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A B S T R A C T

Background: Loss of fibroblast growth factor 2 (FGF-2) is responsible for the development of an increased
number of dopaminergic (DA) neurons in the murine substantia nigra pars compacta (SNpc). Furthermore,
dysregulation of its expression patterns within the central nervous system (CNS) is associated with behavioral
abnormalities in mice. Until now, the contributions of the individual FGF-2 isoforms (one low (LMW) and two
high molecular weight (HMW) isoforms) in the CNS are elusive.
Methods: To unravel the specific effects of FGF-2 isoforms, we compared three knockout mouse lines, one only
deficient for LMW, one deficient for HMW and another lacking both isoforms, regarding DA neuronal devel-
opment. With this regard, three time points of ontogenic development of the SNpc were stereologically in-
vestigated. Furthermore, behavioral aspects were analyzed in young adult mice, supplemented by corticosterone
measurements.
Results: Juvenile mice lacking either LMW or HMW develop equal supernumerary DA neuron numbers in the
SNpc. Compensatory increased LMW expression is observed in animals lacking HMW. Meanwhile, no knockout
mouse line demonstrated changes in anxiety-like behavior, stress susceptibility, or locomotor behavior.
Conclusions: Both FGF-2 isoforms crucially influence DA neuronal development in the murine SNpc. However,
absence of LMW or HMW alone alters neither anxiety-like nor locomotor behavior, or stress susceptibility.
Therefore, FGF-2 is not a determinant and causative factor for behavioral alterations alone, but probably in
combination with appropriate conditions, like environmental or genetic factors.

1. Introduction

Fibroblast growth factor 2 (FGF-2) is abundant in the central ner-
vous system (CNS) and widely expressed in neurons of the ventral
midbrain (VM) [1]. There, expression patterns play a major role in the
development and maintenance of dopaminergic neurons (DA), espe-
cially within the substantia nigra pars compacta (SNpc) [2].

in vitro, exogenously applied FGF-2 stimulates survival and neurite
outgrowth in DA neuronal cultures and also possesses neuroprotective
effects [3,4]. Contradictory, in vivo analyses of mice overexpressing

FGF-2 revealed a decreased number of DA neurons and a reduced cell
density in the SNpc [5]. Meanwhile, mice lacking FGF-2 displayed 36%
more tyrosine hydroxylase (TH) positive neurons in this area, while the
number of DA neurons within the VTA was not altered [6]. Further
investigations of FGF-2 deficient mice discovered the onset of the ob-
served phenotype between embryonic (E) day 14.5, demonstrating an
increased proliferation rate of DA progenitor cells in the subventricular
zone (SVZ), and postnatal day (P) 0, characterized by a decreased
apoptosis rate [6].

In rodents, FGF-2 is translated in three different isoforms originating
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from the same mRNA. The low molecular weight FGF-2 (LMW) isoform
(18 kD) is expressed starting at the AUG codon [7], whereas, two high
molecular weight FGF-2 (HMW) isoforms (20.5 and 21 kD) are gener-
ated by translation from an alternative upstream CUG codon [8]. While
HMW is restricted to the cell nucleus, LMW can be found in the nucleus,
in cytoplasm, and is also secreted resulting in autocrine or paracrine
effects [9,10]. Besides their different localization, both isoforms also
differ in their spatiotemporal expression throughout development of the
nigrostriatal system. Thereby, LMW is the dominant isoform in the
embryonic phase, and HMW increases during development and is more
pronounced in adult mice [11]. These findings suggest different reg-
ulatory impacts of FGF-2 isoforms on development of the DA pathway.

Disturbances in the DA and glutamatergic (GA) system as well as in
the fibroblast growth factor signaling have been related to several
neuropsychiatric and neurodegenerative disorders [12–16]. Recently,
there is increasing evidence linking the level of FGF-2 expression with
anxiety behavior in rodents [17–19]. Furthermore, FGF-2 deficiency
was associated with hyperactivity in mice, caused by maladjustment
between the GA and the DA system [20].

To identify the specific roles of FGF-2 isoforms in the development
and function of the DA system, mouse strains lacking FGF-2 and mice
lacking either LMW (LMW−/−) or HMW (HMW−/−) were closely
evaluated with regard to DA neuron development as well as behavioral
characterization with special focus on anxiety behavior, stress sensi-
tivity, and locomotor activity.

2. Methods and materials

2.1. Animals and tissue preparation

All experimental protocols were permitted by the local authorities
(Lower Saxony State Office for Consumer Protection and Food Safety
(LAVES) Hannover, Germany) and followed the German Animal pro-
tection Act (33.12-42502-04-13/1205). The experiments were per-
formed using mice lacking FGF-2 (FGF-2tm1Zllr) [21] or with animals
only deficient for LMW (FGF-2tm2Doe/J) [22] or HMW (FGF-2tm3Doe/J)
[8].

All strains were maintained on a C57BL/6 J background, retro-
spectively compared by single-nucleotide polymorphism (SNP) ana-
lysis. Therefore, B6 J.Cg-Fgf-2tm3Doe/J and B6 J.Cg-Fgf-2tm2Doe/J
and B6;Cg-Fgf-2tm1Zllr have been compared to reference strains B6 J
and B6 NCrl using a marker set of 39 SNPs. This marker set has been
composed at the Institute for Laboratory Animal Science, Hannover
Medical School to distinguish several B6 substrains. Informative SNPs
were selected from published data [23,24] as well as from results of our
own experiments (unpublished data). Positions of SNPs are in ac-
cordance to dbSNP release 150. DNA was isolated from ear biopsies by
using a MasterPure™ complete DNA Purification Kit (Lucigen, Mid-
dleton, USA) in accordance with the manufacturer’s instructions. SNP
genotyping was carried out by LGC Genomics (Hoddesdon, UK). This
marker set has been also successfully used earlier [25].

