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Tumor Necrosis Factor Receptor 1 Is a Negative
Regulator of Progenitor Proliferation in Adult
Hippocampal Neurogenesis
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Tumor necrosis factor-a (TNF-«) is a proinflammatory cytokine, acting through the TNF-R1 and TNF-R2 receptors. The two receptors
have been proposed to mediate distinct TNF-« effects in the CNS, TNF-R1 contributing to neuronal damage and TNF-R2 being neuro-
protective. Whether TNF-« and its receptors play any role for neurogenesis in the adult brain is unclear. Here we used mouse models with
loss of TNF-R1 and TNF-R2 function to establish whether signaling through these receptors could influence hippocampal neurogenesis
in vivo under basal conditions, as well as after status epilepticus (SE), which is associated with inflammation and elevated TNF-« levels.
Notably, in the intact brain, the number of new, mature hippocampal neurons was elevated in TNF-R1~'~ and TNF-RI/R2~'" mice,
whereas no significant changes were detected in TNF-R2™'~ mice. Also after SE, the TNF-RI~’~ and TNF-RI/R2~’~ mice produced more
new neurons. In contrast, the TNF-R2~'~ mice showed reduced SE-induced neurogenesis. Cell proliferation in the dentate subgranular
zone was elevated in TNF-R1~'~ and TNF-R1/R2™'~ mice both under basal conditions and after SE. The TNF-R2™/~ mice either showed
no change or minor decrease of cell proliferation. TNF-R1 and TNF-R2 receptors were expressed by hippocampal progenitors, as assessed
with reverse transcription-PCR on sorted or cultured cells and immunocytochemistry on cultures. Our data reveal differential actions of
TNF-R1 and TNF-R2 signaling in adult hippocampal neurogenesis and identify for the first time TNF-R1 as a negative regulator of neural

progenitor proliferation in both the intact and pathological brain.
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Introduction

Tumor necrosis factor-a (TNF-a) is a proinflammatory cytokine
believed to be involved in the pathogenesis of several acute and
chronic neurodegenerative disorders, such as Parkinson’s dis-
ease, multiple sclerosis, and stroke (Navikas and Link, 1996; Hal-
lenbeck, 2002; Hirsch et al., 2003). TNF-a probably also has a role
in normal brain function, e.g., the regulation of synaptic plastic-
ity (Pickering et al., 2005). A variety of cell types can produce
TNF-a, but the major source of TNF-« in the CNS is activated
microglia (Gebicke-Haerter, 2001). The action of TNF-« is com-
plex and associated with both cell death and cell survival, depend-
ing on, for example, type of target cells and receptors (Hallen-
beck, 2002; Wajant et al., 2003). TNF-a exerts its biological
effects through activation of two distinct receptor subtypes,
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TNF-R1 and TNF-R2 (Wajant et al., 2003). TNF-R1 contains an
intracellular “death domain” and contributes to neuronal death,
whereas TNF-R2 can be neuroprotective (Fontaine et al., 2002;
Yang et al., 2002; Marchetti et al., 2004) or induce apoptosis
(Depuydt et al., 2005).

Recent experimental evidence suggests that TNF-o may influ-
ence the survival of new neurons generated from the neural stem
cells of the adult brain in the dentate gyrus subgranular zone
(SGZ) and the subventricular zone, lining the lateral ventricles.
First, inflammation was found to be detrimental for the survival
of the new hippocampal neurons formed in the early phase after
status epilepticus (SE) as well as after lipopolysaccharide admin-
istration (Ekdahl et al., 2003; Monje et al., 2003). TNF-« is re-
leased from microglia during inflammation and, in accordance
with a neurotoxic role, microglia-derived TNF-a compromised
the survival of a hippocampal progenitor cell line in vitro (Cacci et
al., 2005). Second, infusion of an antibody to TNF-« reduced the
number of striatal and hippocampal neuroblasts generated after
stroke, possibly by inhibiting a neuroprotective action of TNF-«
mediated via TNF-R2 (Heldmann et al., 2005).

Progenitor cells isolated from rat hippocampus express
TNF-« (Klassen et al., 2003) and from neonatal rat striatum ex-
press TNF-R1 (Ben-Hur et al., 2003), whereas both TNF-R1 and
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TNF-R2 were detected on cultured neural progenitors from hu-
man fetal brain (Sheng et al., 2005). These findings suggest that
TNF-a may act directly on the multipotent neural progenitor
cells, via either autocrine mechanisms or release from neighbor-
ing microglia cells. Moreover, the expression of both receptor
subtypes on the progenitors themselves raises the possibility that
TNF-R1 and TNE-R2 signaling not only regulates neuronal sur-
vival but also has other actions in neurogenesis. Interestingly,
TNF-a has been shown to affect proliferation of hematopoietic
stem/progenitor cells (Bryder et al., 2001; Dybedal et al., 2001;
Chen et al., 2004), but none of these studies demonstrated a
physiological role of TNF-« in the regulation of steady-state he-
matopoiesis. TNF-a was also found to suppress cell proliferation
in neurospheres from neonatal rat striatum in vitro (Ben-Hur et
al., 2003) and to promote proliferation of oligodendrocyte pro-
genitors and remyelination in a mouse model of demyelination
(Arnett et al., 2001). Whether signaling through TNF receptors
controls neural progenitor proliferation and neurogenesis in the
adult brain in vivo under basal conditions and after injury is
unknown.

Here we demonstrate for the first time that signaling through
TNF receptors regulates proliferation of neural progenitor cells
in both the intact and pathological adult brain. Using mice in
which both receptor subtypes had been deleted, we provide evi-
dence that TNF-R1 and TNF-R2 have differential actions in hip-
pocampal neurogenesis. TNF-R1 acts as a suppressor of progen-
itor proliferation, whereas TNF-R2 can improve survival of the
newly formed neurons.

