the cluster density
(number of clusters per μm3) was evaluated. Co-localization of clusters
on the GFP+ dendrites or somas was confirmed by both manual obser-
vation of each optical plane within a z-stack and orthogonal projections
(see Supplementary Fig. 1).

Quantification of gephyrin, NL-2, and GABAAR-α2 expression on
presumablymature neuronswas performed using confocal microscopy.
4 ROIs engaging a representative part of the GCL ipsilateral to the LPS or
vehicle injection (from−1.46 mm to−2.46 mm posterior to bregma)
were analyzed per animal. The images were then imported into ImageJ
software (NIH, USA) and the mean gray value was measured per ROI.
Background intensity was measured from corresponding stained sec-
tions in which primary antibody was omitted. This value was then
subtracted from the mean gray value from each of the 4 ROIs in order
to obtain a background-corrected mean gray value per animal.

Statistical analysis

All comparisonswere performed using unpaired Student's t-test un-
less stated otherwise. Two-way analysis of variance (ANOVA) followed
by a Bonferroni posthoc test was used for analyzing themicroglial mor-
phology and ELISA data. Non-parametric Mann–Whitney test was used
for analyzing the NL-2 data in addition to Student's t-test. Data are
presented as means ± SEM, and differences considered significant at
p b 0.05.

Results

Lipopolysaccharide (LPS)-induced hippocampal inflammation exhibits
a distinct acute, sub-acute, and long-lasting profile

We have previously performed intra-cortical and -hippocampal LPS
injections when studying the effect of inflammation on the prolifera-
tion, differentiation and synaptic transmission of newly formed hippo-
campal neurons born into an inflammatory environment (Ekdahl et al.,
2003; Jakubs et al., 2008). In the present study, we were interested in
understanding how newly formed hippocampal neurons born in an
intact environment may react to an LPS-induced inflammatory re-
sponse at different synaptic developmental stages. Since the newborn
neurons would now encounter both the acute, sub-acute, and late
phases of LPS-induced inflammation, we first performed a more de-
tailed temporal description of the pathological environment following
a single hippocampal LPS injection. This included countings and mor-
phological evaluations of surveying and activated microglial cells, as
well as measurements of pro- and anti-inflammatory cytokines at
three representative time points. Injection coordinates and LPS doses
were evaluated in pilot experiments (see Supplementary results).

We examined the microglial response within the ipsilateral
dorsal dentate gyrus at 12 h, 3–5 days and 3 weeks post-LPS injec-
tion (Figs. 1A–D). At 12 h, the number of Iba1/ED1 double-labeled
(Iba1+/ED1+) cells was significantly higher in the ML in the LPS com-
pared to the vehicle group (Fig. 1E). There were no changes in the
SGZ/GCL (Fig. 1E) or in the dentate hilus (vehicle 24.92 ± 0.22 vs LPS
30 ± 3 cells per section). Morphologically, there was a significant in-
crease in the percentage of round/amoeboid Iba1+ cells, representing
an activated microglial phenotype, in the ML (Fig. 1F) and the SGZ/
GCL (Fig. 1G), while this increase did not reach significance in the den-
tate hilus (ramified: vehicle 11.67 ± 5.36 vs LPS 4.17 ± 0.68,
intermediate: vehicle 83.33 ± 3.85 vs LPS 75 ± 1.36, round/amoeboid:
vehicle 5 ± 1.67 vs LPS 20.83 ±2.04) (see Supplementary Fig. 2 for rep-
resentative images of the differentmicroglial phenotypes). At 3–5 days,
we continued to observe increased numbers of Iba1+/ED1+ cells in the
ML (Fig. 1H),while therewere no changes in the SGZ/GCL (Fig. 1H) or in
the dentate hilus (vehicle 20.47 ± 0.8 vs LPS 22.08 ± 1.34 cells per sec-
tion). Morphologically, we found a reduction in the percentage of ram-
ified surveying Iba1+ cells together with a profound increase in the
percentage of intermediate activated Iba1+ cells in both the ML
(Fig. 1I) and the SGZ/GCL (Fig. 1J). In the hilus, only the decrease in
the percentage of ramified cells reached significance (ramified: vehicle
20.88 ± 1.30 vs LPS 7.78 ± 0.55; p b 0.05, intermediate: vehicle
72.16 ± 1.52 vs LPS 78.33 ± 3.47; p N 0.05, round/amoeboid: vehicle
6.96 ± 0.29 vs LPS 13.89 ± 2.94; p N 0.05). At 3 weeks after LPS injec-
tion, there was still a significant increase in the number of Iba1+/ED1+

cells within the ML (Fig. 1K), while no changes were observed in the
SGZ/GCL (Fig. 1K) or in the dentate hilus (vehicle 24.62 ± 1.89 vs LPS
28 ± 2.47 cells per section). When comparing the morphology of
microglial cells, a significant decrease was also observed in the percent-
age of ramified surveying Iba1+ cells, with a concomitant increase in the
percentage of intermediate activated Iba1+ cells in both theML (Fig. 1L)
and the SGZ/GCL (Fig. 1M), with no changes in the dentate hilus (rami-
fied: vehicle 24.58 ± 2.43 vs LPS 14.72 ± 1.76, intermediate: vehicle
71.98 ± 2.08 vs LPS 78.98 ± 1.48, round/amoeboid: vehicle 3.44 ±
0.94 vs LPS 6.3 ± 0.98). Taken together, our findings show that a single
intra-hippocampal LPS injection induces a strong activation ofmicroglial
cells that is sustained within the ML and the SGZ/GCL for at least
3 weeks.

