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Postnatal neurogenesis can be modulated after brain injury, but
the role of the attendant expression of inflammatory mediators
in such responses remains to be determined. Here we report
that transgenically directed production of interleukin-6 (IL-6) by
astroglia decreased overall neurogenesis by 63% in the hip-
pocampal dentate gyrus of young adult transgenic mice. The
proliferation, survival, and differentiation of neural progenitor
cells labeled with the thymidine analog bromodeoxyuridine
were all reduced in the granule cell layer of these mice, whereas
their distribution and gliogenesis appeared normal. These ef-

fects were not a consequence of general toxicity of the IL-6
transgene, because they were manifested in the absence of
neuronal death and of major changes in glial cell number and
morphology. These findings suggest that long-term exposure of
the brain to proinflammatory mediators such as IL-6, as is seen
in certain degenerative disorders and infections, can interfere
with adult neurogenesis.
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The hippocampal dentate gyrus of adult mammals produces new
neurons daily throughout life (Gross, 2000). The events that
underlie this manifestation of postnatal neurogenesis begin with
the proliferation of multipotent progenitor cells in a discrete area
called the subgranular zone. Under the influence of site-specific
molecular cues, a subpopulation of newly born cells migrates into
the adjacent granule cell layer and differentiates into neurons.
Such precursors are recruited in variable numbers, ostensibly as a
function of physiological need, and become indistinguishable
from other granule neurons because they express markers (Cam-
eron et al., 1993; Okano et al., 1993; Kuhn et al., 1996), issue
axonal projections (Stanfield and Trice, 1988; Markakis and
Gage, 1999), and receive synaptic connections (Kaplan and
Hinds, 1977; Kaplan and Bell, 1984), all in a manner character-
istic of this population. Although the role of adult neurogenesis
remains to be fully elucidated, recent findings suggest an impor-
tant role in cognitive function (Kempermann et al., 1997; Gould
et al., 1999; Shors et al., 2001).

The rate of progenitor proliferation in the dentate gyrus can be
profoundly accelerated by insults such as cerebral ischemia (Liu
et al., 1998), seizure (Bengzon et al., 1997; Parent et al., 1997) and
neurotoxic lesions (Gould and Tanapat, 1997). A common se-
quela of brain injury that might contribute to such a response is
the appearance of inflammatory mediators in the afflicted areas.
The possibility that inflammation may influence neurogenesis has
never been examined, but is consistent with the view that similar

signaling pathways can regulate neural and hematopoietic pro-
genitor cells (Scheffler et al., 1999). This raises questions about
the consequences of long-term CNS inflammation (as occurs in
degenerative and infectious diseases) on the survival and differ-
entiation of neuronal precursors. Inflammatory mediators are
pleiotropic and therefore might affect neurogenesis in multiple
and unexpected ways.

Of particular interest in this regard is interleukin-6 (IL-6), a
proinflammatory cytokine secreted primarily, and perhaps exclu-
sively, in the brain under pathological circumstances (Munoz-
Fernandez and Fresno, 1998). Best known as a regulator of
hematopoiesis, IL-6 is used to maintain the proliferation and
survival of bone marrow progenitors in culture (Eglitis and
Mezey, 1997; Peters et al., 1998). It is not known whether IL-6
might similarly affect neural progenitors, but this might be ex-
pected based on the presence of its receptor subunits in the
dentate gyrus (Vallières and Rivest, 1997) and its capacity to
promote the survival, differentiation, and growth of neurons
(Munoz-Fernandez and Fresno, 1998). However, other evidence
suggests that IL-6 might instead restrain neurogenesis by direct-
ing progenitor cells toward a glial lineage, because embryonic
cerebral precursors differentiate into astrocytes when cultured in
the presence of IL-6 (Bonni et al., 1997).

To test the hypothesis that IL-6 can influence adult neurogen-
esis, we examined the proliferation, survival, and differentiation
of neural progenitors in the dentate gyrus of transgenic mice that
chronically express IL-6 in astroglia. Hemizygotes, which express
the transgene at relatively low levels, were analyzed at an age at
which only minor histopathological changes and no learning def-
icits have been observed (Campbell et al., 1993; Heyser et al.,
1997).

