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Abstract

Previous studies have shown that microglia impact the proliferation and differentiation of neu-
rons during hippocampal neurogenesis via the fractalkine/CX3 chemokine receptor 1 (CX3CR1)
signaling pathway. However, whether microglia can influence the maturation and dendritic
growth of newborn neurons during hippocampal neurogenesis remains unclear. In the present
study, we found that the number of doublecortin-positive cells in the hippocampus was decreased,
and the dendritic length and number of intersections in newborn neurons in the hippocampus
were reduced in transgenic adult mice with CX3CR1 deficiency (CX3CR1“"“"™). Furthermore,
after experimental seizures were induced with kainic acid in these CX3CR1-deficient mice, the
expression of c-fos, a marker of neuronal activity, was reduced compared with wild-type mice.
Collectively, the experimental findings indicate that the functional maturation of newborn neu-
rons during hippocampal neurogenesis in adult mice is delayed by CX3CR1 deficiency.
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Introduction

Microglia are the resident immune cells in the central ner-
vous system and act as macrophages (Aloisi, 2001). Microglia
can rapidly respond to homeostatic disturbances by secret-
ing inflammatory molecules (Hu et al., 1995; Inoue, 2006)
and neurotrophic factors (Batchelor et al., 1999; O’Donnell
et al., 2002; Nakajima and Kohsaka, 2004). Microglia are
restrained by numerous microenvironmental factors, many
of which are produced by neurons (Neumann, 2001). Frac-
talkine is a chemokine that is constitutively expressed by
healthy neurons and functions as a neuroimmune regulatory
protein. By binding to its receptor on microglia, CX3 chemo-
kine receptor 1 (CX3CR1), fractalkine inhibits microglial ac-
tivity under inflammatory conditions (Harrison et al., 1998;
Ransohoft et al., 2007). In the brain, CX3CRI is primarily
expressed by microglia (Harrison et al., 1998). Only a few
types of neurons express CX3CR1. Consequently, targeting
fractalkine/CX3CR1 signaling has been used to modulate
the neurotoxicity of microglia in diverse models of neuro-
logical disorders, such as neuropathic pain (Sun et al., 2007),
age-related macular degeneration (Combadiere et al., 2007),
peripheral lipopolysaccharide injection-induced intracranial
inflammation, Parkinson’s disease and amyotrophic lateral
sclerosis (Cardona et al., 2006). Accumulating evidence in-
dicates a major role of fractalkine/CX3CR1 signaling in the
central nervous system. Bachstetter et al. (2011) showed that
the functional disruption of CX3CR1 in CX3CR1“""" mice
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results in the impaired proliferation and differentiation of
neurons during hippocampal neurogenesis. Furthermore,
another study from the same laboratory showed that the
impaired hippocampal neurogenesis resulted in cognitive
impairments, including behavioral deficits in the Morris
water maze and contextual fear conditioning tests (Rogers et
al,, 2011). Interestingly, CX3CRI signaling in microglial cells
was shown to be necessary for the survival of layer V cortical
neurons during development (Ueno et al., 2013). Addition-
ally, microglia engulf synaptic material and play a major role
in synaptic pruning. When not challenged by inflammatory
factors, microglia play a critical role in synaptic maturation
in the central nervous system (Paolicelli et al., 2011). These
and other studies have shown that, in the intact central ner-
vous system, microglia in the hippocampus impact the pro-
liferation and differentiation of neurons during hippocampal
neurogenesis, and consequently affect cognitive functioning.
However, whether fractalkine/CX3CR1 signaling plays a role
in the synaptic maturation of newborn neurons during hip-
pocampal neurogenesis remains unclear. Therefore, in the
present study, we investigated the role of fractalkine/CX3CR1
signaling during hippocampal neurogenesis.