Both mouse strains deficient for isoforms of Fgf-2 show a SNP profile
equal to reference strain B6 J. The genetic background of the strain
deficient for both Fgf-2 isoforms (B6;Cg-Fgf-2tm1Zll) is not standardized.
This background is characterized by SNP genotypes homozygous and
heterozygous for B6 J and B6 NCrl alleles (Table 1).

Genotypes were determined by PCR as previously described
[26,27], and gene mutation was verified by sanger sequencing (GATC,
Eurofin Genomics, Ebersberg, Germany).

All animals were kept in the same temperature- and humidity-con-
trolled room on a 14-h light/10-h dark schedule and housed in open
cages as groups or individuals with food and water available ad libitum.
The hygienic status was routinely monitored according to the FELASA
recommendations [28]. No evidence of infectious agents was revealed
except for occasional positive tests for Rodentibacter pneumotropica and
Helicobacter spp.

Embryos at the E14.5 time-point were generated by time-mated
homozygous mice, with the day of vaginal plug defined as E0.5. All
older homozygous FGF-2−/−, LMW−/− and HMW−/− knock-out (ko)
animals and their respective FGF-2+/+, LMW+/+ and HMW+/+ wt
littermates were obtained by crossbreeding of heterozygous (het) ani-
mals. Neonatal mice (P0) were defined by the day of birth, and P28
designated as juvenile mice, while older animals were indicated as
young adult mice.

2.2. Western Blot analysis

Embryos and neonatal (P0) mice were decapitated, while all older
mice were sacrificed by cervical dislocation after CO2 inhalation for
tissue preparation.

For protein expression analysis, striatum (ST, P28 and P0) or
ganglionic eminence in the forebrain (FB, E14.5), and VM tissue sam-
ples from individual young adult male and female mice (n= 3 per
genotype) or pooled from three animals (E14.5 and P0) were dissected
and homogenized with radioimmune precipitation assay (RIPA) buffer,
consisting of 800 μl RIPA base stock (20mM tris−HCl, 137mM NaCl,
25mM β-Glycerophosphate, 2 mM EDTA, 1% Triton-X-100, 1%
Sodiumdeoxychlorate, 1 mM Sodiumorthovanadate), 2.6 μl 5 M NaCl,
20 μl 50x Protease Inhibitor (Roche, 11873580001), and 177 μl
Millipore water per milliliter [11]. For expression analyses, 100 μg
(only for FGF-2) or 20 μg of total protein were denatured by boiling in
Laemmli buffer (except for VGLUT1 samples), and applied to a 15%
(only for FGF-2) or 12% sodium dodecyl sulfate polyacrylamide gel
(SDS-PAGE). After blotting on nitrocellulose membranes (Amersham
Protran Premium 0.45 NC nitrocellulose Membrane, GE Healthcare),
membranes were blocked with 5% milk powder in Tris-buffered saline
containing 0.03% Tween 20 buffer (TBST) for one hour at room tem-
perature.

Following antibodies were used: rabbit anti-FGF-2 (1:750, SC-79,
Santa Cruz Biotech., Heidelberg, Germany), rabbit anti vesicular glu-
tamate transporter 1 (VGLUT1; 1:5.000, 135305, Synaptic Systems,
Goettingen, Germany), rabbit anti membrane excitatory amino acid
transporter 3 (EAAT3; 1:10.000, ab124802, Abcam, Berlin, Germany),
rabbit anti TH (1:1000, ab152, Millipore, Darmstadt, Germany), and
mouse anti fibroblast growth factor receptor 1 (FGFR1; 1:500; ab823,
Abcam).

Glucocorticoid receptor (GR) expression was analyzed in hippo-
campus (HC) samples from young adult male animals (n=4) with
mouse anti-glucocorticoid receptor (1:500, SC-393232, Santa Cruz
Biotech.).

Detection was performed on a Chemiluminescence Imager system
(Intas, Goettingen, Germany). Equality of the protein amounts analyzed
was ensured by Ponceau S (P-3504, Sigma-Aldrich, Munich, Germany)
staining.

2.3. Tissue processing and immunohistochemistry

For bromodeoxyuridine (BrdU) incorporation assay time-mated fe-
male homozygous mice received a single intraperitoneal BrdU injection
(100 μg/g body weight, Boehringer Ingelheim, 1,296,736) 20 hours
before dissection of embryos at the E14.5 time-point [6]. For im-
munohistochemistry, embryos and neonatal (P0) mice were decapi-
tated, while juvenile female mice (P28) were transcardially perfused
with 4% paraformaldehyde (PFA) under deep ketamine/xylazine an-
esthesia.

Dissected brains of E14.5, P0, and P28 mice (n=5–7 per time-point
and group) were fixed overnight in 4% PFA at 4 °C and then transferred
to 30% sucrose (Roth, Karlsruhe, Germany). Each brain was coronally
sectioned on a cryostat. Adult brain sections (50 μm thickness, six
series) were blocked with PBS containing 1% bovine serum albumin
(BSA, Sigma-Aldrich) and 0.3% TritonX-100 (9002-93-1, Sigma-
Aldrich), before mouse anti-TH (1:5000, T1299, Sigma St Louis, MO,
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USA) was applied in blocking solution at 4 °C overnight. After washing
the next day, biotinylated rabbit anti-mouse antibody (1:200, Dako,
Glostrup, Denmark) was added in blocking solution for one hour at
room temperature. This was followed by the avidin–biotin-complex
ABC kit (Vector Laboratories, Peterborough, UK) and 3,3´-diamino-
benzidin tetrahydrochloride (DAB; D5905, Sigma-Aldrich) with am-
monium nickel sulfate intensification.