MATERIALS AND METHODS
Animals. Transgenic mice expressing IL-6 under control of the glial
fibrillary acidic protein (GFAP) promoter were generated as described
previously (Campbell et al., 1993). The present study used hemizygous
offspring of the G167 line at 3–4 months of age. These mice carried four
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copies of the IL-6 transgene and coexpressed the lacZ reporter gene.
Age- and sex-matched nontransgenic littermates were used as controls.
The animals were housed four or five per cage and adapted to standard
laboratory conditions for a week before any manipulation.

Bromodeoxyuridine injection. Bromodeoxyuridine (BrdU; Sigma, St.
Louis, MO) was dissolved in nonpyrogenic 0.9% NaCl at a concentration
of 10 �g/�l and filtered at 0.2 �m. To label dividing cells, the mice
received one daily injection of BrdU (50 �g/gm of body weight, i.p.) for
5 consecutive days. Mice were killed 1 d (8 transgenics, 9 controls) or 31 d
(9 transgenics, 9 controls) after the final injection.

Seizure induction. A short-term seizure model was used to provide
comparisons for any neuropathology observed as a consequence of IL-6
transgene expression. As described previously (Turski et al., 1984), mice
were pretreated with scopolamine methyl nitrate (1 mg/kg in saline, s.c.;
Sigma) and treated 30 min later with the muscarinic agonist pilocarpine
hydrochloride (340 mg/kg in saline, i.p.; Sigma). Seizures were termi-
nated after 3 hr with diazepam (10 mg/kg, i.p.; Elkins-Sinn, Cherry Hill,
NJ). The animals were then hydrated with 0.5 ml of lactated Ringer’s
solution. Control animals were treated identically, except that pilo-
carpine was replaced by saline.

Tissue processing. The animals were anesthetized and perfused tran-
scardially with 7 ml of saline followed by ice-cold 4% paraformaldehyde
in phosphate buffer, pH 7.4, for 10 min. Their brains were removed,
post-fixed for 1 d at 10°C, and then cryoprotected overnight in the same
fixative supplemented with 20% sucrose. Sections were cut with a freez-
ing microtome through the hippocampus at 30 �m. Four 1-in-5 series
were collected in cryoprotectant (30% ethylene glycol, 20% glycerol, 50
mM sodium phosphate buffer, pH 7.4) and stored at �20°C until histo-
chemical analysis.

BrdU detection. To allow for the detection of BrdU-labeled cells (see
below), sections were pretreated for 30 min in 2N HCl at 37°C to
denature DNA. The sections were then incubated for 10 min in 100 mM
sodium borate, pH 8.5, to neutralize residual acid. For multiple immu-
nofluorescence labeling, BrdU pretreatment and immunolabeling were
performed after staining for glial and neuronal markers.

Immunoperoxidase. Free-floating sections were treated with 0.3%
H2O2 for 30 min to inhibit endogenous peroxidase activity. Background
staining was blocked by incubating the sections for 30 min in 50 mM
potassium PBS (KPBS) containing 5% goat serum and 0.4% Triton
X-100. Using the same buffer solution, the sections were incubated
overnight at 10°C in primary antibody [monoclonal rat anti-BrdU (Har-
lan Sera-Lab, Loughborough, UK); polyclonal rabbit anti-�-
galactosidase (anti-�-gal; ICN Biochemicals, Costa Mesa, CA)] followed
by incubation for 2 hr at room temperature in corresponding peroxidase-
conjugated goat secondary antibody (Jackson ImmunoResearch, West
Grove, PA). Staining was developed for 5–7 min in nickel–DAB solution
(2.5% nickel ammonium sulfate, 100 mM sodium acetate, 0.5 mg/ml
DAB, 2 mg/ml �-D(�)-glucose, 0.4 mg/ml ammonium chloride, and 1
�l /ml glucose oxidase). Each of the above steps was followed by four 5
min rinses in KPBS. The sections were mounted onto gelatin-coated
slides, and some were counterstained with 1% neutral red in 4 mM
sodium acetate, pH 2.8, dehydrated, and coverslipped with DPX (BDH
Chemicals, Poole, UK).