Materials and Methods

Animals

CX3CR1-deficient (CX3CR1°""") mice, backcrossed to
the C57BL/6 background for greater than 10 generations
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were provided by JAX Laboratories (Bar Harbor, ME,
USA). Colonies of the CX3CR1"7“"" and CX3CR1°"/"*
mice were maintained at Central South University (China).
In CX3CR17“"" and CX3CR1GFP/GFP mice, the receptor
was knocked out and replaced with the GFP gene. Hence,
in CX3CR1"“" mice, CX3CR1 was partially inactivated,
while in CX3CR1"“"" mice, the receptor was completely
inactivated (Jung et al., 2000). Clean 12-week-old male
CX3CR1"%" and CX3CR1"" littermates and 12-week-
old male C57BL/6 mice, of specific pathogen-free grade,
were used in the experiments. Animals were correspond-
ingly grouped into CX3CR1"“", CX3CR1°"“"" and wild-
type groups. Four animals in each group were used for
the counting of doublecortin (DCX)-positive cells, and
another four animals in each group were used for dendritic
analysis. Three animals in each group were selected at each
time point for cell maturation analysis. The protocols were
approved by the Institutional Animal Care Committee of
Central South University in China.

Sample collection and tissue processing

All animals were anesthetized by peritoneal injection of an
overdose of 2% sodium pentobarbital and prefixed with 4%
paraformaldehyde transcardially. All the brains were post-
fixed for 48 hours in 4% paraformaldehyde and dehydrated
in 30% sucrose solution until they sank to the bottom of the
vial. Serial coronal frozen sections (40-um thick) were cut
on a freezing microtome (Norton, Trenton, NJ, USA) and
prepared for immunohistochemistry.

Immunohistochemistry for DCX-positive cells

In the dentate gyrus, DCX is exclusively expressed in imma-
ture neurons from postnatal 1 day to 4 weeks (Couillard-De-
spres et al., 2005), and thus has been widely used as a marker
of immature neurons, and it reliably reflects the level of den-
dritic growth in these cells. Brain sections were blocked with
a solution containing 0.01 M PBS, 0.1% Triton X-100 and
10% normal goat serum for 30 minutes, and subsequently
incubated at 4°C overnight with rabbit anti-DCX polyclonal
antibody (1:500; Cell Signaling Technology, Beverly, MA,
USA). After thorough washes, sections were then incubated
with biotinylated goat anti-rabbit IgG (1:200; Vector Labo-
ratories, Burlingame, CA, USA) and avidin-biotin complex
(1:200; Vector Laboratories) at room temperature for 60
minutes. Sections were then reacted with diaminobenzidine
(Sigma, St. Louis, MO, USA) and 0.1% H,O, for 10 minutes.
The sections were dehydrated in graded alcohol and cleared
in toluene, and then coverslipped. Sections were observed
using an Olympus CHBS light microscope (New York Mi-
croscope Company Inc., New York, NY, USA).

Immunohistochemistry for the maturation of newborn
neurons

The maturation and activation marker expression of new-
born neurons were assessed using triple fluorescence la-
beling for BrdU, NeuN and c-fos (Deng et al., 2009). One
of the six serial sections was treated with 2 M HCI for 30

minutes at 37°C and subsequently incubated simultaneous-
ly in three primary antibodies, diluted in PBS containing
0.5% Triton-X and 3% donkey serum, for 48 hours at 4°C.
Primary antibodies included rat anti-BrdU polyclonal anti-
body (1:1,000; Accurate Chemical & Scientific Corporation
Company, Philadelphia, PA, USA), goat anti-NeuN antibody
(1:400; Cell Signaling Technology Inc.) and rabbit anti-c-fos
polyclonal antibody (1:500; Cell Signaling Technology Inc.).
After incubation of primary antibodies, donkey anti-rat Al-
exa 568, donkey anti-goat Alexa 647 and donkey anti-rabbit
Alexa 488 antibodies (1:250; Invitrogen Life Technologies,
Carlsbad, CA, USA) were added onto the slides for 90 min-
utes at room temperature. After three rinses, the slides were
mounted with florescence mounting media (DAKO, Carpin-
teria, CA, USA) and coverslipped.