Materials and Methods

Animals and surgery. All experimental procedures followed guidelines set
by the Malmé-Lund Ethical Committee for the use and care of laboratory
animals. TNF-R1/R2™’~ mice (Peschon et al., 1998), backcrossed for five
generations into wild-type C57BL/6 mice, were purchased from The
Jackson Laboratory (Bar Harbor, ME). We generated TNF-R1~"~ and
TNF-R2™/~ mice by crossing TNF-R1/R2™/~ to wild-type C57BL/6 mice
(B & K Universal, Stockholm, Sweden) and interbreeding heterozygous
offspring, followed by selection of appropriate genotypes as determined
by PCR. Wild-type C57BL/6 mice, and in one experiment wild-type lit-
termates generated from the sixth generation of heterozygous TNF-R1/
R2%/~ breeders, were used as controls, giving similar results when basal
neurogenesis was assessed (data not shown).

Adult male TNF-R1™/~ (n = 29), TNF-R2™/~ (n = 43), TNF-R1/
R27/" (n = 35), TNF-RI/R2""" (n = 7), and wild-type C57BL/6 mice
(n = 32), weighing 22-24 g, were used for the in vivo studies. Nestin—
green fluorescent protein (GFP) mice for sorting of hippocampal pro-
genitors were a gift from Dr. G. Enikolopov (Cold Spring Harbor Labo-
ratory, Cold Spring Harbor, NY). Sprague Dawley rats (n = 6; 220-250
g) used for hippocampal progenitor cultures were from B & K Universal.
Animals were housed separately under 12 h light/dark conditions with ad
libitum access to water and food.

Eighty-five mice were anesthetized with halothane and implanted with
a twisted insulated stainless-steel stimulating and recording electrode
(Plastics One, Roanoke, VA) unilaterally into the ventral hippocampal
CA1-CA3 region (coordinates: 2.9 mm caudal and 3.0 mm lateral to
bregma, 3.0 mm ventral from dura, and tooth bar at —3.3 mm).

Induction of status epilepticus. Ten days after electrode implantation,
59 mice were subjected to electrically induced SE, as originally described
by Lothman et al. (1989). Mice received 1 h of suprathreshold stimula-
tion consisting of 10 s trains of 1 ms biphasic square wave pulses at a
frequency of 50 Hz. The stimulation was interrupted every 10 min for 1
min to allow for electroencephalogram (EEG) recording and measure-
ment of afterdischarges (MacLab; AD Systems, Hastings, UK). After end-
ing the stimulation, all mice exhibited self-sustained, continuous ictal
hippocampal EEG activity, which was associated with varying severity of
motor behavioral convulsions, categorized into partial and generalized
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seizures. The partial seizures comprised hyperactive motor behavior and
were scored as grade 02 in the classic kindling motor behavior scale. The
generalized seizures corresponded to clonic seizures rated as grade 3-5
(Racine, 1972). Both behavioral convulsions and ictal EEG activity were
arrested in all mice with pentobarbital (40 mg/kg, i.p.) at 2 h after stim-
ulation offset.

Bromodeoxyuridine administration and group assignment. Mice were
divided into four treatment groups and given bromodeoxyuridine
(BrdU) injections [50 mg/kg, i.p., dissolved in potassium PBS (KPBS)].
(1) Naive mice (n = 42) were injected with BrdU twice daily for 2 weeks
to label a substantial number of new cells and were allowed to survive for
2 weeks thereafter. (2) Naive mice (n = 19) received BrdU injections
every 2 h during a 6 h period and were perfused 2 h later. (3) Mice
subjected to SE (n = 31) and nonstimulated, electrode-implanted con-
trols (n = 14) were given BrdU injections twice daily during 1 week,
starting 7 d after SE at the peak of the SE-induced proliferation (Parent et
al., 1997) and were perfused 4 weeks after last injection. (4) Mice sub-
jected to SE (n = 28) and nonstimulated, electrode-implanted controls
(n = 12) received BrdU injections every 2 h during a 6 h period, starting
7 d after SE, and were perfused 2 h after the last BrdU injection.

Immunohistochemistry. Mice received an overdose of anesthesia (so-
dium pentobarbital; 200 mg/kg, i.p.) and were transcardially perfused
with 100 ml of saline, followed by 100 ml of ice-cold formaldehyde solu-
tion [4% paraformaldehyde (PFA) in 0.1 M PBS, pH 7.4]. Brains were
removed, postfixed overnight in the same medium, and placed in 20%
sucrose in 0.1 M phosphate buffer for 24 h. Coronal sections (30 wm)
were cut on a freezing microtome and stored in cryoprotective solution.

For BrdU and neuron-specific nuclear protein (NeuN) double-labeled
immunofluorescence, free-floating sections were denatured in 1 M HCI
for 30 min at +65°C, rinsed in KPBS (to neutralize pH), preincubated
with 2% goat and donkey serum in 0.25% Triton X-100 for 1 h, and
incubated overnight with rat anti-BrdU antibody (1:100; Sigma, Stock-
holm, Sweden) and mouse anti-NeuN antibody (1:100; Chemicon, Te-
mecula, CA) at +4°C. Sections were then rinsed and incubated in the
dark for 2 h with cyanine 3-conjugated donkey anti-rat IgG antibody
(1:400; Jackson ImmunoResearch, West Grove, PA) and biotinylated
horse anti-mouse IgG antibody (1:200; Vector Laboratories, Jérfilla,
Sweden), incubated in streptavidin Alexa Fluor 488 (1:200; Invitrogen,
Carlsbad, CA) in the dark for 2 h, mounted on glass slides, and cover-
slipped with glycerol-based mounting medium (for fluorescence
microscopy).