Despite the marked degree of microglial activation, we did not
detect any differences in the overall cytoarchitecture of the dentate
gyrus 3 weeks after an LPS compared to vehicle injection (see cresyl
violet staining in Supplementary Figs. 3A and B), and there was no
difference in the GCL volume (vehicle 127.07 ± 32.91 vs LPS 96.51 ±
20.29 mm3). Densitometric analyses of the representative areas within
the ipsilateral GCL,ML and the dentate hilus at 3 weeks post-LPS injection
(see Supplementary Figs. 3C and D) could not reveal any significant in-
crease in the activation of astrocytes in terms of GFAP intensity compared
to vehicle controls (GCL; vehicle 11.77 ± 2.56 vs LPS 11.74 ± 1.92, ML;
vehicle 9.08 ± 2.31 vs LPS 13.03 ± 4.40, hilus; vehicle 17.44 ± 3.85 vs
LPS 27.04 ± 3.81 mean pixel intensity). Furthermore, no ongoing
Fluoro-Jade positive neurodegeneration was observed in the dentate
gyrus at 3 weeks following LPS injection (data not shown). This is in
linewith other reports (Herber et al., 2006), aswell as our previous report
in rats, where no Fluoro-Jade+ cells were visible either 1 or 8 weeks fol-
lowing a single intra-hippocampal LPS injection (Jakubs et al., 2008).

We also assessed the magnitude of inflammation in the ipsilateral
hippocampus in the acute (12 h), sub-acute (3 days) and late phases
(3 weeks) following LPS injection by measuring the levels of pro- (IL-
1β, IL-6) and anti-inflammatory (IL-4 and IL-10) cytokines using ELISA.
At 12 h, there was an acute substantial increase in the expression of
both IL-1β and IL-6 (Figs. 2A and B, respectively). The increasewas tran-
sient and levels were non-detectable or comparable to vehicles already
at 3 days post-LPS injection (Figs. 2A and B, respectively). Conversely,
levels of both IL-4 (Fig. 2C) and IL-10 (Fig. 2D) did not differ between
vehicle- and LPS-injected groups at any time point. However, their ex-
pression levels did follow a biphasic temporal response in the LPS-
injected groupwith a significant reduction from12 h to 3 days, followed
by a significant increase from 3 days to 3 weeks (Figs. 2C and D). The
lack of difference between the LPS and vehicle group at 3 days post-
injection may be due to the high variation within the vehicle group.

New hippocampal neurons do not change their gross morphology when
encountering LPS-induced inflammation during synaptic development

We next wanted to explore whether LPS-induced inflammation
may alter the gross morphology of newborn hippocampal neurons



Fig. 1. Lipopolysaccharide (LPS)-induced hippocampal inflammation exhibits an acute, sub-acute and long-lasting profile. A–D, Representative photomicrographs of the distribution of
Iba1+ (green), ED1+ (red), and Iba1+/ED1+ (yellow) microglia in the dentate gyrus after an intra-hippocampal vehicle injection (A), or 12 h (B), 3–5 days (C) or 3 weeks (D) after
an LPS injection. Note the presence of ramified surveying microglia in vehicle group (arrowhead and inset in A), activated round/amoeboid microglia at 12 h post-LPS injection (arrow-
head and inset in B), and activatedmicroglia with an intermediate morphology at 3–5 days and 3 weeks post-LPS injection (arrowheads and insets in C and D, respectively). E–M, Quan-
tifications showing the total number of Iba1+/ED1+microglia per section (E, H, and K) and the relative percentage ofmicrogliawith differentmorphological phenotypes (Ram— ramified;
Inter— intermediate; R/A— round/amoeboid) in the ipsilateral molecular layer (ML) and granule cell layer (GCL) at 12 h (F and G), 3–5 days (I and J), and 3 weeks (L and M) post-LPS
injection. Data are presented asmean ± SEM, n = 3 for each group (12 h), n = 3 for each group (3–5 days), n = 16 vehicle and n = 18 LPS (3 weeks). *, p b 0.05, 2-way ANOVAwith
Bonferroni posthoc test. Scale bar is 50 μm (in A for A, B, C, and D).
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at different developmental stages related to synapse formation.
Newly formed cells were labeled with GFP by stereotaxic intra-
hippocampal injection of a retroviral vector (RV-GFP) that incorpo-
rates specifically into dividing cells (Jessberger et al., 2007; van
Praag et al., 2002; Zhao et al., 2006). Since we injected the RV-GFP at
either 1 or 4 weeks before inducing the inflammatory response, and
thenwaited 3 weeks before perfusion (28 dpi and 49 dpi, respectively),
the initial proliferation and 1 or 4 week-survival phase of the newly
formed neurons occurred in an intact brain and were not affected by
the LPS-induced inflammation. Instead, the pathological environment
occurred either during the early or late phase of inhibitory and excitato-
ry synapse formation (Ge et al., 2008; Laplagne et al., 2006). At both
these time points, the total number of survivingGFP+ cells did not differ
between treatment groups (28 dpi; vehicle 14.66 ± 3.15 vs LPS 22 ±
6.59, 49 dpi; vehicle 24.77 ± 5.21 vs LPS 20.2 ± 3.75). However, the
GFP+ cell counts should be interpreted with caution, keeping in mind



