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Granulocyte-colony stimulating factor (G-CSF) is a hematopoietic growth factor that controls proliferation and differentiation of neural
stem cells. Although recent studies have begun to explore G-CSF-related mechanisms of action in various disease models, little is known
about its function in the healthy brain. In the present study, the effect of G-CSF deficiency on memory formation and motor skills was
investigated. The impact of G-CSF deficiency on the structural integrity of the hippocampus was evaluated by analyzing the generation of
doublecortin-expressing cells, the amount of bromodeoxyurine-labeled cells, the dendritic complexity in hippocampal neurons, the
binding densities of NMDA and GABAA receptors and the induction of long-term potentiation (LTP). G-CSF deficiency caused a disrup-
tion in memory formation and in the development of motor skills. These impairments were associated with reduced ligand binding
densities of NMDA receptors in hippocampal subfields CA3 and the dentate gyrus. The reduced excitation was potentiated by increased
ligand binding densities of GABAA receptors resulting in a relative shift in favor of inhibition and impaired behavioral performance.
These alterations were accompanied by impaired induction of LTP in the CA1 region. Moreover, G-CSF deficiency led to decreased
dendritic complexity in hippocampal neurons in the dentate gyrus and the CA1 region. G-CSF deficiency also caused a reduction of
neuronal precursor cells in the dentate gyrus. These findings confirm G-CSF as an essential neurotrophic factor, and point to a role in the
proliferation, differentiation and functional integration of neural cells necessary for the structural and functional integrity of the hip-
pocampal formation.

Introduction
Granulocyte-colony stimulating factor (G-CSF) is a growth fac-
tor that stimulates proliferation, differentiation, and survival of
hematopoietic progenitor cells. Relatively novel is the perception
that G-CSF is also a potent growth factor in the CNS, parallel-
ing numerous basic cellular mechanisms in analogy to its func-
tion in the hematopoietic system (Schabitz and Schneider, 2007;
Solaroglu et al., 2007). Recent studies have revealed that G-CSF
and its receptor (G-CSFR) are present in the brain, suggesting an
important role of this factor in neuroprotection and functional

recovery (Schneider et al., 2005). The G-CSF ligand and receptor
show a broad, predominantly neuronal expression throughout
the rat brain, with particularly high expression in the CA3 region
of the hippocampal formation and the subgranular zone and
hilus of the dentate gyrus (Schneider et al., 2005). The expression
pattern of G-CSF combined with its strong trophic activity indi-
cate a prominent role of this growth factor in hippocampal
function.

Numerous reports have described the efficacy of G-CSF in
animal models of different neurological diseases including
stroke (Schabitz et al., 2003; Schneider et al., 2005; Komine-
Kobayashi et al., 2006; Solaroglu et al., 2006; Minnerup et al.,
2008), Parkinson’s disease (Cao et al., 2006; Meuer et al., 2006),
and Alzheimer’s disease (Tsai et al., 2007). These studies confirm
G-CSF as a neurotrophic factor, and ascertained its role in neu-
roprotection and neuroregeneration relevant to the most prom-
inent neurodegenerative diseases. Although, recent studies have
begun to explore G-CSF-related mechanisms of action in various
disease models, little is known about its function in the healthy
brain. A more detailed understanding of the physiological role of
G-CSF in the healthy brain may, however, open new insights into
disease relevant mechanisms. In the present study, we therefore
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performed several cognitive and sensomotoric tests to explore the
effect of G-CSF deficiency on learning and memory formation
and motor skills. Subsequently, we examined the impact of
G-CSF deficiency on hippocampal neurogenesis and on dendritic
complexity in hippocampal neurons. Binding densities of NMDA
and GABAA receptors were examined using quantitative analysis
of radioactivity performed in the cortical areas M1, S1 and S2, the
caudate–putamen and in the hippocampal subfields CA1, CA3,
and the dentate gyrus. Additional electrophysiological recordings
were performed to investigate the induction of long-term poten-
tiation (LTP) in the CA1 region of hippocampal formation.

Materials and Methods
Animals
A total of 59 G-CSF �/�, 59 wild-type, and 3 G-CSF �/� mice (male; 3
months of age) were used in these experiments. G-CSF �/� mice were
generated by targeted disruption of the G-CSF gene in embryonal stem
cells (Lieschke et al., 1994). The outbred G-CSF �/�, G-CSF �/�, and
wild-type mice were derived from C57BL/6 and 129 inbred strains. They
were housed in groups of two animals in Macrolon cages. All mice were
kept under controlled environmental conditions (ambient temperature
22°C, 12 h light/dark cycle, lights on at 7:00 A.M.). Tap water and food
was allowed ad libitum. Two weeks before behavioral testing mice were
handled daily by the experimenter. All behavioral testing was performed
during the mice light cycle between 8:00 A.M. and 1:00 P.M. All experi-
ments were done in accordance with the European Communities Coun-
cil Directive of 24 November 1986 (86/609/EEC). All efforts were made
to minimize the number of animals used and their suffering.

Behavioral testing
Skilled motor learning. Fifteen G-CSF �/� and 14 wild-type animals were
used in this experiment. A rotarod with a 7 cm diameter rod and accel-
eration capability (TSE Systems) was used to assess skilled motor learn-
ing. Before the daily training mice were allowed to accommodate on the
rod for 5 min. For each session mice were subjected to 10 rotarod trials.
Constant accelerating speed from 4 to 50 rpm for 300 s was used until the
mouse fell from the rod and activated a light sensor, which stopped
rotation. Time was recorded when an animal fell off or made two con-
secutive revolutions, holding onto the rod. The time interval between
trials was 30 s.

Water maze. Ten G-CSF �/� and 10 wild-type mice were used in this
experiment. A Morris water maze task was used to assess spatial memory
performance. The pool had a diameter of 1.50 m and was filled with
opaque water; the water temperature was maintained at 21°C.

Before the spatial training a habituation trial was performed. During a
habituation trial the animals had to swim for 60 s with no platform placed
in the pool.

The following 2 d, a nonspatial guided performance was assessed by
performing four cued training trials each day in which a visible platform
2 cm above the surface of the water was presented. The location of the
platform varied randomly among the quadrants of the pool from trial to
trial. On each trial, the mouse was allowed 30 s to reach the platform and
then allowed to remain there briefly before being returned to a holding
cage for 60 s before the beginning of the next trial.