For staining of proliferating cell nuclear antigen (PCNA), phosphor-
ylated histone H3 (p-H3), ionized calcium-binding adapter molecule 1
macrophage/microglia-specific protein (Ibal), and S1008 astrocyte-
specific marker (S1008), free-floating sections were quenched with 3%
H,0, and 10% methanol in KPBS for 30 min at room temperature,
rinsed in KPBS (to neutralize pH), preincubated for 1 h with 2% horse
serum in 0.25% Triton X-100 for PCNA and 2% goat serum in 0.25%
Triton X-100 for p-H3, Ibal, and S1008. The sections were thereafter
incubated overnight with mouse anti-PCNA antibody (1:1000; Santa
Cruz Biotechnology, Santa Cruz, CA), rabbit anti-p-H3 antibody (1:400;
Upstate, Charlottesville, VA), rabbit anti-Ibal antibody (1:1000; Wako
Chemicals, Neuss, Germany), or rabbit anti-S10083 antibody (1:5000;
Swant, Bellinzona, Switzerland) at +4°C, rinsed, and incubated with
biotinylated horse anti-mouse IgG antibody (1:200; Vector Laboratories)
for PCNA or biotinylated goat anti-rabbit IgG antibody (1:200; Vector
Laboratories) for p-H3, Ibal, and S100. The sections were then incu-
bated with avidin—biotin—peroxidase complex (Elite ABC kit; Vector
Laboratories) for 1.5 h, treated with diaminobenzidine (0.5 mg/ml) and
3% hydrogen peroxide, and finally rinsed in KPBS, mounted on glass
slides, and dehydrated in increasing concentrations of ethanol (70, 95,
and 99%), before being coverslipped with Pertex mounting medium for
light microscopy.

For Fluoro-Jade staining, free-floating brains sections were mounted
in KPBS and allowed to dry overnight. As described in detail previously
(Schmued et al., 1997), sections were rehydrated, pretreated with 0.06%
potassium permanganate for 15 min, rinsed in distilled water, incubated
in 0.01% Fluoro-Jade working solution (Histo-Chem, Jefferson, AR) for
30 min, rinsed in distilled water, immersed in xylene, and coverslipped.
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Microscopic analysis. All assessments were performed by an observer
blind to the treatment conditions. Immunostaining was examined with
an Olympus Optical (Albertslund, Denmark) AX-70 light microscope.
The number of immunoreactive cells was counted in the granule cell
layer (GCL) and within two cell diameters below this region in the SGZ
(referred to as SGZ/GCL). Stereological estimations of the total number
of BrdU-positive (BrdU *),Ibal ¥, and S1008 * cells in the SGZ/GCL of
the dorsal hippocampal formation were performed using the optical
fractionator method (Gundersen and Jensen, 1987; West et al., 1991).
Three coronal sections, located 1.7-2.3 mm posterior to bregma, were
analyzed using the Olympus Optical BH-2 microscope with a 100X oil
objective, CCD-IRIS color video camera, and CAST-GRID software
(Olympus Optical). For systematic sampling, the frame area was set to
1491.7 um > with a counting interval of 40 um at the x and y level, and the
optical dissector constituting a 5-um-thick fraction of the total section
thickness (measuring 7-9 wm). Neither the area for counting nor the
thickness of the analyzed sections (measured using the Heidenhain Mi-
crocator and CAST-GRID software) differed between groups, which al-
lowed for comparisons of cell counts. The SGZ/GCL volume was mea-
sured using stereological equipment in the same sections. Because of
their small numbers, counts of p-H3 " and PCNA 7 cells in the SGZ/GCL
are given as cells per section.

Colocalization of BrdU-positive cells with NeuN was validated using a
confocal scanning light microscope (MRC1024UV; Bio-Rad, Hemel
Hempstead, UK) with krypton/argon 488 and 568 excitation filter. A
double-stained cell was defined as having the strongest intensity of both
stainings within the same or directly neighboring 1-um-thick optical
section through the cell in a consecutive Z-series of at least four sections,
with an overlap of the stainings in at least three sections. In addition, a
double-labeled cell showed no BrdU immunoreactivity outside the nu-
cleus of the NeuN * cell body. Fifty BrdU-positive cells from each animal
were analyzed for NeuN double labeling in the SGZ/GCL.

Cytokine measurement. Hippocampi from wild-type, TNF-R1 /",
TNF-R27/~, and TNF-R1/R2™’~ mice (n = 7 for all groups) were dis-
sected and directly frozen on dry ice. Protein was extracted by homoge-
nization in PBS with protease inhibitor cocktail (Sigma) on ice using a
pellet pestle and motor (Sigma). The homogenate was cleared from cel-
lular debris by centrifugation. Total protein was determined in the pellet
using BCA protein assay (Pierce Endogen, Rockford, IL). The amount of
interleukin-18 (IL-1B), IL-6, and TNF-« in the homogenate was mea-
sured using ELISA (Pierce Endogen), and data are given as picograms per
milligram of total hippocampal protein.

Cell culture. Neural progenitor cultures derived from adult rat hip-
pocampus were initiated as described previously (Gage et al.,, 1995;
Palmer et al., 1997). Briefly, rats were deeply anesthetized using halo-
thane and decapitated, and brains were removed. Hippocampi were dis-
sected, pooled, and dissociated in DMEM (Invitrogen, Stockholm, Swe-
den) containing 2.5 U/ml papain, 1 U/ml dispase II, and 250 U/ml DNase
1 (Worthington Biochemical, Stockholm, Sweden) for 45 min at +37°C.
Dissociated cells were purified on two Percoll (Pharmacia, Uppsala, Swe-
den) gradients, 35 and 65%. The resulting cells were cultured on poly-L-
ornithine (Invitrogen, Stockholm, Sweden) and laminin (Sigma) coated
culture flasks or chamber slides in DMEM/F-12, supplemented with 15
mum HEPES, 2 mum L-glutamine, 100 U/ml penicillin, 100 mg/ml strepto-
mycin, N2 supplement (Invitrogen, Stockholm, Sweden), and 20 ng/ml
basic FGF (R & D Systems, Abingdon, UK).