Fig. 2. Several fold increase in pro-inflammatory cytokines acutely after intra-hippocampal
LPS injection. A–D, Levels of interleukin (IL)-1β (A), IL-6 (B), IL-4 (C), and IL-10 (D) were
measured at three different time points (12 h, 3 days, and 3 weeks post-LPS injection) in
ipsilateral hippocampal lysate using ELISA. The levels of IL-1β and IL-6 were transiently in-
creased 12 h after LPS compared to vehicle. Note also the transient significant decrease in
levels of the anti-inflammatory cytokines, IL-4 and IL-10, at 3 days compared to 12 h and
3 weeks post-LPS. Data are presented as mean ± SEM, n = 5 for each group (12 h),
n = 5 for each group (3 days), n = 8 for each group (3 weeks). n.d. — not detectable. *,
p b 0.05, 2-way ANOVA with Bonferroni posthoc test.
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the possible variations in retroviral transduction efficiency following
stereotaxic intracerebral injections. At 28 dpi, the majority of the
GFP+ cell bodies were oriented at a 90° angle in relation to the GCL
in both vehicle- (Fig. 3A) and LPS-injected animals (Fig. 3B) (vehicle
64.57 ± 3.05 vs LPS 65.40 ±3.88%). Also, most of the GFP+ cell
Fig. 3. New hippocampal neurons do not change their gross morphology when encountering LP
tomicrographs representing themorphological development of GFP+ newly formed cells in veh
GFP+ cell bodies in 3 sub-divisions of the GCL (inner,middle, outerGCL) (iGCL,mGCL, and oGCL
C, Quantification shows the relative distribution of GFP+ cell bodies in the iGCL, mGCL, oGCL, o
Representative photomicrographs depict themorphological development of GFP+ cells in vehic
tree extending into the outer ML (oML). G, Relative location of GFP+ cells in the iGCL, mGCL,
presented as mean ± SEM, n = 6 vehicle and n = 8 LPS (28 dpi) and n = 9 vehicle and n
50 μm (in A for A and B), 50 μm (in F for E and F), and 1 μm (in D for D and H).
bodies were located in the inner GCL (iGCL; first one-third of the
GCL) with relatively few cells in the middle GCL (mGCL; middle
one-third of the GCL) or outer GCL (oGCL; last one-third of the
GCL) and almost none in the dentate hilus (Fig. 3C). However, we
did observe a small decrease in the percentage of GFP+ cells present
in the iGCL, together with an increase in the percentage of cells in the
mGCL, in the LPS-injected group (Fig. 3C). This change in migration
pattern is in line with a previous study where newborn neurons
formed in an LPS-induced inflammatory environment were reported
tomigrate a longer distance within the GCL compared to cells in con-
trol environment (Belarbi et al., 2012), but the significance of this
finding is not known. The dendritic tree was well extended into the
oML in both groups, with frequent occurrence of small varicosities
on the dendrites indicating immature dendritic morphology
(Fig. 3D), thereby corroborating prior findings (Jackson et al., 2012;
Toni et al., 2007). The dendrites originated primarily from the apical
side of the cell body and rarely from the medial or basal side, with no
differences between the LPS- and vehicle-injected group (apical: ve-
hicle 100 ± 0 vs LPS 97.61 ± 1.03, medial: vehicle 0 ± 0 vs LPS
1.26 ± 0.71, basal: vehicle 0 ± 0 vs LPS 1.13 ± 0.95%). Also, no dif-
ferences were observed between groups when estimating the per-
centage of basal (vehicle 81.55 ± 3.73 vs LPS 91.15 ± 2.91),
medial (vehicle 12 ± 1.93 vs LPS 7.80 ± 2.6) and apical axons (ve-
hicle 6.4 ± 2.9 vs LPS 1.04 ± 0.79).

At 49 dpi, most of the GFP+ cell bodies were oriented at a 90° angle
in relation to the GCL in both the vehicle- (Fig. 3E) and LPS-injected
group (Fig. 3F) (vehicle 65.98 ± 4.02% vs LPS 62.38 ± 3.27%), which
was similar to 28 dpi. The cell bodies were primarily located in the
iGCL (Fig. 3G). The dendritic tree was now much more arborized than
at 28 dpi, in both the groups, as previously reported for newborn hippo-
campal neurons of corresponding age (Jakubs et al., 2008). Small vari-
cosities were seldom observed (Fig. 3H). No differences were found
between groups when estimating the percentage of apical (vehicle
92.27 ± 1.98 vs LPS 90.45 ± 2.53), basal (vehicle 2.56 ± 1.10 vs
LPS 5.17 ± 1.82), or medial dendrites (vehicle 5.16 ± 1.83 vs LPS
4.05 ± 2.55). Also, similar findings were observed in the LPS- and
S-induced inflammation during early and late phases of synaptic development. A–B, Pho-
icle- (A) and LPS- (B) injectedmice at 28 days post-injection (dpi). Relative distribution of
, respectively) is shown as insets in A (GFP+ cell in the iGCL) and B (GFP+ cell in themGCL).
r the dentate hilus. D, At 28 dpi, dendritic beading was clearly evident (arrowheads). E–F,
le- (E) and LPS- (F) injectedmice at 49 dpi. Note the presence of highly branched dendritic
oGCL, or the dentate hilus. H, Dendritic beading was seldom observed at 49 dpi. Data are
= 10 LPS (49 dpi). *, p b 0.05, unpaired t test compared to vehicle group. Scale bars are
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vehicle-group regarding axonal origin at the cell body. Axons origi-
nated primarily from the basal (vehicle 70.23 ± 5.69% vs LPS 57.03 ±
7.37%) and medial side (vehicle 21.56 ± 5.65% vs LPS 25.52 ± 4.98%),
and rarely from the apical side (vehicle 8.17 ± 2.9% vs LPS 7.51 ± 3%).