For the assessment of spatial memory performance the mice learned to
use spatial cues in the room to navigate to the escape platform positioned
at a fixed location below the water surface. The mice were released into
the pool from randomly varying positions for a maximum trial duration
of 90 s. On each of the 8 acquisition days each animal performed four
trials, with an intertrial interval of 60 s. The probe trial (90 s) was per-
formed on the 9th d with the platform removed from the pool. All trials
were recorded with a video camera connected to a computer equipped
with the Ethovision XT tracking software (Noldus).

Open field. Twelve G-CSF �/� and 13 wild-type animals were used in
this experiment. Locomotor activity and the ratio between exploration
and fear of open space, as measured by the time spent near the walls or in
the center of the arena, were assessed using an open field. At the begin-
ning of the test sessions, each mouse was placed in the middle of the open

field, an 80 cm � 80 cm square arena with 40 cm high walls. The time
spent in different areas of the open field (center, wall, corner) and the
total distance traveled (meters) were recorded by an automated tracking
system (http://www.phenotyping.com/digital.html). After 10 min mice
were released from the test chamber. Open field tests were performed on
3 consecutive days.

Object recognition test. Twenty-four hours after the open field explo-
ration, the same 12 G-CSF �/� and 13 wild-type animals were trained and
tested in a novel object recognition task. Training in the object recogni-
tion task took place in the same arena used for the open field exploration.
The open field exploration was thus used as a context habituation trial for
the recognition memory task. The training was conducted by placing
individual mice into the arena, 9 cm from the walls. In the arena two
identical objects (objects A1 and A2) were positioned in two adjacent
corners. Animals were left to explore the objects for 10 min. In a short-
term memory test given with a delay of 1 h after training, the mice were
exposed to one familiar (A) and one novel (B) object for 10 min.

On the subsequent day a long-term memory test was performed by
exposing the same mice to two identical objects (objects C1 and C2)
different to the already familiar ones. After a delay of 24 h, the mice
explored the arena for 10 min in the presence of the familiar object C and
a novel object D. Sniffing, dragging, pushing, and gnawing of the objects
was recorded. The time the animals spent on these behaviors (investigat-
ing time) was taken as a measure of object recognition. All objects had
similar textures, colors, and sizes, but distinctive shapes. Between trials
the objects were washed with 10% ethanol solution. A recognition index
calculated for each animal was expressed by the ratio TNO/(TFO � TNO)
[TFO � time spent exploring the familiar object; TNO � time spent
exploring the novel object].

Elevated-plus-maze. The same 12 G-CSF �/� and 13 wild-type animals
that underwent the open field and the object recognition test were used in
this experiment. Anxiety-related behavior was measured by means of the
elevated plus-maze on which mice had the choice to move into opposing
arms, which were either shielded or open. Preference for open arms is
thought to reflect exploration and preference for shielded arms is
thought to indicate anxiety. The maze was elevated 50 cm above floor
level, with 30 cm long and 5 cm wide arms. At the beginning of each
experiment, mice were placed into the center of the maze randomly
facing one of the arms. Each entry into an open or shielded arm was
counted and the time animals spent in either type of arm was measured
over a period of 10 min.

Bromodeoxyuridine staining
The brains of 5 G-CSF �/� and 5 wild-type mice were used in this part of
the experiment. For the purpose of labeling newborn cells each mouse
received a daily bromodeoxyuridine (BrdU) injection (30 mg/kg/d, i.p.)
for 5 d. Mice were perfused 6 d after the final BrdU injection. Animals
were deeply anesthetized using a mixture of ketamine (20.38 mg/ml) and
xylazine (5.38 mg/ml). Transcardiac perfusion was performed with 0.9%
NaCl solution. Brains were removed and postfixed in paraformaldehyde
solution for 4 d at 4°C. The tissue was then cryoprotected via 24 h im-
mersion in 30% sucrose, PBS solution. Brains were cut into 40 �m sag-
ittal sections using a sliding microtome on dry ice. Free-floating sections
were treated with 0.6% H2O2 in Tris-buffered saline (TBS; 0.15 M NaCl,
0.1 M Tris-HCl, pH 7.5) for 30 min. After extensive washes in TBS,
sections were blocked with a solution containing TBS, 0.1% Triton X-100
and 3% normal donkey serum solution for 30 min. The same solution
was used during the incubation with antibodies. Primary antibodies were
applied overnight at 4°C. For epifluorescence immunodetection, sec-
tions were washed extensively and incubated with fluorochrome-
conjugated species-specific secondary antibodies. Sections were placed
on Superfrost Plus slides (Menzel-Gläser) and mounted in Prolong An-
tifade kit (Invitrogen). The following antibodies were used: rat anti-BrdU
(1:500, Accurrate), mouse anti-NeuN (1:500, Millipore Bioscience Re-
search Reagents).

To determine the number of BrdU-positive cells in the hippocampus,
every sixth section (240 �m intervals) of one cerebral hemisphere was
selected from each animal and processed for immunohistochemistry.
Because BrdU-labeled cells are comparatively rare in the dentate gyrus,
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all BrdU-positive cells in the granule cell layer of the hippocampal den-
tate gyrus were exhaustively counted using a Nikon Eclipse 80i micro-
scope. The amount of cells counted was then extrapolated to receive an
approximated value for the whole brain. To determine the percentage of
neuronal differentiation of the newly generated cells 50 BrdU-positive
cells within the granule cell layer were randomly selected and analyzed for
BrdU/NeuN double-labeling. The resulting percentages of NeuN-
positive cells among the BrdU-positive cells were multiplied with the
estimated number of BrdU-positive cells to estimate the number of newly
generated neurons.