Analysis of the number of DCX-positive cells and
dendritic complexity of newborn neurons

DCX-positive cells in the dentate gyrus in the dorsal part of
the hippocampus (Yau et al., 2011) were counted using Ste-
reo Investigator software (Micro-Bright Field Biotechnology,
New York, NY, USA) by a skilled and blinded experimenter.
The software randomly selected 30-50 visual fields under a
40x light lens, and the number of labeled cells was counted.
The dendritic outline, dendritic length, and the number of
intersections and branch points of DCX-positive cells in the
granule cell layer of the hippocampal dentate gyrus were
traced using Filament tracer software (Bitplane Inc., South
Windsor, CT, USA) and then analyzed with ImarisTrack
software (Bitplane Inc.). A qualified neuron for analysis
displayed a comparatively independent dendritic tree with
at least tertiary branches. Tracings were analyzed by Sholl
analysis (Sholl and Uttley, 1953) in 10-200-pm concentric
circles centered in the cell body. In brief, the dendritic length
counted as the length of the trace between every two con-
centric circles. The intersection number was the number of
traces crossing each circle. A higher dendritic length value
or greater number of intersections indicates a neuron with
more complex dendritic branching.

Seizures and c-fos analysis

Kainic acid was used to induce seizures in mice and induce
the expression of immediate early genes in the dentate gyrus
(Deng et al., 2009). Although c-fos is upregulated in very few
granule cells under physiological conditions, including nov-
elty exposure or learning, all granule cells upregulate imme-
diate early genes such as c-fos in response to electrical activity,
such as seizures (Dragunow and Faull, 1989; Kempermann et
al., 2003). c-fos expression in newborn neurons after seizure
indicates that they are fully mature and integrated into the
existing neuronal circuitry (Snyder et al., 2009). BrdU was
injected intraperitoneally six times (50 mg/kg, twice per day;
Sigma) to mice. Kainic acid (35 mg/kg; Tocris Bioscience,
Minneapolis, MO, USA) was injected intraperitoneally 1, 2, 3,
4 and 10 weeks after the last injection of BrdU. Seizures were
stopped by injection of the GABA agonist sodium pentobar-
bital (50 mg/kg, intraperitoneally; Sigma) 30 minutes after
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the onset of stage 5 seizure activity. One hour later, animals
were sacrificed for the cell maturity analysis.

Statistical analysis

All data are presented as the mean = SEM. Comparisons of
multiple groups were done by one-way analysis of variance
followed by Student-Newman-Keuls test for two-group
comparisons within the multiple groups using SPSS 16.0
statistical software (SPSS, Chicago, IL, USA). P < 0.05 was
considered to indicate a significant difference.

Results

Fewer neurons were produced in the brain of CX3CR1
mice than in CX3CR1"“" mice

DCX is expressed in newly formed neurons, and is associated
with the migration and differentiation of neuronal progeni-
tor cells (Brown et al., 2003). Therefore, DCX can be used to
label newborn neurons in the subgranular zone of the hip-
pocampus. As shown in Figure 1, most of the DCX-positive
cell bodies were located at or just beneath the bottom of the
granular layer, and had short or long processes. The number
of DCX-positive cells in the subgranular zone was substantial-
ly lower in CX3CR1°"”“"" mice than in CX3CR1"“" mice (P
< 0.01). A decrease in the number of DCX-positive cells in the
subgranular zone was also observed in the CX3CR1"“" mice,
compared with wild-type mice (P < 0.05; data not shown).

GFP/GFP

CX3CR1 deficiency reduced the dendritic complexity of
newborn hippocampal neurons

To evaluate the impact of CX3CR1 deficiency on the mor-
phology of newborn neurons, we examined the morpholo-
gy of DCX-positive cells in the dentate gyrus. DCX-positive
cells were divided into class I and class II. Class I DCX-pos-
itive cells were characterized as cells with a primary dendrite
that was oriented perpendicular to the subgranular zone
(Pliimpe et al., 2006; Oomen et al., 2011). Class I DCX-pos-
itive cells were located in the subgranular zone, without
a dendrite or with only a short dendrite. Every selected
class II DCX-positive cell with at least tertiary branches
was traced using Filament tracer software and analyzed by
Sholl analysis. Compared with wild-type mice, the dendritic
length of class II DCX-positive cells was greatly reduced
in CX3CR1* mice (P < 0.05; Figure 2A). In addition,
the number of intersections was reduced in CX3CR1%"”“""
mice compared with wild-type mice (P < 0.05; Figure 2B).
No significant dendritic defect in class II DCX-positive cells
was observed in CX3CR1"“""mice (Figure 2). The dendritic
length and the number of intersections are two parameters
reflecting the complexity of dendritic trees in Sholl analy-
sis. Our findings show that CX3CR1 deficiency reduces the
dendritic complexity of newborn neurons.