Increased number of dendritic spines and protein expression at excitatory
synapses on new hippocampal neurons encountering LPS-induced in-
flammation during early stages of synapse formation

We investigated whether an LPS-induced inflammatory environ-
ment during either the early or late phase of synapse formation
(28 dpi and 49 dpi, respectively) could selectively affect the excitatory
synapses on newly formed hippocampal neurons. Dendritic spines are
considered to be the main sites for excitatory synaptic input onto neu-
rons, and can be divided into either immature phenotypes (filopodia
and stubby spines), or mature phenotypes (thin andmushroom spines)
(Nimchinsky et al., 2002). At 28 dpi, all spine types were present on the
new GFP+ cells (Fig. 4A) with no significant differences between the
LPS- and vehicle-group in spine density when data from the iML and
oML were pooled together (Fig. 4B). However, when evaluating the
two regions separately, we did detect a significant increase in the
Fig. 4. Increased number of dendritic spines and subtle changes at excitatory synapses on new
apse formation. A, Representative photomicrograph depicts different morphological subtypes o
both innerML (iML) and oML) on GFP+ dendrites in vehicle- and LPS-injected animals. C, Note
oML. D–E, Representative photomicrographs showingPSD-95 clusters in vehicle- (D) and LPS- (
F, Cluster density of PSD-95 on GFP+ dendritic spines in both iML and oML. G, Increased size of
LPS-injected mice. H–I, Photomicrographs representing the expression of N-cadherin on GFP+

tomicrograph showing the co-localization of N-cadherin (green) with PSD-95 (red) clusters (
Data are presented as mean ± SEM, n = 6–7 for each group (28 dpi). *, p b 0.05, unpaired t t
1 μm (J).
density of thin spines in the iML in the LPS-injected animals, but not
in the oML (Fig. 4C). Conversely, at 49 dpi, LPS-induced inflammatory
environment did not affect the spine density, neither when the iML
and oML were pooled, nor when analyzed separately (iML: vehicle
0.73 ±0.1 vs LPS 0.54 ± 0.08, oML: vehicle 0.79 ± 0.08 vs LPS 0.72 ±
0.07 spines/μm).

In an attempt to substantiate the increase in spine density during
early synapse formation (28 dpi) and correlate it to a specific change
at the excitatory synapses, we determined the expression of the post-
synaptic excitatory scaffolding protein, PSD-95. PSD-95 is concentrated
at glutamatergic synapses (El-Husseini et al., 2000) and we have previ-
ously described its location on both dendritic spines and shafts of new-
born hippocampal neurons (Jackson et al., 2012). At 28 dpi, PSD-95
clusters were visible on the GFP+ dendritic spines and shafts in the
iML and oML in both vehicle- (Fig. 4D) and LPS-injected animals
(Fig. 4E) (vehicle 21.4 ± 5.1 vs LPS 23.8 ± 5.81% clusters on spines),
indicating that a substantial portion of the excitatory synapses were
located on the dendritic shafts in both groups at this developmental
stage. We found a trend towards an increase in the PSD-95 cluster
density primarily on dendritic spines in the LPS-injected group, in
both the iML and the oML (Fig. 4F). This was further supported by a
hippocampal neurons encountering LPS-induced inflammation during early stages of syn-
f dendritic spines in relation to the dendritic shaft (DS). B, Spine density (pooled data from
an increase in thin spine density in the iML in the LPS-injected group and no changes in the
E) injectedmice on aGFP+dendritic spine (arrow in E) and shafts (arrowheads inD andE).
PSD-95 clusters present on GFP+ dendritic spines in the oML and no changes in the iML in
dendritic spines and shafts (arrowheads) in vehicle- (H) and LPS- (I) injected mice. J, Pho-
arrowheads). Also, single stained N-cadherin and PSD-95 clusters were present (arrows).
est compared to vehicle group. Scale bars are 1 μm (A), 1 μm (in H for D, E, H, and I), and
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small but significant increase in the size of the PSD-95 clusters pres-
ent on dendritic spines in the oML (Fig. 4G). No differences were
present in the iML (Fig. 4G).