For immunocytochemistry, rat-derived progenitor cells were cultured
on poly-L-ornithine/laminin-coated chamber slides, fixed with 4% PFA
for 15 min, and stained with mouse anti-TNF-R1 and goat anti-TNF-R2
antibodies (Santa Cruz Biotechnology) overnight at +4°C. Staining was
visualized with horse anti-mouse and rabbit anti-goat biotinylated anti-
bodies (Vector Laboratories) using TSA amplification kit (Becton Dick-
inson, Stockholm, Sweden) and streptavidin Alexa Fluor 488 (Invitro-
gen, Carlsbad, CA).

Cell sorting and reverse transcription-PCR. Hippocampi from nestin—
GFP mice were pooled and dissociated as above, and cells were purified
on a 35% Percoll gradient. GFP-positive cells were sorted on a
fluorescence-activated cell sorter [FACS DiVa (Becton Dickinson)] di-
rectly into cell lysis buffer. Total RNA from GFP-positive mouse cells and
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rat hippocampal progenitor cultures were isolated (RNAqueos for PCR;
Ambion, Huntingdon, Cambridgeshire, UK) and reverse transcribed to
cDNA using oligo-dT primers and Superscript IT (Invitrogen, Stock-
holm, Sweden). PCR was performed with the following primers, anneal-
ing temperatures, and expected product size for mouse: glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) sense, 5° TCACCATCTTCC-
AGGAGCGA 3’ and antisense, 5’ ACCAGGAAATGAGCTTGACA 3',
+56°C, 720 bp; TNF-a sense, 5' ATGAGCACAGAAAGCATGATC-
CGCGAC 3’ and antisense, 5 TCACAGAGCAATGACTCCAAAGTA-
GACCTG 3’, +62°C, 700 bp; TNF-R1 sense, 5 CCGGGCCACCTG-
GTCCG 3’ and antisense, 5° CAAGTAGGTTCCTTTGTG 3', +55°C,
307 bp; and TNFR2 sense, 5 CTCGCGCTGGTCTTCGAACTG 3’ and
antisense, 5' GGTATACATGCTTGCCTCACAGTC 3', +62°C, 234 bp
(Reddy et al., 2001). For rat, primers, annealing temperatures, and
expected product sizes are as follows: GAPDH sense, 5" TCCTGCAC-
CACCAACTGCTTAGCC 3" and antisense, 5 TAGCCCAGGATGC-
CCTTTAGTGGG 3', +60°C, 377 bp; TNF-a sense, 5 TGGCCCAGAC-
CCTCACACTC 3’ and antisense, 5 CTCCTGGTATGAAATG-
GCAAATC 3', +59°C, 281 bp; TNE-R1 sense, 5° GAACACCGTGTG-
TAACTGCC 3’ and antisense, 5 ATTCCTTCACCC TCCACCTC 3,
+59°C, 301 bp; and TNF-R2 sense, 5" GATGAGAAATCCCAGGATG-
CAGTAGG 3’ and antisense, 5' TGCTACAGACGTTCACGATGCAGG
3" +59°C, 264 bp (Raina and Jeejeebhoy, 2004). The resulting products
were visualized on ethidium bromide-containing 1.5% agarose gel and
photographed in a UV transilluminator.

Statistical analysis. Comparisons were performed using one-way
ANOVA, followed by post hoc Bonferroni—Dunn test. Data are presented
as means = SEM, and differences are considered significant at p < 0.05.
Paired correlations were performed with z test. All statistical analyses
were conducted using StatView software, version 5.0.1 (Abacus Con-
cepts, Berkeley, CA).

Results

Deletion of TNF-R1 and TNF-R2 differentially affects
hippocampal neurogenesis

We first explored whether signaling through TNF-R1 and
TNE-R2 could influence the formation of mature neurons in the
dentate gyrus of the intact mouse brain. To label new cells, we
used BrdU, a thymidine analog that is incorporated into DNA
during cell division (Dolbeare, 1995). Adult TNF-RI ~/~ and
TNE-R2~/~ mice were injected with BrdU twice daily during 2
weeks and perfused 2 weeks thereafter. The BrdU ™ cells were
distributed mainly in the SGZ/GCL with no differences between
animal groups. Deletion of the TNF-R1 gene caused a 25% in-
crease in the number of BrdU ™ cells double labeled for the spe-
cific marker of mature neurons NeuN in the SGZ/GCL compared
with wild-type animals (Fig. 1). No significant change in the
number of BrdU "/NeuN " cells was observed in TNF-R2™/~
mice.

We then assessed whether absence of TNF-R1 and TNF-R2
influenced the formation of new mature hippocampal neurons
also in the pathological mouse brain. Status epilepticus, which is
defined as continuous seizures lasting for 30 min or more, gives
rise to neuronal death, inflammation, and chronic seizures. This
condition leads to elevated levels of TNF-« (De Simoni et al.,
2000) and triggers increased cell proliferation and neurogenesis
in the SGZ of both rats (Parent et al., 1997) and mice (Kralic et al.,
2005). In rats, the seizure-generated mature neurons can survive
for at least 6 months (Bonde et al., 2006). We induced SE by
applying 1 h of electrical stimulation to the hippocampus (Loth-
man etal., 1989; Mohapel et al., 2004). During the subsequent 2 h
of self-sustained SE, all groups of mice exhibited either partial
(grade 0-2) or generalized (grade 3-5) convulsive behavior (Fig.
2). The TNF-R1/R2™'~ mice showed higher percentage of gener-
alized convulsions compared with wild-type animals. No other
behavioral differences were observed between the groups during
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Figure1. Deletion of TNF-R1and TNF-R2 differentially affects basal hippocampal neurogen-
esis. A, Number of new mature neurons (BrdU */NeuN *) in the dentate subgranular zone/
granule cell layer at 2 weeks after 2 weeks of daily BrdU injections. Means == SEM; n = 8, 6,and
15 for wild-type, TNF-R1 ™/~ and TNF-R2~/~ mice, respectively. *p << 0.05 compared with
wild-type, one-way ANOVA with Bonferroni—Dunn post hoc test. B, Confocal images of a
BrdU */NeuN ™ cell showing BrdU and NeuN immunoreactivity separately or as merged image.
Orthogonal reconstructions from confocal Z-series are presented as viewed in x—z (bottom) and
y—Z (right) planes.