Neuronal functional maturation was delayed in
CX3CR1°""" mice

Mature granule cells functionally integrated into the neural
circuitry can be activated by very strong stimuli, such as
kainic acid. To assess the functional maturation of newborn
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neurons, changes in c-fos expression in BrdU" cells in the
dentate gyrus in response to kainate-induced seizures were
measured in 1- to 10-week-old mice. Ten weeks after the
final BrdU injection, more than 95% of BrdU" cells in all
groups strongly expressed c-fos. However, the expression of
c-fos was significantly decreased in CX3CR1“"" mice with
kainate-induced seizures 3 weeks after the last BrdU injec-
tion, compared with wild-type mice (P < 0.05; Figure 3).
This reduction in expression of c-fos indicates that CX3CR1
signaling contributes to the maturation of newborn neurons
in the hippocampus.

Discussion

In the present study, we found that the number of DCX-pos-
itive cells in the subgranular zone was dramatically lower in
CX3CR1"" mice compared with CX3CR1"“"" mice. Fur-
thermore, in CX3CR1“”“™ mice, the dendritic length and
the number of intersections were greatly reduced. Notably,
the disruption of fractalkine/CX3CR1 signaling resulted in a
temporary reduction in c-fos expression after kainic acid-in-
duced seizures. These findings indicate that the disruption of
fractalkine/CX3CR1 signaling results in the impairment of
dendritic morphology and a delayed maturation of newborn
neurons during hippocampal neurogenesis.

Recently, the role of microglia in the uninjured brain has
attracted increasing attention (Lu et al., 2013). Microglia
are highly dynamic cells with extremely motile processes
and protrusions, and they continually survey their micro-
environment (Nimmerjahn et al., 2005). In the current
study, we found that disruption of the fractalkine/CX3CR1
signaling pathway caused a reduction in the number of
DCX-positive cells in both homozygous and heterozygous
mutant mice. These results are similar to previous reports
(Bachstetter et al., 2011; Rogers et al., 2011). Impaired
hippocampal neurogenesis eventually leads to cognitive de-
cline. Hence, it is intriguing that CX3CR1"“"" mice suffer-
ing from impaired hippocampal neurogenesis exhibit only
mild cognitive deficits. The proliferation of neural progeni-
tor cells and neuronal differentiation are only two stages of
hippocampal neurogenesis. The successful migration and
maturation of newborn neurons is necessary for learning
and memory function in experimental animals. Based on
this premise, we analyzed the changes in the dendritic mor-
phology of immature neurons in the dentate gyrus. The
dendritic length and the number of intersections in young
neurons, as assessed by Sholl analysis, was significantly re-
duced in CX3CR1“™“ mice, but not in CX3CR1"““mice.
The findings show that the complexity of the dendritic tree
in newborn neurons in CX3CR1"“" mice was similar to
that in wild-type mice. This similarity might account for
the observation that CX3CR1"“" mice displayed a compar-
atively normal performance in cognitive tasks.

DCX is a protein that promotes microtubule polymeriza-
tion, and is abundantly expressed in migrating neuroblasts and
young neurons (Gleeson et al., 1998). DCX labeling reveals the
processes of immature neurons and is useful for investigating
the development of dendrites morphologically. Dendritic
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development in immature neurons is closely associated with
the efficacy of antidepressant drugs (Wang et al., 2008), as
well as seizures (Overstreet-Wadiche et al., 2006). Our data
here show that in the CX3CR1“"”“"" mice, CX3CR1 defi-
ciency impairs cell proliferation and neuronal differentiation
during hippocampal neurogenesis, and also affects the den-
dritic development of immature neurons