Immunofluorescence. Free-floating sections were incubated for 30 min
in KPBS containing 5% goat serum and 0.4% Triton X-100. Using the
same buffer solution, the sections were incubated overnight at 10°C in
primary antibody [monoclonal rat anti-BrdU (Harlan Sera-Lab); poly-
clonal rabbit anti-GFAP (Chemicon, Temecula, CA); polyclonal guinea
pig anti-GFAP (Advanced ImmunoChemical, Long Beach, CA); mono-
clonal mouse anti-neuron-specific nuclear protein (NeuN; Chemicon);
polyclonal rabbit anti-S100� (Swant, Bellizona, Switzerland); polyclonal
rabbit anti-ionized calcium-binding adapter molecule 1 (Iba-1; Ito et al.,
1998; provided by Dr. Y. Imai, National Institute of Neuroscience,
Tokyo, Japan)], followed by 2 hr at room temperature in corresponding
fluorochrome-conjugated goat secondary antibody (anti-guinea pig
FITC, anti-mouse FITC, anti-rabbit Cy5, anti-rabbit FITC, anti-rabbit
rhodamine Red-X (RRX), and anti-rat RRX; all from Jackson Immuno-
Research). Each of the above steps was followed by four 5 min rinses
in KPBS. The sections were mounted onto gelatin-coated slides, dried,
and coverslipped with ProLong antifade medium (Molecular Probes,
Eugene, OR).

Fluoro-jade staining. Fluoro-jade is an anionic fluorescein derivative
that is used to stain degenerating neurons selectively (Schmued et al.,
1997). After pilocarpine-induced seizures, neurons labeled positively for
this marker consistently lack diamidinophenylindole dihydrochloride

(DAPI)-stainable nuclei, suggesting that Fluoro-jade labels neurons that
are undergoing irreversible degeneration (our unpublished observa-
tions). Brain sections were mounted onto gelatin-coated slides. When
fully dried, the slides were immersed in 100% ethanol for 3 min, followed
by immersion for 1 min each in 70% ethanol, 50% ethanol, and distilled
water. The slides were then transferred to a solution of 0.06% potassium
permanganate for 10 min to block background staining. After an addi-
tional rinse in water, the sections were stained for 20 min in 0.004%
Fluoro-jade B (Histochem, Jefferson, AK), 0.0002% DAPI (Molecular
Probes), and 0.1% acetic acid. The slides were then rinsed in water three
times for 1 min, dried, soaked in xylene, and coverslipped with DPX.

Cell counting and volumetric analysis. Cell counts were performed by
an observer who was unaware of the treatment status of the animals. For
each animal, a complete series of 1-in-5 sections through the dorsal
dentate gyrus was analyzed with a light microscope at 600� magnifica-
tion. The number of BrdU-labeled profiles was counted in the granule
cell layer and the hilar region. We defined the granule cell layer as
including the areas 10 �m deep in the subgranular zone and 5 �m deep
in the molecular layer. The hilus was defined as the area enclosed by the
granule cell layer and a virtual straight line that joined the tips of its two
blades. The total number of BrdU-positive cells was estimated by mul-
tiplying the number of profiles by 5 and applying Abercrombie’s correc-
tion (Abercrombie, 1946). Although not an accurate estimate of the
absolute cell number, this method permits a meaningful comparison of
differences between groups. For cell phenotyping, 40 BrdU-positive cells
per animal were analyzed for colocalization with NeuN or S100� by
confocal laser microscopy with a 63� objective. To estimate the volume of
the granule cell layer, sections were stained with DAPI and analyzed
using a 10� objective and a semiautomatic stereology system (StereoIn-
vestigator; MicroBrightField, Colchester, VT). The total volume was
calculated by summing the traced granule cell areas for each section and
multiplying by the section thickness and the sampling interval. The
granule cell diameter was measured on Nissl-stained sections using a 40�
objective and the stereology system. Data were analyzed by ANOVA
followed by Scheffé’s test for post hoc multiple comparisons.