We continued to examine the excitatory synapses at 28 dpi by
quantifying the expression of the adhesion molecule N-cadherin. Dur-
ing development, N-cadherin is initially widely distributed within a
cell, but becomes restricted primarily to the excitatory synapses as the
cell matures (Benson and Tanaka, 1998). It has been shown to be in-
volved in target recognition and synapse stabilization (Bamji et al.,
2003; Bozdagi et al., 2004; Mendez et al., 2010). At 28 dpi, N-cadherin
clusters were present both on the dendritic spines and shafts of the
GFP+ new cells (Fig. 4H and I) (vehicle 16.1 ± 9.01 vs LPS 22.08 ±
Fig. 5.Alterations at inhibitory synapses on newhippocampal neurons encountering LPS-induce
tative photomicrographs showing gephyrin expression in the somatic region of GFP+ cells (ar
density was decreased in the GCL at 28 dpi (C), but no differences were observed between gr
vehicle-injected group at 28 dpi. F, Photomicrographs showing the co-localization of GABA (gr
neuroligin-2 (NL-2) (red) clusters (arrowhead in right panel) in the ML, confirming the loca
soma and dendritic shafts (arrowheads) in vehicle- (G and I, respectively) and LPS- (H and J,
and oML at 28 dpi (K), but no differences were found between groups at 49 dpi (L). M–N, P
vehicle- (M) and LPS- (N) injectedmice at 28 dpi. O, Representative image from LPS-injected gr
segment (arrowhead in inset). P, Increased NF cluster density in the iML, and oML at 28 dpi. D
group (49 dpi). *, p b 0.05, unpaired t test compared to vehicle group; #, p b 0.05,MannWhitn
1 μm (in I for I, J, M, and N), and 1 μm (O).
7.57% clusters on spines) with no differences between groups in either
cluster density (iML: vehicle 0.02 ± 0.009 vs LPS 0.01 ± 0.004, oML:
vehicle 0.02 ± 0.011 vs LPS 0.02 ± 0.008 cluster/μm) or cluster size
(vehicle 0.11 ± 0.018 vs LPS 0.09 ± 0.017 μm2) when clusters on
spines and shafts were pooled together. Also, no differences were ob-
served when the N-cadherin cluster density and size were evaluated
separately on the dendritic spines of the newborn neurons (cluster den-
sity on spines–iML: vehicle 0.002 ± 0.002 vs LPS 0.003 ± 0.002, oML:
vehicle 0.003 ± 0.002 vs LPS 0.006 ± 0.004 cluster/μm; cluster size
on spines–ML: vehicle 0.10 ± 0.004 vs LPS 0.12 ±0.005 μm2). Never-
theless, we did observe co-localization of the N-cadherin clusters with
PSD-95 (Fig. 4J).
d inflammation during early but not later phases of synaptic development. A–B, Represen-
rowheads) in the vehicle- (A) and LPS- (B) injected mice at 28 dpi. C–D, Gephyrin cluster
oups at 49 dpi (D). E, Image showing GABA clusters on GFP+ cell soma (arrowheads) in
een) and gephyrin (red) clusters (arrowhead in left panel) and that of GABA (green) and
lization of gephyrin and NL-2 at inhibitory synapses. G–J, NL-2 expression on GFP+ cell
respectively) injected mice at 28 dpi. K–L, NL-2 cluster density was increased in the GCL
hotomicrographs of neurofascin (NF) clusters on GFP+ dendritic shafts (arrowheads) in
oup showing expression of NF cluster on the GFP+ cell soma (arrowhead) and axon initial
ata are presented as mean ± SEM, n = 6–7 for each group (28 dpi) and n = 10 for each
ey test compared to vehicle group. Scale bars are 1 μm (in A for A, B, E, G, and H), 1 μm (F),
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Alterations at inhibitory synapses on new hippocampal neurons encounter-
ing LPS-induced inflammation during early stages of synaptic development

Wenextwanted to explore possible changes at the inhibitory synap-
ses on the newborn neurons following exposure to LPS at early and late
phases of synapse formation.We, therefore, evaluated the expression of
gephyrin, a post-synaptic scaffolding protein associated with clustering
of GABAA and glycine receptors (Fritschy et al., 2008). The gephyrin clus-
ters were uniformly distributed in the somatic region of the GFP+ cell
bodies in both vehicle- (Fig. 5A) and LPS-injected animals (Fig. 5B). At
28 dpi, LPS-injected animals showed a significant decrease in the
gephyrin cluster density in the somatic region (Fig. 5C). However, in
the ML, where the gephyrin clusters were predominantly present
on the dendritic shafts of GFP+ neurons, as previously reported
(Jackson et al., 2012), neither the gephyrin cluster density (Fig. 5C)
nor the size of the gephyrin cluster (vehicle 0.13 ± 0.009 vs LPS
0.12 ± 0.003 μm2) was different between the groups. Also, at
49 dpi, no differences were observed in gephyrin cluster density in
the GCL, iML, or oML (Fig. 5D) or in the size of the gephyrin clusters
in the ML (vehicle 0.12 ± 0.007 vs LPS 0.11 ± 0.005 μm2).

The LPS-induced decrease in gephyrin cluster density in the somatic
region at 28 dpi could possibly reflect less inhibitory pre-synaptic input
to the new neurons, leading to post-synaptic alterations (Chubykin
et al., 2007). We therefore assessed the number of GABA clusters on
the GFP+ cells at 28 dpi as a measurement of pre-/peri-synaptic inhibi-
tory input. The distribution of GABA clusters was similar to that of
gephyrin in the somatic region (Fig. 5E). However, although we found
co-localization of gephyrin and GABA clusters (Fig. 5F), there were no
differences in GABA cluster density on GFP+ cell soma between groups
(vehicle 0.01 ± 0.002 vs LPS 0.01 ± 0.002 cluster/μm3).

We then analyzed the expression of post-synaptic adhesion mole-
cules known to regulate gephyrin clustering at inhibitory synapses.
One of the most studied adhesion molecules at inhibitory synapses is
the NL-2 (Hoon et al., 2009), which drives the post-synaptic differentia-
tion by directly binding to the gephyrin (Poulopouloset al., 2009). Consis-
tently, we observed co-localization of NL-2 and GABA clusters (Fig. 5F),
thereby confirming the localization of NL-2 at GABAergic inhibitory syn-
apses. The distribution of NL-2 clusters was uniform throughout the
GFP+ cell body in the GCL (Figs. 5G and H) and on the dendritic shafts
in theML (Figs. 5I and J) in both vehicle- and LPS-injected animals, similar
to the pattern for gephyrin. Interestingly, new neurons in the LPS group
exhibited a significant increase in the NL-2 cluster density on the GFP+