Neonatal brain sections (40 μm thickness, two series) were first
postfixed in 4% PFA for 10min at room temperature, followed by
10min with 0.01M citrate buffer (pH 6) at 95 °C. After blocking in PBS
containing 5% normal goat serum (NGS, GibcoTM, Life technologies,
Warrington, UK), 1% BSA, and 0.3% TritonX-100 at room temperature,
sections were incubated with mouse anti-TH (1:1000, T1299, Sigma)
and rabbit anti-cCasp3 (1:200, #9664, Cell Signaling, Frankfurt,
Germany) in PBS containing 1% NGS, 1% BSA, and 0.3% TritonX-100
at 4 °C overnight. Secondary goat anti-mouse Alexa 488 (1:500, A-
11029, Invitrogen) and goat anti-rabbit Alexa 555 (1:500, A-21429,
Invitrogen) antibodies were applied for one hour at room temperature.
Nuclei and apB were stained by 4,6-diamidino-2-phenylindole (DAPI,
1:1000; Sigma-Aldrich).

For BrdU detection, E14.5 sections were treated as described pre-
viously [6]. Briefly, sections (40 μm thickness, three series) were de-
naturized with 2M HCl for one hour at 37 °C before neutralizing in
0.1% borate buffer (pH 8.5) for five minutes. After blocking with PBS

containing 5% NGS, 1% BSA, and 0.3% TritonX-100 at room tem-
perature, sections were incubated with mouse anti-BrdU (1:100, 11 170
376 001, Roche) and rabbit anti-Lmx1a (1:6000, AB10533, Merck) in
PBS containing 1% NGS, 1% BSA, and 0.3% TritonX-100 at 4 °C over-
night. Secondary goat anti-mouse Alexa 555 (1:500, AB21422, In-
vitrogen) and goat anti-rabbit Alexa 488 (1:500, AB11034, Invitrogen)
antibodies were used as described before.

2.4. Stereological quantification of DA neurons

Cells were counted with the optical fractionator workflow of the
StereoInvestigator® software (MBF Biosciences, VT, USA) under 40x
magnification using an Olympus microscope (BX51, Olympus). Tissue
thickness was determined at each section. The total number of TH
positive (TH+) neurons within the SNpc was estimated in LMW−/− or
HMW−/− as well as LMW+/+ or HMW+/+ female mice on P28 in
every third section (120 x 120 μm grid size, 80 x 80 μm counting frame,
3 μm guard zone, accepted coefficient of error (CE, Gundersen
m=1)<0.05). For quantification of BrdU/Lmx1a double labeled cells
within the ventral mesencephalic SVZ of E14.5 LMW−/− or HMW−/−

as well as LMW+/+ or HMW+/+ embryos, cells were counted on every
third section (45 x 45 μm grid size, 30 x 30 μm counting frame, 2 μm
guard zone, CE < 0.1, four rostral and four caudal sections). In P0
animals, the same counting parameters were used to estimate the

Table 1
SNP profiles of Fgf-2 deficient strains on B6 background and reference strains B6J, B6NCrl.

SNP MMU Position Locus Reference Tested background

C57BL/6 J C57BL/6 N Crl B6 J.Cg-Fgf-2tm3Doe/J B6 J.Cg-Fgf-2tm2Doe/J B6;Cg-Fgf-2tm1Zllr

rs13475814 1 36879483 Tmem131 T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T
rs13476801 2 138480020 T:T C:C T:T T:T T:T T:T T:T T:T C:C C:C T:C
rs13476956 3 5370727 Zfhx4 C:C T:T C:C C:C C:C T:T T:C T:C C:C C:C C:C
rs13477019 3 23824920 Naaladl2 T:T A:A T:T T:T T:T T:T T:T T:T A:A A:A A:A
rs13477132 3 58109942 G:G C:C G:G G:G G:G G:G G:G G:G G:G G:G G:G
rs13477622 4 28322410 T:T C:C T:T T:T T:T T:T T:T T:T T:T T:T T:T
rs13477746 4 65944235 Astn2 T:T C:C T:T T:T T:T T:T T:T T:T C:C C:C C:C
rs13477863 4 98297639 A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A A:A
rs13478736 6 46421423 Cntnap2 T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T T:T
rs13478783 6 60591379 A:A G:G A:A A:A A:A A:A A:A A:A A:A A:A A:A
rs13478995 6 117470880 C:C G:G C:C C:C C:C C:C C:C C:C C:C C:C C:C
rs13479233 7 47816324 T:T G:G T:T T:T T:T T:T T:T T:T T:T T:G T:G
rs13479522 7 129035694 A:A G:G A:A A:A A:A A:A A:A A:A A:A A:A A:A
08-015199792-M 8 15199792 T:T C:C T:T T:T T:T T:T T:T T:T C:C C:T n.d.
rs13479733 8 43875316 A:A G:G A:A A:A A:A A:A A:A A:A G:G G:G G:G
rs13459107 9 28298786 A:A G:G A:A A:A A:A A:A A:A A:A G:G G:G G:G
rs13480122 9 31156626 Aplp2 T:T C:C T:T T:T T:T T:T T:T T:T T:T T:T T:T
rs13480619 10 57752462 T:T C:C T:T T:T T:T T:T T:T T:T T:T T:T T:T
rs13459122 10 80795365 T:T A:A T:T T:T T:T T:T T:T T:T C:C C:C C:C
rs13480759 10 109378627 C:C T:T C:C C:C C:C C:C C:C C:C C:C C:C C:C
rs13480829 10 129350405 Olfr782 G:G A:A G:G G:G G:G G:G G:G G:G G:G G:G G:G
11-004367508-M 11 4367508 G:G A:A G:G G:G G:G G:G G:G G:G A:A G:G A:A
rs13481014 11 48117382 T:T C:C T:T T:T T:T T:T T:T T:T T:T T:T C:C
rs13481117 11 79252230 Wsb1 G:G T:T G:G G:G G:G G:G G:G G:G G:G G:G G:G
rs13481439 12 48965551 A:A G:G A:A A:A A:A A:A A:A A:A A:A A:A A:A
rs13481573 12 86909001 G:G A:A G:G G:G G:G G:G G:G G:G G:G G:G G:G
rs13481634 12 106833655 A:A C:C A:A A:A A:A A:A A:A A:A C:C C:C C:C
rs13481676 13 6304055 A:A G:G A:A A:A A:A A:A A:A A:A A:A A:A A:A
rs13481734 13 27037150 A:A G:G A:A A:A A:A A:A A:A A:A A:A A:A A:A
13-041017317-M 13 41017317 T:T C:C T:T T:T T:T T:T T:T T:T T:T T:T T:T
rs31233932 14 124108797 Fgf14 C:C T:T C:C C:C C:C C:C C:C C:C C:C C:C C:C
rs13459145 15 7167980 A:A G:G A:A A:A A:A A:A A:A A:A G:A A:A G:A
15-057561875-M 15 57561875 A:A G:G A:A A:A A:A A:A A:A A:A A:A A:A A:A
rs4165065 16 17412079 Snap29 T:T C:C T:T T:T T:T T:T T:T T:T C:C C:C C:C
rs13483055 17 60319945 T:T C:C T:T T:T T:T T:T T:T n.d. C:C C:C C:C
rs13483296 18 35206506 A:A T:T A:A A:A A:A A:A A:A ? A:A A:A A:A
rs13483369 18 54614841 9330117O12RiK A:A C:C A:A A:A A:A A:A A:A A:A A:A A:A A:A
19-049914266-M 19 49914266 G:G T:T G:G G:G G:G G:G G:G G:G G:G G:G G:G
rs13483883 X 93699957 G:G A:A G:G G:G G:G G:G G:G G:G A:A A:A A:A