RESULTS
IL-6 transgene expression
As reported previously (Campbell et al., 1993; Brochu et al.,
1999), IL-6 mRNA was not detectable by in situ hybridization in
the brains of wild-type mice under basal conditions (data not
shown). To examine the distribution of IL-6 transgene expression
in hemizygous transgenic mice at 4–5 months of age, expression
of the lacZ reporter gene was assessed by immunohistochemical
detection of �-gal. The distribution of this marker has been found
to overlap with that of the mRNA encoding the IL-6 transgene
(Campbell et al., 1993), and provides better morphologic defini-
tion of cells expressing the transgene. Cells positive for �-gal
were detected throughout all hippocampal subfields (Fig. 1B),
including the dentate gyrus (Fig. 1C), in which many labeled cells
were located at the interface between the granule cell layer and
the hilar region. IL-6 transgene expression was evident in a
number of different types of astrocytes, including radial-like as-
trocytes within the granule cell layer (Fig. 1D), protoplasmic
astrocytes of the gray matter (Fig. 1E), and blood vessel-
associated astrocytes (Fig. 1F). In forebrain sections spanning the
rostrocaudal extent of the hippocampal formation, the majority of
�-gal-positive cells were found in the hippocampus, with only
scattered immunopositive cells observed in the hypothalamus
(arcuate nucleus, median eminence) and meninges (data not
shown). �-gal-immunoreactive cells were detected in the cerebral
cortex and thalamus in only four of nine transgenic animals,
manifested principally as a small number of positive cells local-
ized primarily to the retrosplenial cortex and the lateral dorsal
nucleus of the thalamus (Fig. 1B). This heterogeneity of trans-
gene expression is unexplained, but it seems to correlate with
regions of the normal brain that show the highest levels of GFAP
expression (Kalman and Hajos, 1989).
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Neuronal integrity and gliosis
Because the extent of neuropathological changes in mice that
chronically express IL-6 in the CNS varies as a function of strain
and age (Campbell et al., 1993; Chiang et al., 1994), neuronal
integrity and gliosis were analyzed in the young adult transgenic
mice tested in the present study. Staining with Fluoro-jade, a
marker for degenerating neurons (Schmued et al., 1997), revealed
a complete absence of labeled cells in the brains of both IL-6
transgenic and wild-type mice (Fig. 2A,B). In contrast, many
Fluoro-jade-positive cells were found in the dentate gyrus of
control animals subjected to pilocarpine-induced seizures (Fig.
2C) or adrenalectomy (data not shown). On the other hand, the
astrocyte marker GFAP revealed a relatively mild astrogliosis in
�40% of transgenic mice compared with their littermate controls
(Fig. 2D,E). However, astrocytic morphology was similar be-
tween the transgenic and wild-type mice and differed substan-
tially from that of the reactive astrocytes seen in mice subjected
to seizures (Fig. 2F). Finally, the microglial marker Iba-1 (Ito et

al., 1998) revealed a clear microgliosis in transgenic mice (Fig.
2G,H). However, the appearance of the microglial cells in the
transgenic mice was normal and quite distinct from the hypertro-
phied microglia seen reliably after seizures (Fig. 2 I).

Progenitor proliferation
To evaluate progenitor cell proliferation in the dentate gyrus,
BrdU-labeled cells were counted in mice killed 1 d after the last
of five daily BrdU injections (Fig. 3A,B). Within the area encom-
passing the granule cell layer and subgranular zone, the mean (�
SEM) number of BrdU-positive cells estimated in the dorsal
hippocampus was 1062 � 150 in transgenic mice versus 1449 �
126 in wild-type mice, corresponding to a 27% reduction ( p �
0.05) (Fig. 3A). In the hilar region, no significant between-group
differences were observed in the number of BrdU-labeled cells
(wild-type, 276 � 31; transgenic, 323 � 37; p � 0.05) (Fig. 3B),
suggesting that BrdU bioavailability within the hippocampus was
similar between the groups. The distribution of the dividing cells
in the transgenic mice was not obviously different from the dis-
tribution seen in controls, with these cells being found most
commonly in clusters at the border between the granule cell layer
and the hilus (Fig. 4A,B).