Doublecortin staining
The brains of six G-CSF �/� and six wild-type mice were used in this part
of the experiment. Animals were deeply anesthetized using a mixture of
ketamine (20.38 mg/ml) and xylazine (5.38 mg/ml). Transcardiac perfu-
sion was performed with 0.9% NaCl solution. Brains were removed and
postfixed in paraformaldehyde solution for 4 d at 4°C. The tissue was
then cryoprotected via 24 h immersion in 30% sucrose, PBS solution.
Brains were cut into 40 �m sagittal sections using a sliding microtome on
dry ice. Free-floating sections were treated with 0.6% H2O2 in Tris-
buffered saline (TBS; 0.15 M NaCl, 0.1 M Tris-HCl, pH 7.5) for 30 min.
After extensive washes in TBS, sections were blocked with a solution
containing TBS, 0.1% Triton X-100 and 3% normal donkey serum solu-
tion for 30 min. The same solution was used during the incubation with
antibodies. Primary antibodies were applied overnight at 4°C. Sections
were then washed extensively and incubated with species-specific sec-
ondary antibodies. Sections were placed on Superfrost Plus slides
(Menzel-Gläser) and mounted in Prolong Antifade kit (Invitrogen). The
goat anti-doublecortin (DCX) C-18 (1:500, Santa Cruz Biotechnology)
antibody was used.

To determine the number of DCX-positive cells in the hippocampus,
every sixth section (240 �m intervals) of one cerebral hemisphere was
selected from each animal and processed for immunohistochemistry. All
DCX-positive cells in the granule cell layer of the hippocampal dentate
gyrus were manually counted using a Nikon Eclipse 80i microscope. The
amount of cells counted was then extrapolated to receive an approxi-
mated value for the whole brain.

Golgi-Cox staining and morphological analysis of neurons
The brains of five G-CSF �/� and five wild-type mice were used in this
part of the experiment. Mice were transcardially perfused with 0.9%
saline, the brains were removed and placed each in 20 ml of Golgi-Cox
solution (Gibb and Kolb, 1998) according to a modified protocol of
Eadie et al. (2005). Briefly, brains were stored in the dark at room tem-
perature for 14 d. Afterward they were placed in a 20% sucrose solution
and stored in the dark at 4°C for another 2 d. Then, they were cut on a
vibratome in 200-�m-thick coronal slices. Sections were mounted on
TESPA-coated (Merck) slides and treated with the following solutions:
H2O (1 min), ammonium hydroxide (30 min, in the dark), H2O (1 min),
Agfafix for film (30 min), H2O (1 min) followed by dehydration in as-
cending alcohol concentrations. After processing, all slides were cover-
slipped using Cytoseal XYL (Richard-Allan Scientific) and stored in a
cool, dry place and kept from light exposure.

Golgi-impregnated neurons from two regions of the brain (hippocam-
pal CA1 and hippocampal dentate gyrus) were examined. Four neurons
from each area were selected and traced using the Neurolucida Image
Analyses System (Microbrightfield). The total dendritic length and the
amount of dendritic branch points (nodes) were calculated and used for
statistical comparison.

Receptor autoradiography
The brains of seven G-CSF �/� and seven wild-type mice were used for
receptor autoradiography. Before this experiment these animals were
also used in the open field, object recognition test and elevated-plus-
maze. The tissue used for receptor autoradiography was taken from de-
capitated animals without perfusion. Brains were rapidly removed,
frozen in isopentane at �30°C for 10 min, and stored at �80°C until
analysis. Quantitative in vitro receptor autoradiography studies were per-
formed using [ 3H]MK-801 and [ 3H]muscimol as ligands for NMDA
and GABAA receptors, respectively. Ligands were purchased from

Perkin-Elmer. Labeling of and incubation procedures for the different
binding sites were performed according to protocols of Zilles et al.
(2000). In brief, incubation with [ 3H]MK-801 and [ 3H]muscimol was
always preceded by a preincubation period with the respective buffer to
remove endogenous ligands. To demonstrate the maximal binding of
[ 3H]MK-801 to NMDA receptors, the binding assay was performed in a
magnesium- and zinc-free solution (50 mM Tris-HCl buffer, pH 7.2) and
in the presence of 30 �M glycine and 50 �M spermidine with 5 nM

[ 3H]MK-801 (specific activity 22.0 Ci/mmol) at 22°C for 60 min. Incu-
bation was terminated by washing in cold buffer (2 � 5 min) and in H2O
(2 s). GABAA receptors were incubated with 3 nM [ 3H]muscimol (spe-
cific activity 20.0 Ci/mmol) in a 50 mM Tris-citrate buffer, pH 7.0, for 40
min at 4°C. Incubation was terminated by rinsing (3 � 4 s) in cold buffer.
After the final rinsing procedure, slides were carefully dried in a stream of
cool air. Air-dried, tritium-labeled sections were coexposed with 3H-
labeled plastic standards (Autoradiographic [ 3H]Microscales; GE
Healthcare) to a 3H-sensitive film (Hyperfilm- 3H; GE Healthcare) for 5
weeks. Autoradiographies were scanned in equal light conditions with a
digital camera (Roper Scientific) and digitized with the MCID image
analysis system (Imaging Research Inc.). Gray value images of the coex-
posed plastic standards were used to compute a nonlinear calibration
curve, which defined the relationship between gray values in the autora-
diographs and concentrations of radioactivity. Quantitative analysis of
radioactivity was performed in cortical areas M1, S1 and S2, caudate–
putamen and in hippocampal subfields CA1 and CA3 within the den-
dritic strata oriens and radiatum, as well as in the pyramidal cell layer. In
the DG, ligand binding was analyzed in the stratum moleculare and in the
granule cell layer. Regions of interest were marked on the monitor and
the gray values automatically assessed by the imaging software. In all
cases, nonspecific binding was just above background labeling or not
visible at all. Therefore, background density could be used as an estimate
of unspecific binding and subtracted from total binding.

Electrophysiological recordings and LTP
The brains of six G-CSF �/�, three G-CSF �/�, and six wild-type mice
were used for electrophysiological recordings. Mice were decapitated
under deep isofluran anesthesia and the brains were rapidly removed to
ice-cold (4°C) artificial CSF (ACSF). The cerebellum was removed and a
cut was made to divide the two cerebral hemispheres. Combined
amygdala-hippocampus-cortex slices containing the temporal cortex,
the perirhinal cortex, the entorhinal cortex, the subiculum, the dentate
gyrus, the hippocampus, as well as the amygdala (500 �m) were cut in a
nearly horizontal plane. Up to two different slices from each side were
collected in a preparation. Slices were stored at 28°C in ACSF, which
contained (in mM) 124 NaCl, 4 KCl, 1.0 CaCl2, 1.24 NaH2PO4, 1.3
MgSO4, 26 NaHCO3, 10 glucose, pH 7.4, oxygenated with 95% O2 and
5% CO2 for �1 h. After 30 min incubation, CaCl2 was elevated to 2.0
mmol/L. Slices were individually transferred to an interphase recording
chamber, placed on a transparent membrane, illuminated from below
and continuously perfused (1.5–2 ml/min) with carbogenated ACSF at
32°C. A warmed, humified 95% O2 and 5% CO2 gas mixture was directed
over the surface of the slices.