Genetic profile of B6J.Cg-Fgf-2tm3Doe/J and B6 J.Cg-Fgf-2tm2Doe/J is equal to B6J while the background of B6;Cg-Fgf-2tm1Zllr contains SNP genotypes of B6 J and
B6 NCrl in homozygous and heterozygous conditions. Positions of SNPs are in accordance to dbSNP release 150.

F.F.v. Hövel, et al. Behavioural Brain Research 374 (2019) 112113

3



number of cells within the SNpc positive for cleaved caspase-3
(cCasp3+), for cCasp3+ and apoptotic bodies (apB/cCasp3+), apB
alone or of TH+ cells showing signs of preluded natural cell death on
every other section (CE < 0.3). All results represent the estimated
population using mean section thickness with counts.

2.5. Behavioral tests

All behavioral experiments were conducted in young adult (mean
age 65.8 days per group) male FGF-2−/−, LMW−/− and HMW−/−

mice, and their respective wt littermates (n=12 per group). The ex-
perimental room was kept at constant temperature, humidity, sound
level, and brightness. Light intensity was measured by a luxmeter and
dimmed to ≈ 70 lx. The experiments were carried out between 9:00
a.m. to 14:30 p.m. on one day for each test (open-field and subsequent
modified light/dark test and elevated plus maze), respectively. After
30min of acclimatization in their home cages in the experimental
room, single animals were transferred from cages into the respective
experimental setting in a beforehand defined randomized order. After
every mouse the maze was cleaned with 70% ethanol to neutralize
odour.

The open field arena was a force-plate actometer with a white
quadrangular ground plate (42 cm x 42 cm) and transparent walls
(31 cm height) [29,30]. Mice were released in the center of the arena
for 10min of exploration. Traveled distance, center-time (defined as the
time spent in the central 6% of the open field area), low mobility bouts,
and wall rears were analyzed as described previously [29]. Focal energy
densities were scored automatically by the program analyzing the force
data.

The modified version of light/dark test was set in a circular black
plastic arena (105 cm diameter) with a white floor. A circular plastic
anthracite animal house (12.5 cm diameter, 13 cm high) was located in
the center, with a light source (> 1000 lx) arranged at about 40 cm
distance to the entrance. Animals were placed in the house (≈ 4 lx)
with their view on the opposite side of the entrance and time until the
mouse left the house with all four paws at the same time was measured.

The white perspex elevated plus maze was standing 48 cm above the
ground and had an arm length of 35 cm (5 cm arm width, 15 cm wall

height). It was positioned equally in the room every time with one
closed arm pointing to a corner of the room, the two open arms with
similar distance to walls and the second closed arm pointing to the
experimenter. Animals were placed with their heads in the center of the
maze in view of the closed arm directed to the experimenter.
Exploration behavior of the mice was filmed for five minutes and the
time spend in open arms versus time spend in closed arms was mea-
sured by an investigator blinded to the experimental conditions. Results
given as percentage of time spent in the open arm.

2.6. Analysis of fecal corticosterone metabolites and blood corticosterone

Fecal corticosterone metabolites (FCM) were measured with a 5α-
pregnane-3β,11 β,21-triol-20-one enzyme immunoassay [31,32].
Therefore, feces were collected twice (one baseline measurement on a
“day of rest” in the local animal facility and “stress” measurement of
FCM six hours after stress, defined as transport to the experimental
room) two hours after transferring animals to clean cages and stored at
−20 °C.

Blood was taken from the facial vein of mice from each group
(n= 5–7) directly after transport from the housing to the experimental
room and stored as dried blood spots on Protein Saver™ 903™ Cards
(10531018, GE Healthcare Bio-Sciences Corp.) at room temperature
before analyzed [33].

2.7. Statistical analysis

All results are expressed as mean ± SEM. Statistical analysis was
done using GraphPrism 6 (GraphPad Software, Inc., San Diego, USA)
with Student’s t-test, Kruskal-Wallis test or ANOVA followed by post
hoc analysis as indicated. Statistical significance was set at p < 0.05.