Progenitor survival
The survival of progenitor cells was examined in the dentate
gyrus 31 d after the last BrdU injection (Fig. 3A,B). In the granule
cell layer and subgranular zone, estimates of the total dorsal
hippocampal BrdU-positive population were 500 � 66 in trans-
genic mice and 1074 � 104 in wild-type mice, amounting to a 53%
reduction ( p 	 0.01; Fig. 3A). When compared with the values
obtained for the corresponding groups killed 1 d after the final
injection, the number of surviving BrdU-labeled cells declined to
a greater degree in the transgenic mice (53%; p 	 0.01) than in
the wild-type mice (26%; p � 0.05). This reduction was not
attributable to changes in the volume or cell density of the
granule cell layer as a consequence of transgene expression,
because neither volumetric measures (wild-type, 0.410 � 0.009
mm 3; transgenic, 0.404 � 0.010 mm3; p � 0.66) nor cell diameter
measures (wild-type, 10.07 � 0.18 �m; transgenic, 10.15 � 0.16
�m; p � 0.72) differed significantly between the groups. In the
hilus, no significant difference was observed in the number of
BrdU-positive cells between the groups that survived 31 d (trans-
genic, 134 � 18; wild-type, 217 � 55; p � 0.05) (Fig. 3B). The
distribution of the surviving cells in the transgenic mice was
apparently normal (Fig. 4C,E), with labeled cells found most
commonly at the border between the granule cell layer and the
hilus or within the granule cell layer.

Progenitor differentiation
Progenitor cell differentiation was examined at 31 d after BrdU
injection by concurrent immunolabeling for BrdU with neuronal
(NeuN) and glial (S100�) markers (Fig. 5). S100� was preferred
over GFAP because it serves as a marker for both types of
macroglia and labels cell bodies with better definition and with
comparable intensities in both groups. The percentage of BrdU-
positive cells that colabeled for NeuN was 18% less in transgenic
mice (44 � 5%) than in wild-type mice (62 � 5%; p 	 0.01),
whereas the percentage of BrdU-positive cells that also expressed
S100� did not differ reliably between the groups (transgenic, 10 �
2%; wild-type, 8 � 1%; p � 0.05). Consequently, a somewhat
higher percentage of BrdU-positive cells in transgenic mice la-
beled for neither NeuN nor S100� (46 � 6% vs 30 � 5% cells in
wild-type mice; p 	 0.01). By multiplying the number of BrdU-

Figure 1. IL-6 transgene expression in the hippocampus revealed by
�-gal immunohistochemistry. Brightfield photomicrographs of neutral red
counterstained material show a lack of �-gal staining in the hippocampus
of a wild-type mouse (A); �-gal staining in the hippocampus of an IL-6
transgenic mouse (B); higher magnification of �-gal staining in the den-
tate gyrus, showing many positive cells at the border between the granule
cell layer and the hilus (C); a radial-like astrocyte within the granule cell
layer expressing the IL-6 transgene (D); protoplasmic astrocytes of the
gray matter (E); and blood vessel-associated astrocytes (F). CA1–CA3,
Fields CA1–CA3 of Ammon’s horn; CC, cerebral cortex; DG, dentate
gyrus; GCL, granule cell layer; LDT, lateral dorsal thalamic nucleus; ML,
molecular layer. The asterisk indicates lumen of blood vessel.
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labeled cells in subjects from the 31 d groups by the percentage of
these cells that coexpressed NeuN, we estimate that the number
of neurons produced in 1 month was �63% less in the transgenic
mice (254 � 68) than in the wild-type mice (691 � 109).