SE. Moreover, the duration of electrical stimulation until the
mice developed continuous ictal hippocampal EEG activity did
not differ between wild-type (36 = 1 min) and TNE-R1 ™/~ (37 +
2 min), TNF-R2™/~ (38 % 2 min), and TNF-RI/R2™/~ (39 £ 2
min) mice.

Starting 1 week after SE, we injected BrdU for 1 week and
perfused the animals 4 weeks later. The epileptic insult gave rise
to a threefold increase of the number of BrdU */NeuN ™ mature
neurons in the SGZ/GCL of wild-type mice compared with their
nonstimulated, electrode-implanted controls (data not shown).
Interestingly, the deletion of TNF-R1 and TNE-R2 had opposing
effects on the SE-induced neurogenesis (Fig. 3). Whereas the
number of BrdU */NeuN * cells in the SGZ/GCL was 19% higher
in TNF-R1™/~ compared with wild-type animals, the cell number
in this area in TNF-R2~/~ mice was 31% lower than controls.

Because TNF-R2 has been proposed to interact with TNF-R1
(Wajantetal., 2003), we also studied mice lacking both receptors.
Under steady-state conditions, the TNF-R1/R2™/~ mice showed
44% higher number of BrdU */NeuN " cells than wild-type ani-
mals (Fig. 4). Similarly, at 6 weeks after SE, deletion of both
receptors had given rise to 46% more BrdU */NeuN * cells in the
SGZ/GCL (Fig. 4). Although not directly comparable because the
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Figure 2.  Relative distribution of different convulsive behaviors and EEG characteristics for

wild-type and TNF-RT~/~, TNF-R2™/~, and TNF-R1/R2~" mice during the 2 h of self-
sustained status epilepticus. Ratings are based on Racine’s (1972) scale. Grades 02 and 3-5
represent partial and generalized convulsions, respectively. Each segment depicts the mean
percentage of time spent exhibiting the behavior. Examples of typical hippocampal EEG record-
ings during SE are presented for each group.

data were generated from different experiments, it is worth not-
ing that, both under basal conditions and after SE, the increase of
new mature neurons in the absence of both receptors (Fig. 4) was
almost doubled compared with after deletion of the TNF-R1 gene
only (Figs. 1, 3). This observation may suggest a possible cooper-
ation between the two receptors also in hippocampal
neurogenesis.

The volume of SGZ/GCL was not influenced by the deletion of
the TNF-« receptors either in intact animals or after SE (TNF-
R17/7,0.19 and 0.18 mm? TNF-R2™/~, 0.19 and 0.18 mm?;
TNE-RI/R27/~,0.18 and 0.18 mm * and wild-type, 0.18 and 0.18
mm?, respectively). We tested the hypothesis that the loss of
TNF-a receptors had caused compensatory changes in the levels
of other cytokines, which may have lead to the observed alter-
ations of neurogenesis. Arguing against this possibility, no signif-
icant differences between TNF-R1~/~, TNF-R2™/~, and TNF-
RI/R2™~ mice and wild-type animals were detected in
hippocampal levels of TNF-q, IL-1f, or IL-6 under basal condi-
tions (supplemental Fig. 1, available at www.jneurosci.org as sup-
plemental material). We found substantially higher (149%) levels
of TNF-« in the hippocampus of TNF-R1 ™/~ compared with
TNF-R1/R2™/~ mice. Itis highly unlikely, however, that this dif-
ference would have played any role for the observed changes in
neurogenesis, which were very similar in the two strains.

Deletion of TNF-R1 increases hippocampal

progenitor proliferation

We wanted to determine whether the alterations of basal and
insult-induced neurogenesis caused by the absence of TNF-R1
and TNF-R2 could be attributable to changes in hippocampal
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Figure3. Deletion of TNF-R1 and TNF-R2 differentially affects hippocampal neurogenesis after status epilepticus. A, Number
of new mature neurons (BrdU */NeuN ) in the dentate SGZ/GCL at 4 weeks after 1 week of daily BrdU injections, which started
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TNF-R2™/~ mice, respectively. *p < 0.05 compared with wild-type, one-way ANOVA with Bonferroni—Dunn post hoc test. B,
Photomicrographs showing distribution of BrdU ™ (red) and NeuN ™ (green) cells in dentate gyrus. Some BrdU */NeuN * cells
(yellow) are depicted by arrows. Scale bar, 70 pm.
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Figure 4. Deletion of both TNF-RT and TNF-R2 increases hippocampal neurogenesis during basal conditions and after status

epilepticus. A, C, Number of new mature neurons (BrdU */NeuN ™) in the dentate SGZ/GCL of TNF-RT/R2~/~ mice at 2 weeks
after 2 weeks of daily BrdU injections (4) and at 4 weeks after 1 week of daily BrdU injections, which started 1 week after 2 h of
electrically induced status epilepticus (€). Means = SEM; n = 5 and 6, and 6 and 10 for wild-type and TNF-R1/R2~"~ mice,
respectively. *p << 0.05 compared with wild-type, one-way ANOVA with Bonferroni—Dunn post hoc test. B, Photomicrographs
showing distribution of BrdU * (red)and NeuN * (green) cells in dentate gyrus. Some BrdU */NeuN * cells (yellow) are depicted
by arrows. Scale bar, 70 m.

J. Neurosci., September 20, 2006 - 26(38):9703-9712 « 9707

progenitor proliferation. Three different
markers of cell proliferation were analyzed
in the SGZ using immunohistochemistry:
(1) BrdU, which was injected four times
with 2 h interval and the animals were per-
fused 2 h thereafter; (2) p-H3, which labels
the mitotic fraction of actively cycling cells
(Komitova et al., 2005); and (3) PCNA, a
protein involved in the major DNA repli-
cation and repair machinery of the cell
(Paunesku et al., 2001).