Another critical stage in hippocampal neurogenesis is the
maturation of young neurons and their subsequent inte-
gration into the existing hippocampal circuitry (Deng et al.,
2009, 2010). This requires the ability to form synapses with
hilar interneurons, mossy cells or CA3 pyramidal cells (Toni
et al,, 2008). A recent study showed that mice with a transient
deficit in granular neuron maturation is unable to display
robust, long-term spatial memory and exhibits impaired per-
formance in extinction tasks (Deng et al., 2009). Therefore,
we examined c-fos expression in newborn neurons following
seizure. The expression of c-fos was reduced in 3-week-old,
but not in 10-week-old, CX3CR1“"" mice. c-fos is an im-
mediate early gene that is rapidly and transiently induced
in response to certain stimuli in various types of cells (Hu
et al., 1994). Acute expression of c-fos in neurons indirectly
reflects the firing of action potentials (Dragunow and Faull,
1989). Here, the expression of c-fos in BrdU"/NeuN" cells
indicates that they are newborn neurons that have integrated
into the existing neural circuitry (Kempermann et al., 2003;
Snyder et al., 2009).

To our knowledge, we provide the first evidence that frac-
talkine/CX3CR1 signaling participates in the maturation
of newborn neurons during hippocampal neurogenesis.
The finding that the expression level of c-fos was similar in
wild-type and CX3CR1“”“"™ mice is in keeping with the
observation that the CX3CR1"“"" mice displayed a compar-
atively normal cognitive phenotype in the previous study.
Moreover, a postponed maturation of newborn neurons in
the CX3CR1“"“*" mice was observed. Thus, disruption of
fractalkine/CX3CR1 signaling only delays the maturation of
immature neurons in the brain.

Previous studies have shown that microglia regulate the
maturation of synapses during the embryonic stage, and the
first wave of microglial ancestors enter neural tissue very
early during embryonic development. This entry precedes
both astrogliogenesis and oligodendrogliogenesis during the
perinatal period (Ginhoux et al., 2010) and coincides with
the first wave of embryonic synaptogenesis (Kettenmann
et al,, 2013). The promotion of synaptic maturation by mi-
croglia was also recently shown during the postnatal stage
(Paolicelli et al., 2011). Microglia engulf synaptic debris and
actively monitor the surrounding environment. A transient
increase in spine density was observed during development
in mice with CX3CR1 deficiency, suggesting that microglia
participate in synaptic pruning through fractalkine/CX-
3CR1 signaling. Our data suggest that CX3CRI1 deficiency
delays the maturation of neurons, and thereby postpones
synaptic integration. Whether microglia function in syn-
aptic pruning during hippocampal neurogenesis through

fractalkine/CX3CRI signaling is unknown and will require
further study.

In conclusion, disruption of fractalkine/CX3CR1 signal-
ing results in dendritic defects and the delayed maturation
of neurons in the subgranular zone. Our findings provide
insight into the role of the fractalkine/CX3CR1 pathway
during hippocampal neurogenesis in the normal brain.

Author contributions: FX designed and completed the ex-
periment, as well as analyzed the data and wrote the paper.
JMX and XH] sponsored the experiment and revised the paper.
XH] assisted to design the experiment and perform part of the
animal feeding. All authors approved the final version of the

paper.

Conflicts of interest: None declared.

References

Aloisi F (2001) Immune function of microglia. Glia 36:165-179.

Bachstetter AD, Morganti JM, Jernberg J, Schlunk A, Mitchell SH, Brew-
ster KW, Hudson CE, Cole MJ, Harrison JK, Bickford PC, Gemma C
(2011) Fractalkine and CX3CR1 regulate hippocampal neurogenesis
in adult and aged rats. Neurobiol Aging 32:2030-2044.

Batchelor PE, Liberatore GT, Wong JY, Porritt MJ, Frerichs F, Donnan
GA, Howells DW (1999) Activated macrophages and microglia in-
duce dopaminergic sprouting in the injured striatum and express
brain-derived neurotrophic factor and glial cell line-derived neuro-
trophic factor. ] Neurosci 19:1708-1716.