DISCUSSION
Based on evidence that brain injury can enhance postnatal neu-
rogenesis, the present study was undertaken to examine whether

IL-6, a crucial inflammatory mediator for which expression is
induced in the injured brain, might similarly influence the prolif-
eration, survival, and differentiation of hippocampal progenitor
cells. The principal finding is that IL-6 instead compromised each
of these events when expressed over the long term in the astroglia
of young adult transgenic mice. Overall, these animals displayed
a 63% decrease in the production rate of new neurons, whereas
progenitor cell distribution and gliogenesis appeared normal.
These effects were not the result of any marked toxicity of the
IL-6 transgene, because neuronal death was not observed and
glial reactivity was mild relative to that seen in response to a
short-term insult (seizures). Neural progenitors may have been
affected either directly or indirectly by the presence of IL-6
within the hippocampal formation, which was the principal site of
IL-6 transgene expression in the forebrain.

The present study attempted to take advantage of the prefer-
ential localization of transgene expression to the hippocampal
formation to assess the role of IL-6 in postnatal neurogenesis.
This focal expression was expected to permit a more specific
assessment than what could be achieved, for example, by infusing
the cytokine into a brain ventricle. More importantly, the trans-
genic model permitted analysis of animals in their naive state,
unaffected by surgical interventions such as intracerebral cannu-
lation, which inevitably produces brain damage and induces mul-
tiple inflammatory mediators that might confound the evaluation
of the effects of IL-6. Our model also had the advantage of
mimicking long-term IL-6 expression as it is seen in neurological
disorders such as Alzheimer’s disease (Martinez et al., 2000),
multiple sclerosis (Baranzini et al., 2000), and acquired immuno-
deficiency syndrome dementia (Laurenzi et al., 1990). However, a
potential limitation of our approach is that expression of the IL-6
transgene throughout early development could result in congen-

Figure 3. Effect of long-term IL-6 transgene expression on progenitor
cell proliferation (day 1) and survival (day 31) in the granule cell layer of
the dentate gyrus. A, Mean � SEM of BrdU-labeled cells in the granule
cell layer. B, Mean � SEM of BrdU-labeled cells in the hilar region. TG,
Transgenic; WT, wild-type. *p � 0.05; **p 	 0.01.

Figure 2. Neuronal integrity and gliosis in the dentate
gyrus revealed by Fluoro-jade, GFAP, and Iba-1 histo-
chemistry. Confocal laser scanning microscopic images of
sections through the dentate gyrus show absence of
Fluoro-jade staining in a wild-type (WT ) mouse (A),
absence of Fluoro-jade staining in an IL-6 transgenic
(TG) mouse (B), Fluoro-jade-positive cells in the hilar
region of a control mouse subjected to seizures (C),
GFAP immunoreactivity in a WT mouse (D), GFAP
immunostaining indicative of a mild astrogliosis in a TG
mouse ( E), hypertrophic reactive astrocytes in the hilus
of a control mouse after seizures (F), Iba-1 immunore-
activity in a WT mouse (G), Iba-1 immunostaining indi-
cating a moderate microgliosis in a TG mouse ( H ), and
rounded, hypertrophied microglia in the hilus of a control
mouse after seizures ( I ). GCL, Granule cell layer.
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ital abnormalities that might influence postnatal neurogenesis in
any number of direct or indirect ways. Although this possibility
cannot be ruled out, we think it is unlikely to have had a major
impact, because no between-group difference in the volume of the
granule cell layer was noted, and neither major histological ab-
normalities of the hippocampal formation nor behavioral deficits
have been reported in hemizygous IL-6 transgenic mice at the age
examined in this study (Campbell et al., 1993; Heyser et al., 1997).

It has been shown recently that proliferating cells in the sub-
granular zone of the dentate gyrus constitute a mixed population
of endothelial cells and neural precursors (Palmer et al., 2000).