Extracellular field potentials were recorded with glass microelectrodes
(150 mmol/L NaCl; 2–10 M�) connected to the amplifier by an Ag/
AgCl–KCl bridge in the hippocampal CA1 (stratum pyramidale). Single
electrical stimuli (0.05 Hz) were delivered through a bipolar platinum
electrode to stimulate the Schaffer collaterals of hippocampal slices. The
evoked field EPSPs (fEPSP) were elicited by adjusting the intensity of
stimulation to 40% of the maximum response in CA1 area. In LTP ex-
periments, CA1 area was sequentially stimulated once every minute. Te-
tanic stimulations were applied when the amplitude of fEPSP remained
stable with a maximum difference of 10% for at least 30 min.

LTP was elicited by either 10 trains of four pulses (pulse duration 0.1
ms; interpulse interval 50 ms) repeated at intervals of 10 s or four trains of
100 Hz (1 s) repeated at intervals of 5 min as well as by a single 1 s train at
100 Hz stimulation. LTP was operationally defined as the mean change in
fEPSP slope for 15 intensity stimuli given beginning 30 min after tetanic
stimulation compared with the mean slope of 15 test pulses given imme-
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diately before the stimulation. Thus, percentage potentiation � 100
(post-tetanus amplitude/baseline amplitude).

Statistical analysis
All analyses were performed with the statistical software SPSS (version
15.00 for Windows). Two-way repeated measures ANOVA was used
when data of different groups was repeatedly collected over time or under
different treatment conditions. Student’s t tests or Mann–Whitney rank
sum tests were calculated to compare data between two groups. All tests
were performed two-tailed and a value of p � 0.05 was considered to
represent a significant difference. The results of the receptor autoradiog-
raphy were analyzed using an ANOVA for comparison of postmortem
wild-type and G-CSF �/� mouse brains. Ligand binding was analyzed by
calculating mean concentration values for each ligand and region. Final
values were normalized to wild-type mice (100%) and expressed as
mean � SEM as described previously (Schomacher et al., 2006). Signifi-
cant group effects between different groups were confirmed by ANOVA
and Bonferroni error protection.

Results
Effects of G-CSF deficiency on memory formation and
anxiety-related behavior
Skilled motor learning
G-CSF�/� and wild-type mice showed overall improved rotarod
performance within sessions (Fig. 1A) and between sessions (Fig.
1B). Whereas baseline performance between the first two trials
was comparable (see Fig. 1A), G-CSF-deficient mice showed re-
duced motor skill learning during the subsequent trials resulting
in a parallel shift of intra- and intersession learning curves to
significantly worse performance levels. A repeated measures
ANOVA revealed significant effects of group (F(1,24) � 4.848; p �
0.05) and trial (F(1,24) � 56.735; p � 0.001), but no group by trial
interaction ( p � 0.05) for the intersession learning curves, as well
as significant effects of group (F(1,24) � 5.437; p � 0.05) and trial
(F(1,24) � 65.278; p � 0.001), but no group by trial interaction

( p � 0.05) for the intrasession learning curves. Post hoc tests with
Bonferroni correction showed significantly reduced amount of
time spent on the rotarod starting on session 8 until session 16
( p � 0.05).

Morris water maze
The cued version of the water maze test revealed no between-
group differences in escape latency (repeated measures ANOVA;
F(1,18) � 1.638; p � 0.05). Performance improved during the
course of cued training (F(1,18) � 189.549; p � 0.001) without an
interaction between genotype and time ( p � 0.05). No effect of
genotype on the distance moved or on swimming speed was
found (distance moved, F(1,18) � 0.317; p � 0.05) (swimming
speed, F(1,18) � 0.561; p � 0.05).

During the spatial learning trials, the latency for finding the
hidden platform was significantly longer for G-CSF-deficient
mice than for wild-type mice (repeated measures ANOVA;
F(1,18) � 10.017; p � 0.01) (Fig. 2). The analysis of the path length
(which is less influenced by motivational bias and lack of bodily
fitness) revealed longer search paths for G-CSF�/� mice than for
wild-type mice across the whole acquisition period (repeated
measures ANOVA; F(1,18) � 5.208; p � 0.05). Post hoc tests with
Bonferroni correction showed significantly longer search
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Figure 1. Effect of a G-CSF deficit on skilled motor learning. Rotarod performance within (A)
and between sessions (B) are shown (10 trials per session, average performance is displayed for
each session). Asterisks symbolize a statistically significant difference ( p � 0.05; Bonferroni
corrected post hoc test after significant ANOVA). G-CSF-deficient mice showed reduced motor
skill learning resulting in a parallel-shift of intra- and intersession learning curves to a worse
level of performance.
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Figure 2. Effects of G-CSF deficiency on spatial memory formation in the Morris water maze
task. A, The cued version of the water maze test revealed no effect of genotype on the escape
latency (C1–C2; p � 0.05; ANOVA). The escape latency of G-CSF �/� mice was significantly
increased over the spatial learning trials compared with wild-type mice (S1–S8; p � 0.05;
ANOVA). All animals learned the task during the acquisition phase. B shows the length of the
swim path to the platform. No effect of genotype on the pathlength was observed in the cued
version of the water maze test ( p � 0.05; ANOVA). During the spatial learning trials G-CSF �/�

mice took significantly longer paths to find the platform than the wild-type mice (S1–S8; p �
0.05; ANOVA). Asterisks symbolize a statistically significant difference ( p � 0.05; Bonferroni
corrected post hoc test after significant ANOVA). G-CSF �/� mice exhibited impaired spatial
memory formation during the probe trial (90 s total duration), displaying longer latencies to
reach the platform area (mean G-CSF �/�: 35 s � 11.56 SEM; mean wild type: 8.2 � 1.44; p �
0.05; Student’s t test), less time spent in the target quadrant (mean G-CSF �/�: 36.83 s � 7.72
SEM; mean wild type: 54.03�4.05; p�0.05; Student’s t test), and a lesser amount of platform
crossings compared with wild-type mice (mean G-CSF �/�: 4.56 � 1.12 SEM; mean wild type:
8.1 � 1.44; p � 0.05; Student’s t test).
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paths and longer latencies to reach the platform starting on
session 4 until session 8 ( p � 0.05). No significant effect of
G-CSF deficiency on the swimming speed was found during
the spatial learning trials (repeated measures ANOVA; group,
trial and group trial interaction, p � 0.05, data not shown). A
probe trial, during which the platform was removed from the
pool, was performed on the ninth training trial of the acqui-
sition period. T-tests revealed an effect of G-CSF deficiency on
time spent in the target quadrant (mean G-CSF �/�: 36.83 s �
7.72 SEM; mean wild type: 54.03 � 4.05; p � 0.05; Student’s t
test), on the latency to reach the target area (mean G-CSF �/�:
35 s � 11.56 SEM; mean wild type: 8.2 � 1.44; p � 0.05;
Student’s t test) and on entries into the target area (mean
G-CSF �/�: 4.56 � 1.12 SEM; mean wild type: 8.1 � 1.44; p �
0.05; Student’s t test).

Object recognition test
Figure 3 shows the effect of a G-CSF deficit on object recognition
memory. There was no significant difference between groups for
the training trials ( p � 0.05; Student’s t test). G-CSF�/� mice
showed significantly reduced short term recognition memory
compared with wild-type mice ( p � 0.05; Student’s t test). How-
ever, a significant difference between training and test condition
within the G-CSF�/� group points to a partly preserved ability to

distinguish between familiar and novel objects after a 1 h inter-
trial interval ( p � 0.05; Student’s t test).

The long-term retention trial revealed an impaired long-term
memory in G-CSF-deficient mice. G-CSF�/� mice were unable
to differentiate between the objects after a 24 h interval, as con-
firmed by similar recognition indices in the training and reten-
tion trials ( p � 0.05; Student’s t test) (Fig. 3B).

Open field
In the open field, G-CSF-deficient mice did not show any signif-
icant alterations in locomotor activity or anxiety-related behav-
ior compared with wild-type mice. Animals of both groups
showed comparable amounts of locomotor activity as measured
by the distance traveled (repeated measures ANOVA; group, trial
and group trial interaction; p � 0.05; data not shown). The pro-
portion of time spent in the middle of the arena vs time spent in
other areas serves as a tentative measure of anxiety. A comparison
between G-CSF�/� and wild-type mice did not reveal a signifi-
cant difference (repeated measures ANOVA; group, trial and
group trial interaction; p � 0.05; data not shown). This result was
verified by an elevated-plus-maze test.

Elevated-plus-maze
In the elevated-plus-maze test, G-CSF-deficient mice did not
show any significant alterations in anxiety-related behavior com-
pared with wild-type mice. Both G-CSF�/� and wild-type mice
explored the apparatus to a considerable amount measured by
total arm entries (mean G-CSF�/�: 21 � 2.25 SEM; mean wild-
type: 18 � 2.05). The proportion of open arm vs total arm entries
(G-CSF�/�: 22.12% � 5.86 SEM; wild-type: 22.73 � 3.33) and
the proportion of time spent in the open arm vs total time spent
on the maze (G-CSF�/�: 12.06% � 3.62 SEM; wild-type: 9.61 �
2.52) serves as a measure of anxiety. A comparison between
G-CSF�/� and wild-type mice did not reveal a significant differ-
ence in these measures of anxiety-related behavior ( p � 0.05;
Student’s t test).

Quantification of BrdU/NeuN-positive cells
To assess whether G-CSF deficiency led to an altered generation
of newborn neurons, BrdU/NeuN-positive cells were quantified
in the dentate gyrus. G-CSF deficiency led to a significant de-
crease in the amount of BrdU/NeuN-positive cells in the dentate
gyrus (mean G-CSF�/�: 1634.11 � 189.56 SEM; mean wild type:
5690.69 � 319.77; p � 0.001; Student’s t test) (Fig. 4A). Further-
more, a Student’s t test revealed a significant decrease in the total
amount of BrdU-positive cells in the dentate gyrus of G-CSF-
deficient animals compared with their wild type littermates
(mean G-CSF�/�: 1944 � 253.31 SEM; mean wild type: 6873 �
433.09; p � 0.001). To estimate the number of newly generated
neurons within the dentate gyrus, the number of cells-positive for
both BrdU and NeuN was divided by the cells-positive for BrdU
times 100. G-CSF deficiency exerted no significant neuron-
specific effects (mean G-CSF�/�: 85.2 � 1.15 SEM; mean wild
type: 84.4 � 1.22; p � 0.05; Student’s t test).

Quantification of doublecortin-expressing cells
To determine the effect of G-CSF deficiency on the generation of
neuronal precursors, the amount of DCX-expressing cells in the
dentate gyrus was assessed. G-CSF deficiency caused a significant
reduction in the amount of DCX-expressing cells in the dentate
gyrus compared with wild-type mice (mean G-CSF�/�: 8004 �
3011.07 SEM; mean wild type: 34,752 � 11,317.28; p � 0.05;
Student’s t test) (Fig. 4B).
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Figure 3. Effect of a G-CSF deficit on recognition memory. The short-term retention test was
performed 1 h after training (A) and a long-term retention test 24 h after training (B). The
recognition index calculated for each animal was expressed by the ratio TNO/(TFO � TNO) [TFO �
time spent exploring the familiar object; TNO � time spent exploring the novel object]. Signif-
icant changes between training and test condition are indicated by asterisks (*p � 0.05; **p �
0.01; ***p � 0.001), significant differences between G-CSF �/� and wild-type mice are indi-
cated by horizontal bars ( p � 0.05).
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Morphological analysis of neurons
To examine the effect of G-CSF deficiency on dendritic complex-
ity in hippocampal neurons, the total dendritic length and the
amount of dendritic branch points (nodes) were calculated from
traced neurons in the CA1 region (Fig. 5A,B) and dentate gyrus.
The lack of G-CSF resulted in a decreased dendritic length in
neurons traced in the dentate gyrus (mean G-CSF �/�: 548.57
�m � 140.04 SEM; mean wild type: 1543.57 � 272.85; p � 0.05;
Student’s t test). The morphological analyses of neurons in the
CA1 region revealed a significant reduction in the length of apical
dendrites accompanied by significantly reduced amounts of
branch points ( p � 0.05; Student’s t test). No significant effects
were found for the total length of basal dendrites or the amount
of nodes in basal dendrites.