3. Results

3.1. FGF-2 expression patterns in the developmental nigrostriatal system of
isoform specific knockout mice

FGF-2 expression patterns were analyzed in the nigrostriatal system

Fig. 1. FGF-2 expression pattern throughout development of the
nigrostriatal system in isoform specific FGF-2 knockout mice.
A) Western Blot analysis of striatum (ST) and ventral midbrain
(VM) tissue samples from young adult mice lacking either FGF-2
(FGF-2−/−), only LMW (LMW−/−), or HMW (HMW−/−) com-
pared to their wt littermates. All FGF-2 isoforms (LMW with
18 kD, and HMW with 20.5 and 21 kD) were detectable in the
respective wt (FGF-2+/+, LMW+/+, and HMW+/+), while FGF-
2−/− mice were lacking all isoforms. Meanwhile, LMW−/− only
expressed both HMW isoforms, and HMW−/− only expressed
LMW vice versa. B) FGF-2 expression patterns in isoform specific
ko mice throughout development demonstrated that on P0,
LMW+/+ and HMW+/+ expressed all FGF-2 isoforms in the VM,
while minimal amounts of HMW were detectable in the ST.
LMW−/− showed similar HMW expression in the VM, while no
LMW was expressed. In comparison, newborn HMW−/− mice
repeatedly demonstrated stronger signals of LMW in the VM as
well as in the ST, without detectable HMW expression. On E14.5,
LMW+/+ and HMW+/+ expressed all FGF-2 isoforms in the VM
and the forebrain (FB), with LMWmore pronounced. At this stage,
in LMW−/− mice, no FGF-2 was detectable while HMW−/− mice
expressed LMW in the VM as well as in the FB.
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of different ko strains throughout development. All FGF-2 isoforms
were clearly detectable in the VM and ST of young adult FGF-2+/+ as
well as LMW+/+ and HMW+/+ mice, while no FGF-2 was expressed in
FGF-2−/− mice (Fig. 1A). While FGF-2 HMW is physiologically ex-
pressed in two different isoforms, LMW is sometimes also detected as
double signal. However, young adult LMW−/− only displayed one
signal due to lack of the 18 kD isoform and showed intense expression
of the HMW signals similar to the wt animals. Meanwhile, young adult
HMW−/− mice lacking HMW seem to have increased expression of
LMW in the VM and ST compared to all other animals, which was re-
peatedly observed.

At P0, HMW was similarly expressed in the VM of all groups except
HMW−/−. Additionally, no HMW was detectable in the ST of all
groups. However, LMW expression was similar in the VM of LMW+/+

and HMW+/+ mice. Meanwhile, HMW−/− mice displayed a more
pronounced LMW signal in the VM and ST on P0, while no 18 kD signal
was detected in LMW−/− newborns (Fig. 1B).

During embryonal development, FGF-2 LMW was already expressed
in the ST and VM of all groups except LMW−/− animals, where no
18 kD signal was observed. Both HMW signals were slightly expressed
in VM and FB of LMW+/+ and HMW+/+ embryos, while none was
detected in the ko animals at this early developmental stage (Fig. 1B).

3.2. Quantification of dopaminergic neurons throughout development of
FGF-2 isoform specific knockout mice

Stereologically estimated DA neurons (TH+) within the SNpc of
P28 juvenile LMW+/+ and HMW+/+ mice revealed values of
4037 ± 131.7 TH+ cells per hemisphere (Fig. 2A, B). Compared to
that LMW−/− mice displayed 16.1% more TH+ cells reaching statis-
tical significance (4719 ± 143.4 TH+ cells per hemisphere). The
difference compared to the respective wt group was even more pro-
nounced in HMW−/− mice with 5103 ± 99.3 TH+ cells per hemi-
sphere and an average increase of 19.4%.

On P0, the estimated number of TH+neurons was 2144 ± 286.1
TH+ cells per hemisphere for LMW+/+, while fewer cells were
counted in HMW+/+ mice (1826 ± 187.6 TH+). However, no sig-
nificant differences were seen compared to the newborn LMW−/−

(1620 ± 187 TH+ cells) and HMW−/− mice (1588 ± 239.4
TH+neurons) (Fig. 2C). Postnatal apoptosis was stereologically ana-
lyzed by cCasp3 staining combined with DAPI to visualize chromatin
clumps defined as apB (Fig. 2H). Estimated number of cells positive for
both events in the SNpc did not differ between LMW+/+

(123.4 ± 27.8 cCasp3+/apB+ cells) and HMW+/+ (126.2 ± 24.3
cCasp3+/apB+ cells) newborns (Fig. 2D). Comparatively, LMW−/−

(198.7 ± 47.4 cCasp3+/apB+ cells) showed 37.9% increase on P0,
even though this did not reach statistical significance. HMW−/− mice
showed similar amounts of apoptotic events (155.1 ± 42.6 cCasp3+/
apB+ cells). This pattern was also seen when estimating the number of
cells within the SNpc that were either cCasp3+ or apB+. LMW+/+

(161.4 ± 33.6 cCasp3+ cells; 224.7 ± 39 apB+ cells) and HMW+/+

(165.3 ± 27.5 cCasp3+ cells; 220.8 ± 36.3 apB+ cells) mice
showed lesser apoptotic events compared to LMW-/- (247.3 ± 54.7
cCasp3+ cells; 325.8 ± 54.7 apB+ cells) and HMW-/- (192 ± 51.5
cCasp3+ cells; 241.2 ± 37.8 apB+ cells) mice (Fig. 2D–H). However,
in very rare cases, cells positive for cCasp3 and / or apB were still re-
cognizable as TH+neurons (zero to five counted cells per animal; data
not shown).

In E14.5 embryos, quantification of co-localization of proliferating
(BrdU+) and DA precursor cells (Lmx1a+) in the SVZ was performed
using a stereological approach (Fig. 2K). The estimated cell populations
of BrdU+/Lmx1a+ cells in the SVZ of the VM were similar in all
groups independent of FGF-2 expression (LMW+/+: 3570 ± 456.1;
LMW−/−: 3629 ± 873.8; HMW+/+ 3064 ± 375.3; HMW−/−

2974 ± 498.9 BrdU+/Lmx1a+ cells). Segmenting the SVZ into three
rostral and three caudal coronal areas according to earlier studies [6],

revealed higher numbers of DA precursor cells within the rostral area of
LMW-/- and HMW-/- embryos, respectively (Fig. 2I, J). LMW-/- mice
(1324 ± 396.9 BrdU+/Lmx1a+ cells) displayed 19% more DA pre-
cursors than their wt littermates (1111 ± 220.4 BrdU+/Lmx1a+
cells), and HMW−/− mice (1174 ± 340.7 BrdU+/Lmx1a+ cells)
showed 9% more DA precursors than HMW+/+ (1075 ± 288.0 BrdU
+/Lmx1a+ cells) (Fig. 2I).