This raises a question as to whether IL-6 influences are exerted
similarly on these two cell types. Brain endothelia express the
IL-6 receptor (Vallières and Rivest, 1997), which can be upregu-
lated by IL-6 itself (Vallières and Rivest, 1999). This cytokine has
been reported to induce cerebral endothelial cells to proliferate
and form vessel-like structures in vitro (Fee et al., 2000). In line
with these observations, a moderate increase in cerebral vascu-
larity has been observed in hemizygous IL-6 transgenic mice
(Campbell et al., 1993). If dividing endothelial cells in the dentate
gyrus are in fact more numerous in such mice, the magnitude of
the reduction in neural progenitor proliferation reported here
would represent an underestimate.

At first glance, it is difficult to reconcile the observations that
postnatal neurogenesis is reduced by IL-6 but increased in re-
sponse to seizure or cerebral ischemia (Bengzon et al., 1997;
Parent et al., 1997; Gray and Sundstrom, 1998; Scott et al., 1998;
Nakagawa et al., 2000), circumstances that typically induce IL-6
expression. This discrepancy may be attributed to the fact that
granule neurons are destroyed in animals subjected to excitotoxic
insults, but not in hemizygous IL-6 transgenic mice. Neuronal
death may trigger the release of growth factors that promote
neurogenesis, thereby counteracting any deleterious effects of
IL-6. Moreover, hippocampal progenitors are likely to be exposed
to IL-6 for only a relatively short period after acute brain injury,
because IL-6 has been seen to be transiently produced for 3–5 d
after excitotoxic lesions (Rosell and McEwen, 2000; L. Vallières
and P. Sawchenko, unpublished observations). Such consider-
ations may help explain why the dramatic increase in progenitor
cell proliferation observed in the dentate gyrus after seizures or
ischemia occurs only after a delay of a few days (Parent et al.,
1997; Liu et al., 1998).

IL-6 may affect neurogenesis through a number of distinct
mechanisms, whose involvement would be expected to vary as a
function of physiological state. IL-6 can act centrally to stimulate
the hypothalamo–pituitary–adrenal axis, giving rise to increased
circulating glucocorticoids (Turnbull and Rivier, 1999). These
steroids have been shown to inhibit cell proliferation and neuro-
genesis in the dentate gyrus (Gould et al., 1992; Cameron and
Gould, 1994). Such a mechanism would likely be invoked in
response to infection or traumatic injury, when peripheral or
central IL-6 production is massive. In contrast, glucocorticoid
involvement may be negligible under conditions in which IL-6
production in the CNS is discrete, or if the hypophysiotropic axis
becomes desensitized under conditions of long-term exposure to
IL-6. The IL-6 transgenic line used in the present study exhibits
normal basal corticosterone levels but exaggerated hormonal re-
sponses to stress (Raber et al., 1997), leaving the extent of

Figure 4. Progenitor cell distribution and phenotype in the dentate gyrus
of wild-type and IL-6 transgenic mice. Differential interference contrast
images show BrdU-positive cells in the dentate gyrus of wild-type (WT )
mice (A) and IL-6 transgenic (TG) mice (B), both killed 1 d after the final
BrdU injection. Merged confocal images show triple immunolabeling for
BrdU (red), NeuN ( green), and S100� (blue) in the granule cell layer of
WT ( C) and TG (E) mice killed 31 d after final BrdU injections. D, F,
The same images as seen in C and E, respectively, but without BrdU
labeling. GCL, Granule cell layer. Arrowheads indicate BrdU-positive
cells double-labeled with NeuN. Arrows indicate BrdU-positive cells not
labeled with NeuN.

Figure 5. Effect of long-term IL-6 transgene expression on progenitor
differentiation in the granule cell layer 31 d after BrdU injection. Data are
expressed as mean � SEM of BrdU-labeled cells. TG, Transgenic; WT,
wild-type. *p 	 0.01.
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glucocorticoid involvement in the reduced neurogenesis seen in
our model open to question.