Brown JP, Couillard-Després S, Cooper-Kuhn CM, Winkler J, Aigner L,
Kuhn HG (2003) Transient expression of doublecortin during adult
neurogenesis. ] Comp Neurol 467:1-10.

Cardona AE, Pioro EP, Sasse ME, Kostenko V, Cardona SM, Dijkstra IM,
Huang D, Kidd G, Dombrowski S, Dutta R, Lee JC, Cook DN, Jung
S, Lira SA, Littman DR, Ransohoff RM (2006) Control of microglial
neurotoxicity by the fractalkine receptor. Nat Neurosci 9:917-924.

Combadiere C, Feumi C, Raoul W, Keller N, Rodéro M, Pézard A,
Lavalette S, Houssier M, Jonet L, Picard E, Debré P, Sirinyan M, De-
terre P, Ferroukhi T, Cohen SY, Chauvaud D, Jeanny JC, Chemtob S,
Behar-Cohen F, Sennlaub F (2007) CX3CR1-dependent subretinal
microglia cell accumulation is associated with cardinal features of
age-related macular degeneration. J Clin Invest 117:2920-2928.

Couillard-Despres S, Winner B, Schaubeck S, Aigner R, Vroemen M,
Weidner N, Bogdahn U, Winkler J, Kuhn HG, Aigner L (2005) Dou-
blecortin expression levels in adult brain reflect neurogenesis. Eur |
Neurosci 21:1-14.

Deng W, Aimone JB, Gage FH (2010) New neurons and new memories:
how does adult hippocampal neurogenesis affect learning and mem-
ory? Nat Rev Neurosci 11:339-350.

Deng W, Saxe MD, Gallina IS, Gage FH (2009) Adult-born hippocam-
pal dentate granule cells undergoing maturation modulate learning
and memory in the brain. ] Neurosci 29:13532-13542.

Dragunow M, Faull R (1989) The use of c-fos as a metabolic marker in
neuronal pathway tracing. ] Neurosci Methods 29:261-265.

Ginhoux E, Greter M, Leboeuf M, Nandi S, See P, Gokhan S, Mehler MF,
Conway SJ, Ng LG, Stanley ER, Samokhvalov IM, Merad M (2010)
Fate mapping analysis reveals that adult microglia derive from prim-
itive macrophages. Science 330:841-845.

Gleeson JG, Allen KM, Fox JW, Lamperti ED, Berkovic S, Scheffer I,
Cooper EC, Dobyns WB, Minnerath SR, Ross ME, Walsh CA (1998)
Doublecortin, a brain-specific gene mutated in human X-linked liss-
encephaly and double cortex syndrome, encodes a putative signaling
protein. Cell 92:63-72.

Harrison JK, Jiang Y, Chen S, Xia Y, Maciejewski D, McNamara RK,
Streit WJ, Salafranca MN, Adhikari S, Thompson DA, Botti P, Bacon
KB, Feng L (1998) Role for neuronally derived fractalkine in mediat-
ing interactions between neurons and CX3CR1-expressing microglia.
Proc Natl Acad Sci U S A 95:10896-10901.

775



Xiao F, et al. / Neural Regeneration Research. 2015;10(5):772-777.

£
p
)
c 2
S >
2o
3z 2
o8
-
55
o
DE
%
K<)
'_

1,000 7

800 1

600 -

400

200 -

ek

CX3CR1"%"

CX3CR1 GFP/GFP

DCX/DAPI DCX/DAPI

s
q]
&
(o]
o
O
(32}
x
()

Figure 1 Expression of doublecortin (DCX) in the dentate gyrus of CX3CR1"“"" and CX3CR1°""**" mice.

(A) Number of DCX-positive cells in the dentate gyrus of CX3CR1"" and CX3CR1°""“" mice. All data are presented as the mean + SEM (1 = 4
mice in each group). Comparisons of multiple groups were done by one-way analysis of variance followed by Student-Newman-Keuls test. **P <
0.01, vs. CX3CR1"“" mice. (B, C) Expression of DCX in the dentate gyrus of CX3CR1"“" and CX3CR1“"“"" mice (immunohistochemical stain-
ing). Arrows indicate DCX expression. Scale bars in B and C: 50 pm.

