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Abstract
The brain-derived neurotrophic factor (BDNF) is a major proliferative agent in the nervous system. Both BDNF-deficiency 
and perinatal hypoxia represent genetic/environmental risk factors for schizophrenia. Moreover, a decreased BDNF response 
to birth hypoxia was associated with the disease. BDNF expression is influenced by neuronal activity and environmental 
conditions such as hypoxia. Thus, it may partake in neuroprotective and reparative mechanisms in acute or chronic neuronal 
insults. However, the interaction of hypoxia and BDNF is insufficiently understood and the behavioral outcome unknown. 
Therefore, we conducted a battery of behavioral tests in a classical model of chronic early postnatal mild hypoxia (10% O2), 
known to significantly impair brain development, in BDNF-deficient mice. We found selective deficits in measures associ-
ated with sensorimotor gating, namely enhanced acoustic startle response (ASR) and reduced prepulse inhibition (PPI) of 
ASR in BDNF-deficient mice. Unexpectedly, the alterations of sensorimotor gating were caused only by BDNF-deficiency 
alone, whereas hypoxia failed to evoke severe deficits and even leads to a milder phenotype in BDNF-deficient mice. As 
deficits in sensorimotor gating are present in schizophrenia and animal models of the disease, our results are of relevance 
regarding the involvement of BDNF in its pathogenesis. On the other hand, they suggest that the effect of perinatal hypoxia 
on long-term brain abnormalities is complex, ranging from protective to deleterious actions, and may critically depend on the 
degree of hypoxia. Therefore, future studies may refine existing hypoxia protocols to better understand neurodevelopmental 
consequences associated with schizophrenia.
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Introduction

BDNF regulates neuronal plasticity and survival during 
all stages of development and aging at multiple levels. It 
promotes synaptic formation, dendritic and axonic sprout-
ing, neuronal genesis and migration and modulates multiple 
transmitter systems including glutamatergic, serotonergic 
and GABAergic systems [1]. BDNF expression is regu-
lated by neuronal activity, especially by NMDA-receptor 
(NMDAR)-mediated calcium influx and may be increased in 
response to hypoxia–ischemia [2]. Unsurprisingly, multiple 
lines of evidence suggest its involvement in the pathophysi-
ology of various neuropsychiatric diseases such as stroke, 
Huntington´s disease, Alzheimer´s disease, Parkinson dis-
ease, depression, and schizophrenia [3].

Schizophrenia is a chronic mental illness characterized 
by positive symptoms such as hallucinations and delu-
sions and negative symptoms such as impaired cognition, 
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social withdrawal and emotional flattening [4]. The neu-
rodevelopmental hypothesis of schizophrenia suggests 
that a combination (“Two-Hit”) of early-life environmen-
tal influences and genetic risk factors may lead to subtle 
perturbations of CNS physiology that manifest as severe 
functional deficits of large brain networks as found in adult 
patients [5, 6]. Disturbances in network function lead to 
deficient information processing by the brain; thus, sen-
sory information cannot be sorted efficiently and may not 
result in appropriate behavioral response. Sensorimotor 
deficits are a common prominent feature in patients and 
animal models [7, 8].

BDNF represents one main genetic risk factor that 
was linked to schizophrenia, manifested as low levels 
of BDNF or low-functioning BNDF polymorphisms. 
Indeed, low plasma and serum levels of BDNF have been 
reported in schizophrenia patients [9]. Lack of this trophic 
agent might contribute to many of the morphological and 
functional deficits found in patients and animal models 
of schizophrenia such as reduced dendritic arborization, 
aberrant synaptic connectivity and plasticity, neuronal loss 
due to decreased proliferation and increased susceptibility 
to insult [10].