Receptor autoradiography
[ 3H]MK-801 ligand binding
Although no differences in binding density values of [ 3H]MK-
801 were detectable in primary motor cortex area M1, in somato-

sensory cortex areas S1 and S2 ligand binding to NMDA
receptors was generally decreased in G-CSF�/� mice, although
only reaching significance in layers IV and VI of somatosensory
cortex S1. [ 3H]MK-801 ligand binding in wild-type and
G-CSF�/� mice did not differ in the caudate–putamen. In the
hippocampus, a reduction of binding density values was detect-
able in the dendritic layers of CA1, CA3 and DG, reaching signif-
icance in CA3 and DG (Table 1).

[ 3H]Muscimol ligand binding
In the primary motor cortex M1 no differences in [ 3H]muscimol
binding values were present between wild-type and G-CSF�/�

mice. Similarly, in somatosensory cortex area S1 binding values
were largely identical in the superficial layers, whereas slightly
enhanced values were seen in deeper layers of G-CSF-deficient
mice. In the somatosensory cortex area S2, [ 3H]muscimol bind-
ing to inhibitory GABAA receptors was higher throughout all
layers of G-CSF-deficient mice reaching significance in layers II
and III. No differences were present in the caudate–putamen. In
the hippocampus, ligand binding density values were generally
enhanced in dendritic layers of CA1, CA3 and DG, reaching sig-
nificance in DG (Table 1).

Electrophysiological recordings and long-term potentiation
A conditioning tetanic stimulation was delivered to the CA1 area
followed by pulses with stimulation parameters identical to con-
trols. The fEPSP were stable for at least 30 min before application
of tetanic stimulation (�10% variation). Administration of te-
tanic stimulation by 10 trains of four pulses produced a rapid,
stable, and lasting enhancement of the slope of the fEPSP in all
tested preparations in wild-type mice (n � 8, 178 � 23% control)
(Fig. 6A). A significant reduction in overall LTP induction in
G-CSF-deficient mice was observed by induction of LTP by 10 trains
of four pulses. G-CSF-deficient mice exhibited impaired tetanus-
induced LTP (n � 11, 155 � 10% control, Mann–Whitney rank
sum test; p � 0.008) (Fig. 6A). Application of tetanic stimulation
by a single 100 Hz stimulation also produced an enhancement of
the slope of the fEPSP in both wild-type (n � 6, 182 � 17%
control) and G-CSF-deficient (n � 6, 127 � 8% control) mice.
The induction of LTP was significantly inhibited in G-CSF-deficient
mice by this method of LTP induction (Mann–Whitney rank sum
test; p � 0.001) (Fig. 6B).

Induction of LTP by four trains of 100 Hz repeated at intervals
of 5 min produced significantly different enhancement of fEPSP
in wild-type compared with G-CSF-deficient mice and mice
heterozygous for the null mutation (Fig. 6C). This type of LTP
induction increased the slope of fEPSP to 245 � 19% control
(n � 6) in wild-type mice. Both G-CSF-deficient mice and mice
heterozygous for the null mutation exhibited significant im-
paired tetanus induced LTP ( p � 0.001). G-CSF-deficient mice
enhanced LTP to 118 � 6% control (n � 6) and mice heterozy-
gous for the null mutation increased slope of fEPSP to 135 � 8%
control (n � 6).

Discussion
Our data show that G-CSF deficiency leads to a substantial dis-
ruption in spatial learning and memory formation as indicated by
the results of the Morris water maze. This finding is confirmed by
the results of the object recognition test showing an impaired
short- and long-term memory in G-CSF-deficient mice. G-CSF
deficiency exerts no alterations in a cued version of the water
maze as well as in spontaneous locomotor activity and anxiety-

A
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Figure 4. Quantification of neurogenesis by the detection of BrdU/NeuN- and DCX-
expressing cells. A, Immunodetection of BrdU in the dentate gyrus of wild-type mice (upper
micrograph) and G-CSF �/� mice (lower micrograph). G-CSF deficiency led to a significant
reduction in the total amount of BrdU-positive cells (mean G-CSF �/�, 1944 � 253.31 SEM;
mean wild type, 6873 � 433.09; p � 0.001, Student’s t test) and BrdU/NeuN-positive cells
(mean G-CSF �/�, 1634.11 � 189.56 SEM; mean wild type, 5690.69 � 319.77; p � 0.001,
Student’s t test). Scale bar, 80 �m. B, Immunodetection of DCX in the dentate gyrus of wild-
type mice (upper micrograph) and G-CSF �/� mice (lower micrograph). G-CSF deficiency led to
a significant reduction in the amount of DCX-expressing cells compared with wild-type mice
(mean G-CSF �/�, 8004 � 3011.07 SEM; mean wild type, 34,752 � 11,317.28; p � 0.05,
Student’s t test). Scale bar, 80 �m
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related behavior as measured in the open
field test and elevated-plus-maze.

In addition to the functional deficits,
various structural alterations in the hip-
pocampal formation of G-CSF-deficient
mice were detected, which may explain
the poorer performance of these animals
concerning learning and memory forma-
tion. G-CSF deficiency was associated
with a reduced ligand binding density of
excitatory NMDA receptors in hippocam-
pal subfields CA3 and the dentate gyrus
compared with wild-type mice. The cen-
tral role of this excitatory glutamate re-
ceptor for long-term potentiation in the
hippocampus, which is suggested to be a
basic molecular mechanism for learning
and memory, is well known (for review,
see Riedel et al., 2003). Consequently,
pharmacological blockade of the NMDA
receptor has been demonstrated to impair
the cognitive performance in a series of
experiments (Morris, 1989). A correlation
between density of NMDA receptors and
learning ability has been shown previ-
ously for the NR1 subunit of this receptor
(Adams et al., 2001). More importantly,
using quantitative ligand binding as-
says, Stecher and colleagues were able to
demonstrate that cognitive abilities of
Wistar rats as measured by a passive
avoidance learning test strongly corre-
lated with the total density of hippocampal NMDA receptors
(Stecher et al., 1997). In the present study, reduced excitation
in the hippocampal circuit was further potentiated by an in-
crease of ligand binding densities of the inhibitory GABAA

receptor resulting in a relative shift in favor of inhibition and
impaired behavioral performance. Our results differ from
findings by Zilles et al. (2000), who were not able to detect a
correlation between NMDA receptor density and behavioral
performance in a Morris water test in seven different mouse
strains. In their study naive strain means were used for analy-
sis, whereas the present study drew on mean values resulting
from individual animals and previous testing. Differences,
however, may become visible only when the animals are sub-
jected to the learning procedure.