A

Dendritic length (um)

50

40

30

20

10

0

- Wild-type

—-e- CX3CR17¢7
+ CX3CR1GFP/GFP

Distance from soma (um)

T T T T T T T T Ty
0 10 20 30 40 50 60 70 80 90 100 110 120 130140 150 160 170 180190 200

m Wild-type

B 4 ® CX3CR1"%"*

v CX3CR1GFP/GFP
3
X!
Ii 1 4
' [ J i i i

*# W
*#

Intersection number
N
1

h
LENL N S S S s S S S S s e
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200

Distance from soma (um)

Figure 2 CX3CR1 deficiency reduces the dendritic complexity of newborn hippocampal neurons.

(A) Dendritic length; (B) number of intersections. All data are presented as the mean + SEM (1 = 4 mice in each group). Comparisons of multiple
groups were done using one-way analysis of variance followed by Student-Newman-Keuls test. *P < 0.05, vs. CX3CR17“" mice; #P < 0.05, vs. wild-
type mice.

A

776

%FOS*

100

80 1

60 -

40 -

20 +

-o- Wild-type
& CX3CR1"%"

3 4 5 6 7 8
Week(s) after BrdU

9

10 11 12

-3 CX3CR1 GFP/GFP

Figure 3 The maturation of newborn neurons in CX3CR1“"“" mice.

(A) Triple immunofluorescence staining for BrdU (red), c-fos (green)
and NeuN (blue) in the dentate gyrus; scale bars in (A): 20 um. (B)
Quantitative analysis of the ratio of the number of BrdU"/c-fos'/NeuN"
cells to the number of BrdU" cells (%FOS") at different time points. Data
are presented as the mean + SEM (n = 3 mice in each group). Compar-
isons of multiple groups were done by one-way analysis of variance fol-
lowed by Student-Newman-Keuls test. *P < 0.05, vs. CX3CR17“" mice;
#P < 0.05, vs. wild-type mice. hi: Hippocampus; gcl: granulecortex layer.



Xiao F, et al. / Neural Regeneration Research. 2015;10(5):772-777.

Hu E, Mueller E, Oliviero S, Papaioannou VE, Johnson R, Spiegelman
BM (1994) Targeted disruption of the c-fos gene demonstrates
c-fos-dependent and -independent pathways for gene expression
stimulated by growth factors or oncogenes. EMBO J 13:3094-3103.

Hu S, Sheng WS, Peterson PK, Chao CC (1995) Cytokine modulation
of murine microglial cell superoxide production. Glia 13:45-50.

Inoue K (2006) The function of microglia through purinergic re-
ceptors: Neuropathic pain and cytokine release. Pharmacol Ther
109:210-226.

Jiang XH, Xu JM, Zou DQ, Yang L, Wang YP (2013) Baicalin influences
the dendritic morphology of newborn neurons in the hippocampus
of chronically stressed rats. Neural Regen Res 8:496-505.

Jung S, Aliberti ], Graemmel P, Sunshine M]J, Kreutzberg GW, Sher A,
Littman DR (2000) Analysis of fractalkine receptor CX(3)CRI1 func-
tion by targeted deletion and green fluorescent protein reporter gene
insertion. Mol Cell Biol 20:4106-4114.

Kempermann G, Gast D, Kronenberg G, Yamaguchi M, Gage FH (2003)
Early determination and long-term persistence of adult-generated
new neurons in the hippocampus of mice. Development 130:391-
399.

Kettenmann H, Kirchhoff F, Verkhratsky A (2013) Microglia: new roles
for the synaptic stripper. Neuron 77:10-18.

Lu MJ, Wang SS, Zhu Y (2013) Microglia-mediated oxidative stress
injury in a mouse model of Parkinson’s disease. Zhongguo Zuzhi
Gongcheng Yanjiu 17:2001-2006.

Nakajima K, Kohsaka S (2004) Microglia: neuroprotective and neuro-
trophic cells in the central nervous system. Curr Drug Targets Car-
diovasc Haematol Disord 4:65-84.