Perinatal hypoxia, e.g., resulting from obstetric compli-
cations, represents an important environmental risk factor 
for schizophrenia [11–13]. While severe hypoxic insults 
result in permanent neurological deficits and hypoxic 
encephalopathy, short or mild periods of low oxygen sup-
ply may be fully compensated and even protects against 
subsequent hypoxic or ischemic insults [14]. However, 
a relatively mild insult which may be compensated in a 
person without genetic predisposition, may lead to subtle 
deficits in an individual with BDNF-deficiency, resulting 
in chronic pathophysiological changes as described above. 
Indeed, BDNF has been previously shown to exert protec-
tive effects in animal models of hypoxic insult to the brain 
[15]. Moreover, one large retrospective clinical study in 
which BDNF probes were taken at birth and stored for 
45–50 years, reported a significant correlation between 
perinatal hypoxia and low BDNF levels at birth in the later 
development of schizophrenia [14].

In this study, we examined the relationship between 
BDNF-deficiency and perinatal hypoxia in mice. For this 
purpose, we exposed genetically modified heterozygous 
BDNF-deficient (BDNF+/-) mice to mild continuous 
hypoxia at the age of Postnatal Day 3 (P3)– P7, which cor-
responds to the third trimester of pregnancy in humans. 
We report selective deficits in the acoustic startle response 
(ASR), a fast twitch of facial and body muscles due to a 
sudden and intense stimulus, and its prepulse inhibition 
(PPI), an operational measure of sensorimotor gating, in 
BDNF+/− mice, independently of hypoxia, and only mild 
effects of hypoxia.

Materials and methods

Experimental design

The subjects were exposed to either hypoxic or normoxic 
conditions on P3–P7. For that purpose the home cages were 
either introduced into the hypoxia chamber or remained in 
conventional racks within the same colony room. The room 
temperature was maintained at 23 ± 3 °C and 50 ± 5% rela-
tive humidity. Pups were not separated from their mother 
until weaning (P28). The behavioral experiments started at 
P92 with the Nest test and subsequently they were tested 
in the Open Field test on P99, the rotarod test on P102 and 
the acoustic startle response and prepulse inhibition test on 
P142. Hence, there was an interval of at least 72 h between 
the experiments to avoid distress. All mice were tested in 
the behavioral tests and all experiments were conducted in 
the active phase of the animals. Experimenters were blind to 
genotype and treatment throughout the testing. The orders 
of the animals in the tests were randomly assigned for each 
experiment. All experiments were approved by the local 
German animal welfare authorities (Regierungspräsidium 
Karlsruhe, 35-9185.81/6189/09).

Animals

All experiments were conducted in BDNF-heterozygous 
male mice (n = 12) and wild-type littermate controls on 
a C57Bl/6N background (n = 19), which were bred and 
maintained in the animal facility of the Central Institute 
of Mental Health, Mannheim. Mice were weaned after the 
hypoxia treatment at the age of 4 weeks, and were then 
single-housed for 8 weeks in standard type II macrolon 
cages. The behavioral testing was performed at an age of 
12–16 weeks. Additionally to the bedding material, nest-
ing material (unbleached tissue) was provided. Mice were 
kept on a 12:12-h reversed dark–light cycle (lights on at 
6.00 p.m.). Water and food pellets were available ad libitum. 
The body weight was assessed weekly under red-light condi-
tions inside the housing room, when the cages were changed.

Hypoxia procedure

BDNF+/− males were mated with 6 week old C57Bl6/N 
female mice from Charles River, Sulzfeld, Germany and 
received a daily plug-check. As previously described in 
rodents [16, 17], mice were placed in a Plexiglas cham-
ber (BioSpherix Ltd., Lacona, NY) with a nitrogen / com-
pressed air gas delivery system that mixes the nitrogen with 
room air using a compact oxygen controller (BioSpherix 
Ltd.,Pro:OX). The animals (6 BDNF+/- and 12 BDNF+/+) 
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were continuously subjected to hypoxia (90% N2, 10% O2) 
at postnatal day 4 (P3) for 5 consecutive days until P7. The 
temperature within the chamber was identical to the condi-
tions of normoxic mice. A separate group of control mice 
(6 BDNF+/− and 7 BDNF+/+) was kept under normoxic 
conditions. No animals died during or shortly following the 
hypoxia exposure.