3.3. Behavioral analysis

The force plate actometer revealed no differences among animal
groups concerning the walked distance of about 100m (Fig. 3A). The
amount of time periods spent inactive (low mobility bouts; Fig. 3B) did
also not differ between genotypes of each strain or among strains (FGF-
2+/+ 18.2 ± 4.1, FGF-2−/− 23.3 ± 3.9, LMW−/− 15 ± 2.3,
LMW+/+ 21.2 ± 2.6, HMW+/+ 22.8 ± 4, HMW−/− 17.1 ± 3.5).
Regarding rearing activity at the walls of the arena, LMW−/− mice
showed less wall rears (30.2 ± 2.8) than their respective wt
(44.7 ± 4), while HMW−/− mice (47.9 ± 5.4) showed more wall
rears compared to their wt littermates (33 ± 5.5) (Fig. 3C). Both FGF-2
genotypes showed a comparable amount of wall rears (FGF-2+/+

26.9 ± 4.2; FGF-2-/- 22.8 ± 2.5). Looking at the energy density
scores, the LMW−/− mice (152.7 ± 10.1) were significantly lower
than LMW+/+ mice (210.8 ± 15.9), whereas the HMW−/− group
(211.7 ± 22.4) showed a tendency to a higher additive score com-
pared to their respective wt (153.6 ± 20.3) (Fig. 3D). Again, both FGF-
2 genotypes displayed similar results (FGF-2+/+ 162.3 ± 15.8 and
FGF−/− 144.1 ± 15.1).

FGF-2+/+ and LMW+/+ mice differed concerning the amount of
wall rears (FGF-2+/+ 26.9 ± 4.2; LMW+/+ 44.7 ± 4) and concerning
the time spent in the center within the first minute of each experiment,
as the same result was obvious when comparing FGF-2+/+ and HMW+/

+ mice (FGF-2+/+ 6.5 s± 2.3; LMW+/+ 1.4 s± 0.6; HMW+/+

1.4 s± 0.6) (Fig. 3E). With regard to the time spent in the center during
the whole experimental period of ten minutes, there was only a sig-
nificant difference visible comparing FGF-2+/+ and HMW+/+ mice
(FGF-2+/+ 13.3 s± 3.6; HMW+/+ 5.8 s± 1.7), with the results of the
other genotypes in between (Fig. 3F).

In the modified dark-light test, no significant differences were ob-
served within the analyzed mouse strains, but LMW−/− mice displayed
the lowest mean latency time with 14.5 s± 3.4 (Fig. 3G). The percen-
tage of total time spent in the open arms of the elevated plus maze was
between 10–25% for all animal groups analyzed (Fig. 3H).

3.4. Complementary analysis of behavior-related hormonal and protein
expression status

Concentrations of fecal corticosterone metabolites were only sig-
nificantly increased in FGF+/+ (stress: 40.6 ng/ml±4; rest: 21.82 ng/
ml± 3.6) following stress induction (Fig. 4A). Meanwhile, similar
blood corticosterone concentrations were measured in all groups fol-
lowing stress induction (Fig. 4B).

Additionally, glucocorticoid receptor (GR) expression patterns in
hippocampal samples were not influenced by FGF-2 expression in
young adult mice (Fig. 4C), which was also proved by densitometric
analysis (Fig. S2). Furthermore, expression of TH, FGFR1, EAAT3, and
VGLUT1 in ST or VM was also not influenced by genotype (Fig. 4D).

4. Discussion

In this study, we describe for the first time a similarly increased
amount of DA neurons in the SNpc of juvenile mice either deficient for
LMW or HMW. At this time-point, both isoforms were similarly ex-
pressed in wt mice. Until now, decreased FGF-2 expression in humans
was correlated with major depression [34,35], and possible relations
between FGF-2 gene polymorphisms and the response for
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Fig. 2. Analyses of dopaminergic neurons in the
ventral midbrain of LMW−/− and HMW-/- mice
during ontogenetic development.
A) Estimated numbers of DA neurons (TH+) in
the SNpc of juvenile LMW−/− and HMW−/−

mice were significantly increased compared to
their respective wt littermates (LMW−/− versus
LMW+/+ p=0.016, HMW−/− versus HMW+/+

p=0.002). B) Demonstrates an example image
of the TH DAB staining of the right SNpc at P28.
C–H) Triple immunofluorescent staining of the
SNpc of newborn mice was performed to stereo-
logically estimate the number of DA neurons (TH
+) (C) and simultaneously analyze the SNpc of
LMW−/− and HMW−/− for the apoptosis marker
cCasp3 and the appearance of apoptotic bodies
(apB). Cells positive for both markers were
slightly increased in LMW−/− and HMW−/−