Neumann H (2001) Control of glial immune function by neurons. Glia
36:191-199.

Nimmerjahn A, Kirchhoff F, Helmchen F (2005) Resting microglial cells
are highly dynamic surveillants of brain parenchyma in vivo. Science
308:1314-1318.

O’Donnell SL, Frederick TJ, Krady JK, Vannucci SJ, Wood TL (2002)
IGF-I and microglia/macrophage proliferation in the ischemic
mouse brain. Glia 39:85-97.

Oomen CA, Soeters H, Audureau N, Vermunt L, van Hasselt FN,
Manders EMM, Joéls M, Krugers H, Lucassen PJ (2011) Early mater-
nal deprivation affects dentate gyrus structure and emotional learn-
ing in adult female rats. Psychopharmacology (Berl) 214:249-260.

Overstreet-Wadiche LS, Bromberg DA, Bensen AL, Westbrook GL
(2006) Seizures accelerate functional integration of adult-generated
granule cells. ] Neurosci 26:4095-4103.

Paolicelli RC, Bolasco G, Pagani F, Maggi L, Scianni M, Panzanelli P, Gi-
ustetto M, Ferreira TA, Guiducci E, Dumas L, Ragozzino D, Gross CT
(2011) Synaptic pruning by microglia is necessary for normal brain
development. Science 333:1456-1458.

Plimpe T, Ehninger D, Steiner B, Klempin F, Jessberger S, Brandt M,
Romer B, Rodriguez GR, Kronenberg G, Kempermann G (2006)
Variability of doublecortin-associated dendrite maturation in adult
hippocampal neurogenesis is independent of the regulation of pre-
cursor cell proliferation. BMC Neurosci 7:77.

Ransohoff RM, Liu L, Cardona AE (2007) Chemokines and chemokine
receptors: multipurpose players in neuroinflammation. Int Rev Neu-
robiol 82:187-204.

Rogers JT, Jos MM, Bachstetter AD, Hudson CE, Peters MM, Grimmig
BA, Weeber EJ, Bickford PC, Gemma C (2011) CX3CR1 deficiency
leads to impairment of hippocampal cognitive function and synaptic
plasticity. ] Neurosci 31:16241-16250.

Sholl A, Uttley AM (1953) Pattern discrimination and the visual cortex.
Nature 171:387-388.

Snyder JS, Choe JS, Clifford MA, Jeurling SI, Hurley P, Brown A, Kamhi
JE, Cameron HA (2009) Adult-born hippocampal neurons are more
numerous, faster-maturing and more involved in behavior in rats
than in mice. ] Neurosci 29:14484-14495.

Sun S, Cao H, Han M, Li TT, Pan HL, Zhao ZQ, Zhang YQ (2007) New
evidence for the involvement of spinal fractalkine receptor in pain
facilitation and spinal glial activation in rat model of monoarthritis.
Pain 129:64-75.

Toni N, Laplagne DA, Zhao C, Lombardi G, Ribak CE, Gage FH, Schin-
der AF (2008) Neurons born in the adult dentate gyrus form func-
tional synapses with target cells. Nat Neurosci 11:901-907.

Ueno M, Fujita Y, Tanaka T, Nakamura Y, Kikuta J, Ishii M, Yamashita T
(2013) Layer V cortical neurons require microglial support for sur-
vival during postnatal development. Nat Neurosci 16:543-551.

Wang JW, David DJ, Monckton JE, Battaglia F, Hen R (2008) Chronic
fluoxetine stimulates maturation and synaptic plasticity of adult-
born hippocampal granule cells. ] Neurosci 28:1374-1384.

Yau SY, Lau BW, Tong JB, Wong R, Ching YP, Qiu G, Tang SW, Lee TM,
So KF (2011) Hippocampal neurogenesis and dendritic plasticity
support running-improved spatial learning and depression-like be-
haviour in stressed rats. PLoS One 6:€24263.

Copyedited by Patel B, Norman C, Yu ], Yang Y, Li CH, Song LP, Zhao M

777