Under basal conditions (Fig. 5A-C),
there was a significant increase in the
number of both BrdU * and p-H3 " cells
and a similar trend for PCNA  cells in the
SGZ of TNF-R1~/~ mice. In contrast, the
TNF-R2™/~ mice showed no change in
BrdU ™ and p-H3 ™ cells but a decrease in
PCNA * cells. Compared with basal condi-
tions (Fig. 5A—C), the epileptic insult gave
rise to a several-fold increase of cell prolif-
eration in the SGZ in all groups (Fig. 5D-
I). However, the changes in cell prolifera-
tion compared with wild-type animals
differed between mice lacking TNF-R1
and TNF-R2. At 1 week after SE, all three
markers were increased in TNF-RI™/~
mice, whereas BrdU ™ cells were reduced
and the number of p-H3™ and PCNA™
cells remained unchanged in TNF-R2™/~
mice (Fig. 5D, E). In all animal groups, the
majority of BrdU * cells formed clusters in
the SGZ (Fig. 5G), as described previously
in rats after SE (Parent et al., 1997; Mo-
hapel et al., 2004). Both under basal con-
ditions and after SE, we observed that,
compared with wild-type animals, all three
proliferation markers were increased to
the same extent in the combined TNF-R1/
R2™/" mice as in the TNF-R1~/~ mice
(Fig. 5A—F). The differences in magnitude
of changes between the BrdU, p-H3, and
PCNA stainings were most likely depen-
dent on the sensitivity of detection of the
markers and the fact that they reveal dif-
ferent aspects of cell division.

Together, these findings provide strong
evidence that TNF-R1 signaling acts to
suppress hippocampal progenitor prolif-
eration both under basal conditions in the
intact brain and after injury. In contrast,
TNF-R2 has at most a minor effect on cell
proliferation in the SGZ.

Deletion of TNF-R1 and TNF-R2 affects
microglia but not astrocytes or
degenerating neurons in neurogenic
area after status epilepticus

Microglia is a major source of TNF-c, and
we therefore determined whether these
cells were present in the SGZ/GCL under
basal conditions and after SE. Because mi-
croglia express both TNF receptors (Dopp
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et al., 1997), we also explored whether the
deletion of TNF-R1 and/or TNF-R2 influ-
enced the total number of microglia. To
visualize microglia, we used Ibal, a marker
that demonstrates both active and quies-
cent forms of microglia (Imai and
Kohsaka, 2002). Ibal * cells were scattered
in the SGZ/GCL in all animal groups (Fig.
6C). Under basal conditions, we detected
no differences in the number of Ibal * cells
between wild-type and TNF-RI /", TNF-
R277, and TNF-RI/R2™’~ mice (Fig.
6A). Similar to what we observed recently
in rats (Bonde et al., 2006), we found that
SE gives rise to chronic inflammation in
the neurogenic SGZ/GCL area in mice. At
6 weeks after SE, we observed 50% higher
number of Ibal * cells in the SGZ/GCL in
wild-type mice compared with the
electrode-implanted, nonstimulated con-
trols (Fig. 6C). The number of Ibal * cells
was significantly reduced (by 23%) in
TNF-R1~’~ mice. The lower cell number
in these mice after SE was probably attrib-
utable to blockade of TNF-a-induced mi-
croglia proliferation mediated by TNF-R1
(Dopp et al., 1997), possibly through an
autocrine mechanism (Kuno et al., 2005).
There was no significant correlation be-
tween the number of Ibal™ cells and
BrdU "/NeuN ™" cells in the SGZ/GCL of
TNF-R1™’~ mice after SE (Figs. 3A, 6B).
Surprisingly, the number of Ibal * cells in
the SGZ/GCL was significantly higher in
the TNF-RI/R2™/~ mice compared with
wild-type animals. Most likely, this finding
reflects the high percentage of generalized
seizures during the 2 h of self-sustained SE
in the TNF-RI/R2™/~ mice. Generalized
seizures during SE are known to trigger
stronger microglia activation than partial
seizures (Ekdahl et al., 2003).

To assess other histological changes af-
ter SE that might have been influenced by
the deletion of TNF-R1 and TNF-R2, we
counted S10087 astrocytes and deter-
mined the occurrence of Fluoro-Jade * de-
generating neurons in the SGZ/GCL at 6
weeks after SE. Compared with the respec-
tive electrode-implanted, nonstimulated
controls, the epileptic insult gave rise to
~50% increase of S1008™ cell counts in
all groups. No significant differences in the
number of S1008™ in the SGZ/GCL cells
were detected between wild-type (1732 =
41) and TNF-R1™/~ (1634 % 15), TNF-
R27/7 (1726 = 38), and TNF-RI/R2™/~
(1705 %= 27) mice after SE. Furthermore,
we did not observe any Fluoro-Jade * cells
in the SGZ/GCL in any group. In 3 of 42
TNF-R1/R2~’~ mice, Fluoro-Jade* cells
were observed in the hippocampal CA1 re-
gion (data not shown). From these results,
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Figure 5.  Deletion of TNF-R1 and TNF-R2 differentially affects hippocampal progenitor proliferation under basal conditions
and after status epilepticus. A—F, Number of cells in the dentate SGZ expressing the proliferation markers BrdU (4, D), p-H3 (B, ),
and PCNA (C, F) inintact mice (A—C) and at 1 week after electrically induced status epilepticus (D—F ). BrdU had been injected four
times with 2 h interval, and animals were perfused 2 h thereafter. Means == SEM;n = 5and 7,4and 7, 5and 7, and 5 and 7 for
wild-type, TNF-RT~/~, TNF-R2/~, and TNF-R1/R2™/~ mice, respectively. *p < 0.05 compared with wild-type, one-way
ANOVA with Bonferroni~Dunn post hoc test. G-I, Photomicrographs showing distribution of BrdU * (G), p-H3 ™ (H),and PCNA *
cells (1) in SGZ at 1 week after status epilepticus. Some BrdU * (red), p-H3 * (black), and PCNA * (black) cells in SGZ are depicted

by arrows. Scale bar: G-I, 70 m.
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it seems inconceivable that the observed differential alterations of
neurogenesis and progenitor proliferation after SE in mice lack-
ing different TNF-a receptor subtypes were mediated indirectly
through changes in astrocytosis or epileptic damage.