mice on P0 (D). Meanwhile, the cell population
positive for cCasp3 (F, H) and the estimated
number of cells with apB (E) were only enhanced
in LMW−/− mice compared to all other groups.
I–K) On E14.5, the number of proliferating DA
precursor (BrdU+/Lmx1a+) cells was compar-
able in the rostral (I) and caudal (J) sub-
ventricular zone (SVZ) of all groups. G)
Exemplary TH staining (red) including DAPI
(blue) staining of neonatal brain tissue. H)
Exemplary cCasp3+ cell (green) including apB
stained with DAPI (blue). K) Distribution of BrdU
(red) within Lmx1a+ cells (green) of the caudal
SVZ 20 h after single BrdU injection. One-way
ANOVA followed by Tukey´s post hoc test with F
(3, 20)= 10.85, p=0.0002, *p < 0.05 and
**p < 0.01 compared to the respective wt (n as
indicated in the graphs). No strain-specific sig-
nificant differences were found between the
analyzed wt animals.
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Fig. 3. Results of the behavioral analysis with no strain or genotype specific differences concerning locomotor activity or anxiety-like behavior.
A-F) Force plate actometer results are shown as total walked distance in mm (A), total number of low mobility bouts (B), total number of wall rears (C), total energy
density score (D), and time spent in the center within the first minute of the experiment (E) and during the whole 10 minutes of the experiment (F) for all ko mice
(FGF-2−/−, LMW−/−, and HMW−/−) and their respective wt (FGF-2+/+, LMW+/+, and HMW+/+) analyzed. No differences in the walked distance of about 100 m
(A) or time periods spent inactive (B) were seen independent of mouse strain. In contrast, genotype specific differences within the LMW−/− and HMW−/− mice were
observed concerning explorative behavior (C, D). Furthermore, hints for strain specific differences concerning explorative behavior and curiosity were given (C, E, F).
G) In the modified dark-light test, no differences were observed within the groups with regard to time measured until entering the bright arena between respective
littermates within one strain. However, LMW−/− mice had the shortest latency time. H) Timespan in the open arm of the elevated plus maze in percentage of the
whole five minutes monitored revealed no differences between all strains analyzed. Comparisons among isoform-specific FGF-2 ko strains or wt of all three mouse
strains: one-way ANOVA, Sidak’s multiple comparisons test with C) F(3, 44) = 3.577, p=0.021 for HMW+/+ and HMW−/−(p=0.026), LMW+/+ and LMW−/−

(p=0.031) group comparisons and F(2, 33) = 3.830, p=0.032 for wt group comparisons (FGF-2+/+ versus LMW+/+ p=0.010), E) F(2, 33) = 4.301, p=0.022
(FGF-2+/+ versus LMW+/+ p=0.016, FGF-2+/+ versus HMW+/+ p=0.016) and F) F(2, 33) = 2.645, p=0.086 (FGF-2+/+ versus HMW+/+ p=0.036) (except for
D: Kruskal-Wallis test (p=0.033), Dunn’s multiple comparisons test (LMW+/+ versus LMW−/− p=0.016); comparisons within FGF-2 mouse strain: Student’s t-test.
*comparisons within same strain if not marked otherwise, with *p< 0.05. Twelve animals per group were analyzed.
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antidepressant therapy (which seems to increase FGF-2 expression)
have been described [36]. Furthermore, reduced FGF-2 im-
munoreactivity was demonstrated in Parkinson’s disease patients [37].
FGF-2 promoted survival and differentiation of DA neurons in vitro and
in vivo [2,5,38]. Interestingly, juvenile FGF-2−/− mice displayed 36%
more TH+neurons in the SNpc, with the onset determined during the
late stages of embryonic development (between E14.5 and P0) [6].

Because FGF-2 isoforms differ in their spatiotemporal expression
pattern throughout the development of the nigrostriatal system, we
hypothesized that different parameters could lead to supernumerary DA
neurons in the adult SNpc. Therefore, we analyzed total FGF-2−/−,
LMW−/−, and HMW−/− mice in comparison to their wt littermates at
three developmental time-points (E14.5, P0, and P28 or young adult).

LMW expression was pronounced in all embryos except LMW−/− em-
bryos. On the day of birth, LMW and HMW were similarly expressed in
the VM of LMW+/+ and HMW+/+ mice. Even though similar amounts
of total protein were analyzed, no clear FGF-2 expression was mea-
surable in the ST on P0, which is in contrast to earlier reports [11]. In
young adult wt mice, all FGF-2 isoforms were equally detectable in the
nigrostriatal system, which is in agreement with earlier studies [39].
Young adult LMW-/- mice displayed equal HMW expression. In contrast,
HMW−/− mice displayed enhanced LMW signals. This phenotype in
HMW−/− mice was already visible on P0 and might be a compensative
upregulation.

To verify whether the different expression patterns result in mor-
phological changes and the hyperplasia phenotype seen in FGF-2−/−,