The present study shows also that G-CSF deficiency leads to a
decreased dendritic complexity in hippocampal neurons both in the
dentate gyrus and the CA1 region. Structural characteristics such as
dendritic arborization, as well as density of dendritic spines, reflect
synaptic plasticity. Changes in these characteristics within the hip-
pocampus may be associated with altered learning and memory per-
formance (O’Malley et al., 2000; Pyter et al., 2005). The results
obtained in the present study indicate that the presence of G-CSF
might be crucial for the maintenance of the anatomical charac-
teristics of hippocampal neurons, which is necessary for an effec-
tive memory formation in the brain. Neurotrophic factors such
as BDNF have been shown to be essential for the maintenance of
striatal neuron dendrite morphology (Gorski et al., 2003; Baquet
et al., 2004; Tongiorgi, 2008). The mechanisms underlying
G-CSF actions on the maintenance of dendritic complexity are
still unknown. Recently, it was demonstrated that activity-
dependent dendritic arborization requires sequential activation of

the NMDAR, CaMKK, CaMKI, and the MEK/ERK pathway
(Wayman et al., 2006). In the present study G-CSF deficiency was
associated with a reduced ligand binding density of NMDAR,
which might contribute to the observed reduction in dendritic
complexity.

Along with the reduced ligand binding density of excitatory
NMDA receptors revealed by receptor autoradiography and the
decreased dendritic complexity, G-CSF-deficient mice exhibited
impaired tetanus-induced LTP. Interestingly, mice heterozygous
for the null mutation exhibited also impaired tetanus-induced
LTP, indicating that a 	50% decrease in G-CSF in heterozygous
mice might be sufficient to lead to defective LTP induction. LTP
is an experimental phenomenon, which can be used to demon-
strate the repertoire of long-lasting modifications of which indi-
vidual synapses are capable (Malenka and Bear, 2004). LTP is
widely considered one of the major cellular mechanisms that
underlie learning and memory. It is well established that NMDA
receptors are a molecular detector of the coincidence of both the
presynaptic release of glutamate and a postsynaptic depolariza-
tion at the origin of LTP induction (Sourdet and Debanne, 1999).
Presynaptic NMDA receptors have recently been suggested to
potentiate the afferent field volley evoked by Schaffer axon
stimulation (Suárez et al., 2005). However, other presynaptic
mechanisms such as involvement of kainate receptors (Schmitz et
al., 2001) or transient outward potassium current could also
modify presynaptic excitability (Gu et al., 2004). G-CSF defi-
ciency led to changes of excitability due to upregulation of
GABAA-receptors and downregulation of NMDA-receptors
within the hippocampal formation. Along with these changes
in excitatory and inhibitory neurotransmitter systems, the ob-
served structural changes likely contribute to the impairment

0
2
4
6
8

10
12
14
16
18
20

basal dendrite apical dendrite

am
ou

nt
 o

f n
od

es

0

200

400

600

800

1000

1200

1400

basal dendrite apical dendrite

de
nd

rit
ic

 le
ng

th
 (µ

m
)

G-CSF -/-
wildtype

*

A

DGCA1

*

B

C

Figure 5. Effects of a G-CSF deficit on maximal dendritic length (A) and branching (B) of hippocampal CA1 pyramidal neurons.
Values reflect means (�SEM) of four neurons from each of five mice belonging to each experimental group (n � 20 neurons).
G-CSF deficiency led to a significant reduction in the length of apical dendrites accompanied by significantly reduced amounts of
branch points ( p � 0.05, Student’s t test), whereas the dendritic length and amount of nodes of the basal dendrites remained
unaffected. C, Tracings of representative neurons traced in the CA1 region and dentate gyrus from G-CSF-deficient (left) or
wild-type (right) mice. Note the decrease in branching and reduction of the apical dendrite in G-CSF-deficient neurons. Scale bar,
20 �m. G-CSF deficiency resulted also in a significant decrease of dendritic length of hippocampal dentate gyrus neurons (mean
G-CSF �/�, 548.57 �m � 140.04 SEM; mean wild type, 1543.57 � 272.85; p � 0.05, Student’s t test).
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of tetanus-induced LTP. G-CSF may participate in activity-
dependent synaptic plasticity, linking synaptic activity with
long-term functional and structural modification of synaptic
connections.

Furthermore, our results demonstrate that G-CSF deficiency
causes a reduction of BrdU/NeuN-positive and DCX-expressing
cells in the dentate gyrus of the hippocampal formation. In the
current study, we used DCX and BrdU/NeuN immunohisto-
chemistry to evaluate the adult genesis of hippocampal neurons.
DCX is a reliable and specific marker that reflects levels of adult
neurogenesis and its modulation (Brown et al., 2003). The ex-
pression of DCX starts as neuroblasts are generated and peaks
during the second week (Couillard-Despres et al., 2005). To fur-
ther investigate the effect of G-CSF deficiency on long-term pro-
liferation and to determine the phenotype of the newborn
hippocampal cells a BrdU/NeuN imunohistochemistry was per-
formed 6 d after the last BrdU injection. The findings of the
current study confirm and exceed the results of an earlier study
showing increased neurogenesis in the dentate gyrus of rats
treated with G-CSF (Shyu et al., 2004; Schneider et al., 2005;
Kawada et al., 2006). Early in vitro studies have already shown
that G-CSF has the ability to induce neuronal differentiation phe-
notypes in adult stem cells, an effect that correlates to in vivo
induction of neurogenesis. Recent studies suggest that adult born
neurons may play a crucial role in the formation or consoli-

dation of hippocampus-dependent memories (Snyder et al.,
2005; Winocur et al., 2006; Dupret et al., 2007; Epp et al., 2007).
Although it is still controversial whether adult-born neurons
make a distinct contribution to hippocampal functions (Saxe et
al., 2006), functional neurogenic action seems to be a prerequisite
for effective memory formation. In the present study, the absence
of G-CSF results in a reduction in the amount of newborn neu-
rons in the dentate gyrus, which might casually be related to
the observed impairment of hippocampus-dependent memory
formation.