cell bodies in the GCL as well as on the dendritic shafts in the oML
(Fig. 5K), together with a trend towards an increase also in the iML (vehi-
cle 0.04 ± 0.01 vs LPS 0.07 ± 0.02, p = 0.13). The size of the NL-2 clus-
ters in the ML was unaltered (vehicle 0.12 ± 0.004 vs LPS 0.13 ±
0.006 μm2). At 49 dpi, as for gephyrin, no changes were observed in the
NL-2 cluster density in the GCL, iML, or oML (Fig. 5L) or in the size of
the NL-2 clusters in the ML (vehicle 0.13 ± 0.004 vs LPS 0.14 ±
0.007 μm2).
Fig. 6. LPS-induced increase in GABAAR-α2 expression on new hippocampal neurons. A–B, Rep
rowheads) in vehicle- (A) and LPS- (B) injectedmice. C,GABAAR-α2 cluster densitywas increase
for each group (28 dpi). *, p b 0.05, unpaired t test compared to vehicle group. Scale bar is 1 μ
In order to confirm the NL-2 findings at 28 dpi, we investigated the
expression of neurofascin, which is another adhesionmolecule found at
inhibitory synapses. It has previously been shown to have a specific sta-
bilizing role at GABAergic synapses on the axon initial segment (AIS)
(Kriebel et al., 2011). Neurofascin clusters were evenly distributed on
the dendritic shafts of the GFP+ cells in the iML and oML in both
vehicle- and LPS-injected animals (Figs. 5M andN). Additionally, we ob-
served neurofascin clusters in the somatic region and in the AIS of GFP+

cells (Fig. 5O). Consistent with the NL-2 findings, neurofascin cluster
density was increased in the ML at 28 dpi in the LPS group, both in
the iML and oML (Fig. 5P). The size of the neurofascin clusters was
unaltered (vehicle 0.11 ± 0.006 vs LPS 0.11 ± 0.005 μm2).

The disproportionate alterations in scaffolding protein and adhesion
molecule expression at inhibitory synapses at 28 dpi may be associated
with alterations in post-synaptic GABAergic transmission, without
corresponding changes in pre-/peri-synaptic GABA expression. We
therefore analyzed GABAAR-α2 expression, a GABA receptor subunit
previously observed in new neurons at this developmental age
(Wadiche et al., 2005). The GABAAR-α2 clusters were frequent and
evenly distributed throughout the GFP+ cell body at this develop-
mental stage (Figs. 6A and B). Cluster density was significantly in-
creased in the somatic region of GFP+ cells exposed to the LPS
treatment compared to controls (Fig. 6C).

Changes in gephyrin, NL-2, and GABAAR-α2 expression are restricted to
new neurons within the hippocampal granule cell layer

Densitometric analyses of representative areas within the ipsilateral
GCL at 3 weeks post-LPS injection could not reveal any significant dif-
ferences in the overall expression of gephyrin, NL-2, or GABAAR-α2
(see Supplementary Fig. 4). This may imply a selective vulnerability at
inhibitory synapses on newborn neurons compared to mature granule
cells.

Interleukin-1 type 1 receptor (IL-1R1) is expressed on newly formed
hippocampal neurons

To gain further insight into the link between inflammatory media-
tors and synaptic proteins on newneurons, we assessed the distribution
of one important pro-inflammatory cytokine receptor (IL-1 type 1 re-
ceptor (IL-1R1)) on the GFP+ cells at 28 dpi. We observed IL-1R1 clus-
ters in both the LPS- and vehicle-injected group (Figs. 7A–C), but
found no differences in IL-1R1 cluster density in the somatic region of
new neurons between treatment groups (vehicle 0.017 ± 0.003 vs
LPS 0.019 ± 0.004). Interestingly, densitometric analyses of repre-
sentative areas revealed an un-even distribution within the dentate
gyrus, with a significantly increased intensity in the GCL compared
to the distal dendritic segments within the oML in the LPS group
and a trend towards an increase in the vehicle group (Figs. 7D–F).
resentative images showing GABAAR-α2 labeling in the somatic region of GFP+ cells (ar-
d on theGFP+ cell soma in theGCL at 28 dpi. Data are presented asmean ± SEM, n = 3–4
m (in A for A and B).
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Fig. 7. IL-1 type 1 receptor (IL-1R1) is expressed predominantly at the somatic region of newly formed hippocampal neurons. A, Representative photomicrograph showing an overview of
IL-1R1 expression on a GFP+ cell in the GCL and ML of the dentate gyrus in an LPS-injected animal at 28 dpi. B–C, Orthogonal reconstructions from confocal z-series, viewed in x–z (left)
and y–z (top) planes, showing the co-localization of IL-1R1 with a GFP+ dendrite (arrowhead in B) and with a GFP+ cell soma (arrowhead in C) marked as boxed regions in A. D–E, Rep-
resentative photomicrographs showing overall IL-1R1 expression in the GCL (D) and the oML (E) in LPS-injectedmice. F, Increased expression of IL-1R1 in the GCL as compared to oML in
LPS-injected group and a trend towards an increase in the vehicle group. G–H, IL-1R1 clusters (green) in close apposition to NL-2 clusters (red) in the ML (arrowheads in G), confirmed
with orthogonal projection (arrowhead in H). I, IL-1R1 clusters (green) in close apposition to PSD-95 clusters (red) in theML (arrowheads). Data are presented as mean ± SEM, n = 3–4
for each group (28 dpi). *, p b 0.05, unpaired t test compared to vehicle group. Scale bars are 10 μm (A and in D for D and E), 1 μm (B, in G for G and H, and I), and 2.5 μm (C).
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In addition, IL-1R1 was frequently found in close apposition to NL-2
clusters (Figs. 7G and H) and occasionally to PSD-95 (Fig. 7I).