Hippocampal progenitors express TNF-a and TNF-R1

and TNF-R2

To investigate whether TNF-a and its receptors are expressed by
the neural progenitors themselves, we sorted GFP " cells from
hippocampi of nestin—-GFP mice. In these mice, GFP is expressed
under the nestin gene regulatory region. The GFP " cells have
been shown to identify hippocampal neural stem and progenitor
cells (Mignone et al., 2004). We isolated RNA from the sorted
GFP " cells and, using reverse transcription (RT)-PCR, detected
both TNF-R1 and TNF-R2, as well as TNF-a mRNA in the mouse

Deletion of TNF-R1 and TNF-R2 affects microglia in neurogenic area after status epilepticus. A, B, Numbers of Iba1
immunoreactive cells (showing both active and quiescent microglia) in the dentate SGZ/GCL under basal conditions (A) and at 6
weeks after SE (B). Means = SEM; n = 11, 6, 10, and 10 for wild-type, TNF-R7~/~, TNF-R2~/~, and TNF-R1/R2~/~ mice,
respectively. *p << 0.05 compared with wild-type, one-way ANOVA with Bonferroni—Dunn post hoc test. €, Photomicrographs
showing distribution of Iba1 * cells in dentate hilus, SGZ, and GCL at 6 weeks after SE. Some Iba1 ™ cells (black) are depicted by
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hippocampal neural progenitor cells (Fig.
7A). TNF-R1, TNF-R2, and TNF-a mR-
NAs were also expressed in cultured rat
hippocampal progenitors (Fig. 7A). More-
over, both TNF-R1 and TNE-R2 immuno-
reactivity was observed in the cultured
hippocampal progenitors from adult rats
(Fig. 7B-G). Together, our findings indi-
cate that neural progenitor cells in the
adult hippocampal formation can directly
respond to signals mediated through
TNEF-RI and TNF-R2.

Discussion

Using mouse models with loss of TNF-R1
or TNF-R2 function, we present here the
first experimental evidence that signaling
through TNF-R1 suppresses neural pro-
genitor proliferation and neurogenesis in
the adult brain in vivo. Using three differ-
ent markers, cell proliferation in the den-
tate SGZ was found to be elevated in TNF-
RI™’" and TNF-RI/R2™/" mice both
under basal conditions and when neuro-
genesis was stimulated by an epileptic in-
sult. The TNF-R2™/~ mice showed either
no change or a decrease of single prolifer-
ation markers. Supporting that the prolif-
erating cells were neural progenitors, we
observed in both intact and SE mice that
the BrdU ™ cells were localized in typical
clusters in the SGZ after short-term BrdU
injections (Parent et al., 1997; Mohapel et
al., 2004). Moreover, the higher numbers
of mature neurons in TNF-RI™’~ and
TNE-RI/R2™/" mice reflected the in-
creased SGZ cell proliferation. Similarly,
the lack of change of neurogenesis in the
intact brain in TNF-R2™/~ mice agreed
well with the minor alterations of cell pro-
liferation in these animals. The reduction
of the number of new mature neurons af-
ter SE suggests that TNF-R2 influences
their survival in the pathological brain.
Both receptors were found to be expressed
on the progenitors themselves, indicating
that the effects of the ligand can be medi-
ated directly on these cells. Conditional
TNF-R1 and TNF-R2 knock-out mice
would have been preferable to determine the specific role of TNF
receptor signaling in adult neurogenesis but are currently not
available. However, we obtained no evidence from the morpho-
logical analyses or cytokine measurements of any developmental
abnormalities in the animals used here that would explain the
observed alterations of hippocampal progenitor proliferation
and neurogenesis.

The action of TNF receptor signaling indicated by our data
constitutes a novel mechanism for controlling neurogenesis in
the adult brain. Our findings on the role of TNF-R1 are consistent
with experimental evidence from other stem/progenitor cell sys-
tems. Activation of TNF-R1 suppressed proliferation of hemato-
poietic stem cells (Rusten et al., 1994; Bryder et al., 2001; Dybedal
et al., 2001), and TNF-« inhibited proliferation of TNF-R1-
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expressing neural progenitors in neuro-
spheres derived from neonatal rat striatum
(Ben-Hur et al., 2003). Although the effect
of TNF-R2 on hippocampal progenitor
proliferation observed here was minor and
only provided very weak evidence of a
stimulatory role, TNF-a acting through
TNEF-R2 has in other studies been reported
to promote proliferation of oligodendro-
cyte progenitors (Arnett et al., 2001) and
erythroid cell lines (Chen et al., 2004) and
to regulate thymocyte production by stim-
ulating proliferation of early T lymphocyte

Nestin-
GFP

AHP

Ladder TNFQ

TNFR-2

TNFR-1

GAPDH

precursors (Baseta and Stutman, 2000).
However, in neither of these other systems
was a physiological role of TNF-« and its
receptors demonstrated. Here we show,
using TNF-R1- and TNF-R2-deficient
mice, that TNF-« is not only important in
mediating suppressive effects on prolifer-
ation during inflammation associated with
a brain insult but, most importantly, is in-
volved in the regulation of turnover of
neural stem/progenitor cells under physi-
ological conditions.

The net effect of TNF-a on neurogen-
esis is most likely dependent on the levels
of the cytokine and on the affinity and rel-
ative expression of TNF-R1 and TNF-R2
in the progenitor cells. TNF-a binds to
TNF-R1 with high affinity, whereas
TNEF-R2 exhibits lower binding affinity in
primary hippocampal neurons (Yang et
al., 2002). Both receptor types are upregu-
lated by injury, e.g., in retinal cells (Fon-
taine et al., 2002).