In addition to the hippocampus sensitive learning and mem-
ory tests we performed a motor skill learning test. Motor skill
learning is a fundamental adaptive mechanism in human and
animal life. Its significance for development, as well as for recov-
ery after brain injury, is increasingly recognized (Buitrago et al.,
2004a; Costa et al., 2004; Luft et al., 2004; Flöel et al., 2005; Rösser
and Flöel, 2008). Although the motor cortex is arguably the pri-
mary motor structure and is essential for performance of skilled
movement (Kleim et al., 2002, 2004), motor skill learning has also

Figure 6. LTP of the fEPSPs in CA1 area of hippocampal tissues of wild-type and G-CSF-
deficient mice with different types of tetanic stimulations. Administration of 10 trains of four
pulses (A), a single 100 Hz stimulation (B), or four trains of 100 Hz repeated at intervals of 5 min
(C) produced a rapid and stable potentiation in the amplitude of fEPSP, calculated as a percent-
age of baseline mean response slope. Arrows show the time of tetanic stimulation. The time
points given refer to induction of LTP. Note the significant impairment of LTP induction in
G-CSF-deficient mice for all different types of LTP induction.

Table 1. 
3H�MK-801 and 
3H�muscimol binding values in primary motor cortex
(M1), somatosensory cortex (S1Tr and S2), caudate putamen, and hippocampus
(CA1, CA3, DG) of G-CSF-deficient mice


3H�MK-801 
3H�Muscimol

M1
Layer I 104.17 � 4.51 102.52 � 4.01
Layer II 108.03 � 3.21 103.23 � 3.19
Layer III 104.67 � 3.27 103.73 � 3.46
Layer IV 105.61 � 3.55 99.50 � 4.40
Layer V 102.29 � 3.45 105.62 � 3.02
Layer VI 93.35 � 2.39 101.11 � 3.25

S1
Layer I 95.14 � 4.21 100.55 � 2.57
Layer II 90.54 � 4.17 101.92 � 2.91
Layer III 91.55 � 3.80 105.67 � 4.48
Layer IV 90.71 � 3.14* 118.37 � 7.84
Layer V 93.64 � 2.90 110.23 � 3.94
Layer VI 86.96 � 3.45* 115.65 � 9.94

S2
Layer I 96.59 � 6.05 99.84 � 6.54
Layer II 92.57 � 3.06 111.36 � 2.99*
Layer III 90.46 � 2.96 112.26 � 3.33*
Layer IV 94.29 � 2.85 114.00 � 5.59
Layer V 91.55 � 2.44 111.65 � 3.17
Layer VI 89.08 � 3.63 108.84 � 3.95

Caudate putamen 108.88 � 1.64 95.46 � 4.66
CA1

Stratum oriens 93.45 � 6.46 115.87 � 6.74
Stratum radiatum 90.82 � 4.02 106.92 � 8.74
Stratum pyramidale 101.21 � 3.80 102.30 � 6.41

CA3
Stratum oriens 87.58 � 0.92* 119.38 � 6.75
Stratum radiatum 89.47 � 2.74* 112.80 � 6.32
Stratum pyramidale 92.92 � 3.19 105.67 � 9.51

DG
Stratum moleculare 92.62 � 2.29* 117.00 � 3.19*
Stratum granulare 101.78 � 1.95 107.01 � 4.96

Values are means � SEM (n � 7), presented as percentage of wild-type mice.

*Statistically significant difference (ANOVA and Bonferroni error protection; p � 0.05).

Diederich et al. • The Role of G-CSF in the Healthy Brain J. Neurosci., September 16, 2009 • 29(37):11572–11581 • 11579



been linked to cerebellar function and to other cortical (Kleim et
al., 2007) and striatal (Packard and Knowlton, 2002; Willuhn and
Steiner, 2008) influences. Presented data reveal that the presence
of G-CSF is vital for the effective formation of motor skill. Nu-
merous studies have demonstrated G-CSF induced improve-
ments of motor functions after experimental ischemia or other
neurological diseases. Interestingly, many of these studies used
the rotarod to assess basic motor function (Gibson et al., 2005;
Park et al., 2005; Schneider et al., 2005, 2006). The rotarod is a
practicable and easily quantifiable test, in which animals main-
tain balance on a rotating rod. Over several days of training rats
improve in performance. Buitrago and colleagues demonstrated
that rotarod improvement does not solely represent enhanced
locomotor ability, but requires the exercise of motor strategies to
master the task (Buitrago et al., 2004b). Therefore, the acceler-
ated rotarod training can be regarded as a valid paradigm for
motor skill learning. Our data show that G-CSF deficiency causes
a severe impairment in the acquisition of motor skill, whereas
overall motor function remains intact as revealed by the open
field test. Impaired performance in motor learning of G-CSF-
deficient mice was associated with reduced ligand binding to
NMDA receptors and a simultaneous upregulation of [ 3H]mus-
cimol binding to inhibitory GABAA receptors in somatosensory
cortical areas. Since the strict division between motor and so-
matosensory systems even in humans might be less distinct than
previously thought (Pleger et al., 2003), this net shift to cortical
inhibition may reflect the structural basis of reduced motor
learning ability. Moreover, reduced ligand binding to inhibitory
GABAA receptors in the hippocampus may also play a crucial role
for the poorer performance in the skilled motor test. In fact,
GABAA receptor binding density has recently been shown to neg-
atively correlate with activity-dependent scores resulting from
the swimming speed in a water maze test (Zilles et al., 2000).
The enhancement of motor function after G-CSF treatment as
seen in earlier studies might be the result of enhanced motor
skill learning and thereby exceeding growth factor enhanced
recovery processes.

Overall, our results confirm G-CSF as an essential neuro-
trophic factor and point to a possible role for G-CSF in pro-
liferation and differentiation of neural cells, necessary for the
structural and functional integrity of brain areas like the hip-
pocampal formation.
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