Fig. 4. Analyses concerning stress susceptibility in different FGF-2 knockout mouse strains.
A–B) Concentrations of corticosterone (metabolites) in fecal (A) and blood (B) samples of all ko mice (FGF-2−/−, LMW−/−, and HMW−/−) and their respective
littermates (FGF-2+/+, LMW+/+, and HMW+/+). A) Comparable concentrations of fecal corticosterone metabolites were found among all groups before (blank bar)
and after transport stress (striped bar), with only increased levels observed in FGF-2+/+ animals after stress induction (p= 0.021). B) Blood corticosterone con-
centrations after transport with comparable levels for all groups analyzed. C) Glucocorticoid receptor (GR) expression measured by Western Blot in hippocampal
(HC) samples was similar in all groups. The slightly darker band in the FGF-2+/+ mice corresponds to the darker PonceauS staining and is therefore not conspicuous.
D) Additional ST and VM tissue samples of young adult mice of all genotypes were analyzed for excitatory amino acid transporter 3 (EAAT), fibroblast growth factor
receptor 1 (FGFR1), tyrosine hydroxylase (TH), and vesicular glutamate transporter 1 (VGLUT1) expression, with PonceauS verifying similar protein loads. Repeated
analysis displayed no clear differences between ko and wt animals of the same strain. Statistics: A) Two-way ANOVA, Sidak’s multiple comparisons test, with F(1, 11)
time factor (rest versus stress)= 11.25, p= 0.006, F(1, 11)column factor (genotype)= 0.925, p= 0.357, F(1, 11)interaction factor= 0.682, p= 0.427, *p < 0.05.
B) Unpaired Student’s t-test comparing FGF-2+/+ and FGF-2−/− mice (t(8)= 1.012, p= 0.341), one-way ANOVA with F(318)= 1.114, p= 0.369, Tukey’s multiple
comparisons test comparing isoform-specific FGF-2 ko mouse strains.
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we quantified DA neurons in the SNpc. Notably, both, LMW−/− and
HMW−/− mice developed an increased number of DA neurons in the
SNpc (16.1% in LMW−/−, 19.4% in HMW−/−), which correlates in
total with the hyperplasia of TH+neurons in FGF-2-/- mice [6]. This
result suggested that both isoforms have distinct developmental effects
and that their interaction crucially influences the regulation of DA
neuronal number in the SNpc. To determine the onset of this pheno-
type, E14.5 embryos were analyzed revealing that LMW−/− embryos
developed in average 19% more DA precursor cells in the rostral SVZ
compared to wt controls, while the difference in means was diminished
to 9% in HMW-/- embryos. The number of DA neurons in the SNpc is not
only predetermined by precursor cells, but possibly also influenced by
natural ontogenetic cell death, with the highest peak of physiological
apoptosis right after birth [40]. Furthermore, FGF-2−/− mice showed
reduced apoptosis at this stage [6]. Interestingly, with our design-based
stereological approach, we detected increased average estimations of
morphological signs of cell death in LMW−/− and HMW−/− mice on
P0 compared to their respective wt assuming similar partial, but minor
influence leading to enhanced apoptosis at this developmental stage.
Mean counts of apoptosis markers were increased in LMW−/− com-
pared to HMW-/- mice, which is in accordance to in vitro studies, where
HMW overexpression promoted apoptosis, while LMW had an enhanced
anti-apoptotic effect [41]. In contrast, the apoptosis rate was reduced in
wt littermates, leading to the hypothesis that interaction of the FGF-2
isoforms had compensating effects. Remarkably, the rarity of detected
TH+ cells showing signs of apoptosis suggested that DA neurons were
less affected by apoptosis at this time-point. This observation is in
agreement with other studies demonstrating that on P0, only 10–20% of
apoptotic neurons were also TH+ [40]. The physiological regulation of
DA neuronal development through natural cell death is still elusive, for
example increasing DA neuron numbers were reported in the murine
SNpc through maturation [40,42], supported by increasing TH mRNA
expression in the VM one week after birth [43]. Thus, apoptosis would
not seem to lead to a significant decrease in DA neuron number in the
SNpc of mice after birth [42,44]. Therefore, it would be interesting to
compare in the future total estimated neuron number with the number
of TH+neurons to directly see potential changes in the relation. Im-
portantly, rodent strains and age stages differ as well as qualitative and
quantitative analysis methods.

Besides morphological impact, we aimed to evaluate behavioral
phenotypic traits depending on FGF-2 expression, totally or only par-
tially concerning one isoform. Previous studies related anxiety behavior
and hypothalamic-pituitary-adrenal axis activity with FGF-2 expression
[19]. In contrast, we did not observe an increased activity of the hy-
pothalamic-pituitary-adrenal axis regarding corticosterone secretion
during stress and hippocampal glucocorticoid receptor expression, or
aggravated anxiety behavior in FGF-2−/− mice. Importantly, the cited
study investigated a FGF-2 mouse strain with Black Swiss background,
compared to wt littermates and wt of the same background [15]. With
direct regard to anxiety-like behavior, there is evidence that Black Swiss
mice are innately less anxious than C57BL/6 mice in the dark-light test
[45]. Therefore, the strain might be more susceptible to loss of FGF-2.
Additionally, mice were kept under different conditions (single housed
in smaller cages) and increasing evidence exists relating caging systems,
housing conditions as well as nutrition, and different mouse strains with
deviations in anxiety and explorative behavior [46–48]. In addition,
imbalances between GA and DA signaling leading to hyperlocomotion
were reported [20]. Therefore, we further analyzed protein expressions
related therewith (EAAT3, VGLUT1, TH). However, we did not find any
differences among genotypes, which supported our behavioral results.
Also, we observed no alterations in hippocampal GR expression, which
was associated with increased FGF-2 expression and reduced anxiety-
like behavior due to environmental enrichment by others [18,19]. Al-
together, it seems that the C57BL/6 J background was more stress-re-
sistant, be it due to housing conditions or due to genetics, highlighting
that standardization of test protocols does not guarantee absence of

systematic differences in results of different research institutes [49].
With the center time analyzed in the actometer in the first minute, we
intended to evaluate possible freezing behavior due to the confronta-
tion of the animal with a new environment. Interestingly, in this test,
the FGF-2+/+ mice stayed in place significantly longer than LMW+/+

and HMW+/+ mice. Of course, this way of interpretation depends on
exactly identical conditions in all experimental runs. During the whole
testing period of 10min, conditions were always comparable. As results
show at least a significant difference comparing FGF-2+/+ and HMW+/

+ mice, we propose strain specific differences in behavior during ex-
ploration of new environments. This observation is in agreement with
the results of the wall rear analysis demonstrating reduced explorative
behavior of FGF-2+/+ compared LMW+/+, and also supported by the
additive energy density score results. Additionally, comparing animals
within one mouse strain demonstrated different behavioral activity for
isoform specific ko mice. However, this observation could, of course be
due to altered FGF-2 expression outside the nigrostriatal pathway.

Importantly, SNP analyses of mouse strain backgrounds verified
discrepancies between FGF-2 and isoform specific ko strains further
supporting our hypothesis that behavior is crucially influenced by the
background of those mice. Finally, we would not interpret the varying
center time in the open field experiments as a relevant difference in
anxiety-like behavior or stress sensitivity. In fact, the results in the more
sensitive elevated plus maze and modified dark-light test supported by
corticosterone measurements revealed no differences among the ex-
perimental groups.

In conclusion, we show that FGF-2 isoforms influenced the devel-
opment of the nigrostriatal system in mice, though without resulting in
behavioral saliences. Nevertheless, we want to highlight that standar-
dization of mouse background strains for better comparability among
research centers is crucial.
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