Discussion

Here, we demonstrate that adult-born hippocampal neurons born in
an intact environment are susceptible to LPS-induced inflammation
during their initial stages of synapse formation. The LPS-induced envi-
ronment progressed through an acute pro-inflammatory profile to-
wards a sub-acute and long-term activation of microglia, without
developingmajor changes in hippocampal cytoarchitecture, astrocytosis,
or cell death. During the 3 weeks of exposure to the LPS environment,
new neurons developed normal gross morphology independently of
when the LPS environment was initiated, i.e. either 1 or 4 weeks after
the cells had been formed. These findings are similar to our previous re-
port on newly formed neurons born into an inflammatory environment
(Jakubs et al., 2008). However, here we found an increased number of
dendritic thin spines and post-synaptic PSD-95 clusters on spines, on
newly formed neurons exposed to the LPS environment during the
early phase of synapse formation, i.e. 7–28 dpi. This coincided with a
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decreasedpost-synaptic clustering of gephyrin, butwithout an accompa-
nying change in overall pre-/peri-synaptic GABAergic input. Interesting-
ly, the expression of two adhesion molecules associated with inhibitory
synapses, NL-2 and neurofascin, was both specifically increased together
with the post-synaptic GABAAR-α2 expression at this early time point.

The hippocampal immune response induced by a single intra-
hippocampal LPS injection followed the classical phases of inflamma-
tion, with an initial transient increase in pro-inflammatory cytokines
and a gradual increase in number of phagocytic microglia with an
altered activated morphology. Consistent with our findings, microglia
have been reported to remain activated for up to 4 weeks after a single
intra-hippocampal injection of LPS in mice (Herber et al., 2006). How-
ever, Herber et al. (2006) also presented an LPS-induced astrogliosis,
which was not as evident in our study, probably due to the lower
dose of LPS. A relatively mild LPS-insult was here further supported
by the lack of major changes in the cytoarchitecture of the hippo-
campus and absence of Fluoro-Jade-labeled cell death. The rapid,
several-fold increase in the expression of IL-1β and IL-6 at 12 h,
which returned to either low or undetectable levels at 3 days and
3 weeks after LPS treatment, are in line with previous reports show-
ing an acute increase in pro-inflammatory cytokine expression both
in case of systemic (Terrando et al., 2010) as well as intra-cerebral
(Nadeau and Rivest, 2002) LPS administration. In contrast, the anti-
inflammatory cytokines IL-4 and IL-10 did not significantly differ be-
tween vehicle- and LPS-injected groups at any time point. Though,
due to a high variation in the vehicle group, we cannot rule out a
small decrease in IL-4 and IL-10 expression at 3 days post-LPS injec-
tion. Moreover, the biphasic temporal response among the LPS-
injected animals is in line with a previous report in a model of con-
trolled cortical impact injury where IL-4 showed a similar temporal
expression profile (Dalgard et al., 2012).

On the newly formed neurons, we found increased number of thin
spines following intra-hippocampal LPS injection at 28 dpi, as previous-
ly reported on mature neurons at 4 weeks post-systemic LPS injection
(Kondo et al., 2011). The excessive number of spines, particularly during
the initial stages of synaptogenesis, may reflect defects in synaptic
pruning by the microglial cells. This hypothesis was recently presented
in a study in vivo on CX3CR1-GFPmouse hippocampuswhere GFP+mi-
croglia were suggested to eliminate synaptic elements during the sec-
ond and third postnatal weeks (Paolicelli et al., 2011). Interestingly, in
an independent study, CX3CR1 expression was down-regulated on
microglial cells after systemic LPS treatment (Wynne et al., 2010),
which may indicate together with our findings that synaptic pruning
and the number of spines could be related to the number of CX3CR1+

surveying microglia.
The LPS-induced increase in spine number and PSD-95 cluster densi-

ty on spinesmay represent an enhanced excitatory synaptic connectivity
in the newly formed neurons at their early stages of synaptogenesis. In
accordance, we have previously demonstrated an enhanced excitatory
synaptic transmission in new hippocampal neurons born into an LPS-
induced inflammatory environment (Jakubs et al., 2008). In further sup-
port of this relationship, a decrease in spine number and PSD-95 clus-
tering on spines at later stages of synaptic development in new
neurons born after SE (Jackson et al., 2012) has also been correlated to
a decrease in excitatory transmission (Jakubs et al., 2006). Previous
studies have suggested an important role for N-cadherin during excit-
atory synaptic assembly and target recognition (Bamji et al., 2003;
Bozdagi et al., 2004; Mendez et al., 2010). Though, in the present
study, the increase in spine density and PSD-95 clusters was not accom-
panied by an increase in the N-cadherin expression, neither on spines
nor on dendritic shafts, which is similar to our previous report on new
neurons post-SE (Jackson et al., 2012). Together, these findings indicate
that the level of N-cadherin expression may not be sensitive to LPS-
induced inflammation. Instead, spine formation and the PSD-95 expres-
sion may be more vulnerable to different brain pathologies, but change
differently depending on the age of the new neuron. Whether these
early synaptic alterations are transient or persistent during the lifespan
of the cell remains to be elucidated.