The intracellular mechanisms mediat-
ing the actions of TNF-R1 and TNF-R2 on
progenitor proliferation and neurogenesis in vivo are not known.
In cultures of primary mature neurons, the two receptors medi-
ate opposing effects on cell survival through different signal
transduction pathways (Yang et al., 2002; Marchetti et al., 2004).
Both TNF-R1 and TNF-R2 induced the nuclear factor-«kB (NF-
kB) pathway in cortical neurons but with different kinetics and
upstream activating components (Marchetti et al., 2004).
TNF-R1 gave rise to transient NF-kB activation, whereas
TNF-R2 facilitated long-term phosphatidylinositol 3-kinase-
dependent NF-«B activation. The persistent NF-«B activity was
necessary for the neuroprotective effect. Similar to what has been
observed in the majority of other cell systems (Wajant et al.,
2003), TNF-R1 appears to be the key mediator of TNF signaling
also in the hippocampal progenitors. Mice in which both recep-
tors had been deleted exhibited SGZ cell proliferation closely
resembling that in mice lacking only TNF-R1. The marked reduc-
tion in the number of mature new neurons in the TNF-R2™/~
mice subjected to SE was most likely not a consequence of the
minor and inconsistent decrease of cell proliferation. This find-
ing probably indicates that TNF-R2 can mediate a neuroprotec-
tive action on the new neurons formed from hippocampal pro-
genitors similar to that reported for retinal cells (Fontaine et al.,
2002) and cortical neurons (Marchetti et al., 2004). Such an ac-
tion is also suggested by our observation that infusion of an an-
tibody to TNF-a reduced the number of new striatal and hip-

Figure7.
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Hippocampal progenitors express TNF-R1, TNF-R2, and TNF-cx. 4, Detection of TNF-c, TNF-R1, and TNF-R2 mRNAin
sorted hippocampal progenitors from adult nestin—GFP mice and in adult rat hippocampal progenitor cultures (AHP) using
RT-PCR. First lane is a DNA ladder to indicate size of amplified products. B-G, TNF-R1 (B) and TNF-R2 (E) immunoreactivity,
Hoechst staining (C, F), and mergedimages (D, G) as observed in cultures of adult rat hippocampal progenitors. Arrows depict one
TNF-R1 ™ (B-D) and one TNF-R2 * (E~G) cell. Scale bar, 50 pm.

pocampal neuroblasts after stroke (Heldmann et al., 2005). The
effect on survival in the present study was only observed after SE,
which raises the possibility that the epileptic insult had triggered
upregulation of TNF-R2 (cf. Balosso et al., 2005).

We observed that the hippocampal progenitors in mice ex-
pressed the TNF-a gene, similar to what has been reported pre-
viously in rats and humans (Klassen et al., 2003). Thus, the ligand
acting on the TNF-R1 and TNF-R2 receptors could originate
from the hippocampal progenitors themselves. However, the
most important role is probably played by microglia-derived
TNEF-a. Microglia cells were distributed in the SGZ/GCL in all
animal groups both under basal conditions and after SE. Inter-
estingly, Battista et al. (2006) recently provided evidence that
microglia are part of this neurogenic niche. The activation of
microglia was not pro-neurogenic or anti-neurogenic per se but
dependent on the balance between the secreted molecules with
pro-inflammatory and anti-inflammatory actions (Battista et al.,
2006). Our data do not support the idea that the observed conse-
quences of TNF-R1 and TNF-R2 deletion on neurogenesis were
indirect and dependent on the number of microglia cells. Ibal *
microglia were fewer in TNF-RI '~ mice compared with wild-
type animals after SE, which, if assuming an anti-neurogenic ef-
fect of microglia, could contribute to the higher number of new
neurons in the SGZ/GCL. Arguing against this possibility, we
found no correlation between numbers of BrdU "/NeuN * cells



losif et al. @ TNF Receptors in Adult Neurogenesis

and Tbal * cells in TNF-RI™/~ mice subjected to SE. Also, no
difference in the occurrence of microglia was observed under
basal conditions when increased neurogenesis and proliferation
were also found in the TNF-R1 ™/~ mice. Finally, the number of
Ibal ™ cells was unchanged in TNF-R2™'~ mice after SE, but
BrdU "/NeuN " cells were fewer than in wild-type animals.

It is unlikely that the changes in neurogenesis after SE were
reflecting alterations of seizure susceptibility. Status epilepticus
induces elevated hippocampal levels of TNF-c (De Simoni et al.,
2000), and a recent experimental study indicates that TNF-« in-
hibits seizures through TNF-R2 (Balosso et al., 2005). We ob-
served no difference between TNF-R1~'~ and TNF-R2™/~ mice
and wild-type animals in seizure characteristics during SE. Fur-
thermore, if more prolonged seizure activity had occurred in the
TNE-R2™’~ mice (Balosso et al., 2005), it would most likely have
lead to enhanced neurogenesis. In contrast, we found reduced
numbers of new cells in these animals.

Here we have demonstrated the involvement of TNF-R1 and
TNE-R2 signaling in the regulation of adult hippocampal neuro-
genesis. Our data indicate that TNF-a can modulate the forma-
tion of new neurons under both physiological and pathological
conditions by acting on these two receptors with differential ef-
fects on proliferation and survival. Circumstantial evidence indi-
cates a link between hippocampal neurogenesis and cognitive
function (Abrous et al., 2005). TNF-« is a key player in many
pathological processes and is increased in the CSF of patients,
e.g., with mild cognitive impairment (Tarkowski et al., 2003b),
Alzheimer’s disease and vascular dementia (Tarkowski et al.,
2003a), and stroke (Sairanen et al., 2001; Zaremba and Losy,
2001). Our data suggests selective suppression of TNF-R1 and
enhancement of TNF-R2 signaling as a possible novel strategy to
optimize hippocampal neurogenesis and stimulate cognitive
function in the intact and diseased brain.
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