Alternatively, IL-6 may act directly on progenitors to influence
their development, or on neighboring cells to promote the release
of paracrine factors involved in regulating neurogenesis. On the
one hand, we report that many astrocytes in the dentate gyrus
expressed the IL-6 transgene, providing a potential basis for
progenitors to be exposed directly to the cytokine. Recently,
neural stem cells have been proposed to be an astrocytic subtype,
or at least to express the cytoskeleton filament protein GFAP
(Doetsch et al., 1999; Seri et al., 2000), suggesting that neural
stem cells themselves may express the IL-6 transgene at certain
stages in their development. On the other hand, dentate granule
cells express mRNAs encoding both the IL-6-specific receptor
subunit (IL-6R) and the signal-transducing subunit (gp130) used
by multiple members of this cytokine family (Vallières and
Rivest, 1997). The fact that ciliary neurotrophic factor and leu-
kemia inhibitory factor can modulate neural progenitor differen-
tiation raises the possibility that these cells at least produce gp130
(Koblar et al., 1998; Galli et al., 2000; Shimazaki et al., 2001).
However, the lack of specific and sensitive antisera has thus far
precluded rigorous determination of whether neural progenitors
express either of these molecules. Alternatively, after binding its
soluble receptor, IL-6 could act on progenitor cells that are
devoid of IL-6R but that do express the signal transducer gp130.
The available evidence supports the possibility that IL-6 can
modulate neurogenesis by acting directly on hippocampal cells,
including progenitors, through autocrine and/or paracrine
mechanisms.

Embryonic cerebral progenitor cells have been shown to dif-
ferentiate into astroglia when cultured in the presence of IL-6 or
other members of its family, a phenomenon mediated through the
Janus kinase/signal transducer and activator of transcription sig-
naling pathway (Bonni et al., 1997). In contrast, we observed no
frank alteration in gliogenesis in the granule cell layer of IL-6
transgenic mice, as revealed by S100� immunolabeling. It is
nevertheless possible that long-term expression of IL-6 in the
hippocampus of these animals may instruct progenitors to adopt
a glial fate, thereby reducing neurogenesis, with glial cells dying
off at an immature stage of differentiation. Such considerations
underscore the fact that molecules identified as regulating neural
progenitors in vitro may manifest distinct effects in a more com-
plex in vivo system.

Postnatal neurogenesis generally declines in response to non-
injurious stressful conditions (Gould et al., 1997; Eisch et al.,
2000; Lemaire et al., 2000), but the functional consequences of
this decrement remain largely unknown. Assuming that neuro-
genesis does play a salutary role in learning and memory (Kem-
permann et al., 1997, 1998; Gould et al., 1999; Nilsson et al.,
1999), the present findings would suggest that long-term expres-
sion of IL-6 in CNS disorders and infection can interfere with
neurogenesis and contribute to impaired cognitive function. Al-
though this is in line with the observation that age-related cog-
nitive impairment is more pronounced in IL-6 transgenic mice
than in wild-type mice (Heyser et al., 1997), the extent to which
this can be attributed to cytokine influences on neurogenesis
specifically remains to be determined.

Our findings have implications for CNS stem-cell transplanta-
tion, because the integration of grafted cells could be compro-
mised in regions displaying pronounced inflammatory reactions.
Indeed, a common problem encountered in such transplantation
studies is that progenitor cells either die or differentiate into glia.

For example, it has been reported that neural progenitor cells
transplanted into the dentate gyrus tend to assume a glial phe-
notype specifically in areas damaged by the injection procedure
(Gage et al., 1995). Thus, we propose that the period of acute
inflammation and IL-6 production that immediately follows brain
injury is not optimal for the survival or differentiation of trans-
planted cells. Thereafter, once IL-6 expression is downregulated
and growth factors are released to promote tissue remodeling,
conditions may be more favorable for successful stem-cell graft-
ing, although the act of introducing the graft would militate
against this to some degree.

In summary, this study provides the first demonstration that a
proinflammatory cytokine can repress neurogenesis in the mature
brain. Whether other immune system mediators exhibit similar
properties, the mechanisms underlying such effects, and their
functional consequences remain to be addressed.
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