At the inhibitory synapses on newly formed neurons, the decrease in
gephyrin was not accompanied by an overall change in GABA cluster
density, suggesting no profound change in pre/peri-synaptic inhibitory
input. Instead, we found an increase in the expression of NL-2 and
neurofascin. This is in contrast to our previous finding (Jackson et al.,
2012), where new neurons formed after SE developed a transient de-
crease in NL-2 clusters and an increase in gephyrin in the iML at
6 weeks of age. One of the possible explanations for this discrepancy
could be the time at which the newly formed neurons encountered a
pathological insult. In the previous study on SE, new neurons were
born in the seizure environment, as opposed to the present report
where they were challenged with LPS-induced inflammation at certain
time windows after birth. However, the overall disproportionate alter-
ations of adhesion molecule and scaffolding protein expression in both
of these studies are likely to cause an imbalance in the inhibitory synap-
tic connectivity in the new hippocampal neurons. Since the GABAAR-α2
expression was increased in the present study, it could reflect an im-
mature or perhaps dysfunctional GABAergic transmission in the new
neurons, maybe associated with dispersion or altered clustering of
GABAAR-α2 at the inhibitory synapses, due to the relatively de-
creased levels of gephyrin (Kneussel et al., 1999; Niwa et al., 2012).
Because these changes occur during the critical early period of syn-
aptic development, when new neurons normally facilitate their sur-
vival and functional integration by using GABA signaling for proper
establishment of the excitatory transmission (Dieni et al., 2013),
normal hippocampal function may be affected. Interestingly, new
neurons have been demonstrated to contribute to hippocampal
memory formation especially during their early development (Gu
et al., 2012; Kee et al., 2007).

Indeed, achieving the proper balance between excitation and inhibi-
tion (E/I balance), especially in the hippocampal dentate gyrus where
there is a continuous production of newly formed neurons during adult-
hood, is important for the normal function of the hippocampal circuitry.
This balance is maintained by an array of homeostatic mechanisms that
regulate neuronal excitability (Turrigiano, 2011). One such mechanism
is via coordinated expression of adhesion molecules (neuroligins and
neurexins) and scaffolding proteins (PSD-95 and gephyrin) (Gkogkas
et al., 2013). For instance, knocking out the eukaryotic translation initi-
ation factor 4E-binding protein 2 (eIF4E-BP2) in mice could lead to an
increased expression of all neuroligins without any change in the post-
synaptic scaffolding proteins (Gkogkas et al., 2013). These knockout
mice exhibited increased ratio of excitatory to inhibitory synaptic inputs
and an autistic-like phenotype. In line with these studies, we speculate
that the disproportionate alterations in adhesion molecules and scaf-
folding proteins that we find here at inhibitory synapses may be related
to dysfunctional neuronal synaptic connectivity in new neurons follow-
ing the LPS treatment.

Several immune mediators have been shown to be important for
synaptic transmission and neural plasticity (Yirmiya and Goshen,
2011). Pro-inflammatory cytokines including IL-1β, IL-6, and TNF-α
increase excitatory synaptic transmission and/or decrease inhibitory
synaptic transmission in the spinal cord (Kawasaki et al., 2008). Fur-
thermore, intra-cerebral application of IL-1β enhances seizure activity in
experimental models of epilepsy (Vezzani et al., 1999). Here, we found
IL-1R1 expression on new neurons during normal conditions, according
to previous studies (Koo and Duman, 2008), as well as following LPS-
induced inflammation. The abundant close apposition between IL-1R1
clusters and NL-2 may suggest a direct interaction between IL-1 and
the inhibitory synapses onnewbornneurons. However, NL-2 cluster den-
sity is unaltered on 6 week-old hippocampal neurons in IL-1R1 knockout
mice (Chugh D, Jackson J, Chapman K, Ekdahl CT, unpublished observa-
tion), though, changes may still be present during brain inflammation.

The current study, together with our previous reports on structural
and functional integration of adult-born hippocampal neurons in
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pathological environments (Jackson et al., 2012; Jakubs et al., 2006;
Jakubs et al., 2008; Wood et al., 2011), suggest an interaction between
brain inflammation/microglial cells and inhibitory synapses on new
neurons, different from that of mature neurons. However, the interac-
tionmay even differ among certain populations of new neurons, i.e. be-
tween cells born before or after the brain insult and cells remaining in
the GCL or migrating aberrantly into the dentate hilus (Ekdahl, 2012).
In addition, the fraction of new neurons of different ages varies when
proliferation and survival rate change due to the brain pathology.
Neurogenesis decreases following LPS-induced inflammation (Ekdahl
et al., 2003). Conversely, here no decrease in survival was observed,
having in mind the caveats of comparing numbers of retrovirally
transfected cells. Accordingly, new neurons born directly before the
LPS insult may constitute a relatively large fraction of the total popula-
tion of new neurons at a given time point following the LPS injection.
However, whether the synaptic changes on these cells would be more
relevant to the hippocampal function than alterations in new neurons
born during the LPS-induced inflammation is not known.

In summary, our results provide the first evidence that LPS-induced
inflammation in the brain induces post-synaptic inhibitory and excit-
atory changes during early phases of synaptogenesis in new hippocam-
pal neurons. They support the idea that synaptic adhesion molecules
have an essential role in synaptic development. Adhesion molecules
at inhibitory synapses may be possible future therapeutic targets
for modulation of neuronal synaptic transmission in neurological
diseases.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.expneurol.2013.09.005.
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