Behavioral testing

Openfield

The openfield test was performed as described previously 
[18]. Briefly, to evaluate locomotor and exploratory behav-
ior, mice were individually placed into a white, open arena 
measuring 50 × 50 cm2 and illuminated from above by 25 lx. 
Their locomotion was monitored for 10 min with a video 
camera (Sony CCD IRIS). The resulting data were analyzed 
using the image processing system EthoVision XT8.0 (Nol-
dus Information Technology, Wageningen, Netherlands). For 
each sample, the system recorded position and the occur-
rence of defined events. Parameters assessed in the present 
study were total distance moved, velocity, and thigmotaxis 
(i.e., the percentage of time spent in a corridor with a maxi-
mal distance of 10 cm to the walls).

Rotarod

Deficits in locomotion were tested in the accelerating rotarod 
test, as described previously [19]. Briefly, mice were placed 
on a rotating rod with initially 2.5 rpm which was subse-
quently accelerated up to 25 rpm within 4.5 min (TSE, Bad 
Homburg Type 337,650). The scored parameter was the 
latency to fall within a maximum 5 min.

Nest test

The test was performed as described in [20]. The nest build-
ing was assessed by two independent raters as reported 
earlier [21]. A cotton nestlet was introduced into the home 
cages 1 h before the dark phase. Nest building was evaluated 
5 and 24 h after introduction of the nesting material accord-
ing to a rating scale based on cohesion and shape.

PPI

We assessed acoustic startle response and PPI as described 
in [22, 23] in a startle chamber (SR-LAB; San Diego Instru-
ments), a motion-sensitive setup. Briefly, after habituation 
to white noise in a relatively low intensity, a pseudorand-
omized sequence of startle stimuli with or without prepulse 
presentation was executed. A white noise pulse of 110 dB 
and 40 ms was used as startle stimulus and less intense white 

noise (72, 76, 80, and 84 db) with shorter duration 20 ms 
served as prepulse displayed 100 ms before startle. Inhibi-
tion was calculated as percentage of motion response after 
the prepulse compared to the mean acoustic startle response 
(ASR) without prepulse.

Statistical analysis

Statistical analysis was performed using SPSS 20 for Win-
dows. Inter-group comparisons were calculated using two 
factorial ANOVA design with genotype (BDNF+/+ and 
BDNF+/-) and condition (hypoxia and normoxia) as fac-
tors. Repeated measures ANOVA was used to explore the 
dependence of treatment effects on time (bodyweight). Bon-
ferroni’s post hoc tests were performed. The significance 
threshold was set at p < 0.05. All data are means ± SEM. 
The figures were created using Microsoft Excel and edited 
in Corel Draw X6.

Results

Effects on ASR and PPI of the ASR

To analyze the effects of BDNF-deficiency and hypoxia, four 
groups were built: wild-type mice raised under normoxic 
conditions (BDNF+/+*normoxia), wild-type mice subjected 
to hypoxia at P3–P7 (BDNF+/+*hypoxia), heterozygous 
BDNF-deficient mice raised under normoxic conditions 
(BDNF+/−*normoxia) and BDNF-deficient mice subjected 
to hypoxia (BDNF+/−*hypoxia). BDNF+/+*normoxia 
mice exhibited the smallest ASR with 94 ± 19 units, while 
BDNF-deficiency and hypoxia increased the ASR to 
196 ± 27 and 174 ± 15 units, respectively (Fig. 1a). Pair-
wise comparisons revealed significant differences between 
BDNF+/+*normoxia and BDNF+/−*normoxia (p < 0.05), 
BDNF+/+*hypoxia and BDNF+/−* hypoxia (p < 0.05) 
and between BDNF+/+*normoxia and BDNF+/−*hypoxia 
(p = 0.001) groups. Effects of both, BDNF and hypoxia, 
were significant in two factorial ANOVA (p < 0.001, 
F(1,27) = 16.53 and p < 0.05, F(1,27) = 6.94, respectively). 
However, no interactions between the genotype and treat-
ment were observed.

To measure PPI of the ASR, the startling stimulus was 
preceded by a weaker stimulus between 72 and 84 dB. As 
expected, the magnitude of PPI positively correlated with 
the strength of the prepulse, ranging from approximately 
20% at 72 dB to 80% at 84 dB (Fig. 1b). However, there 
were some significant differences between the four groups. 
BDNF-deficient mice exhibited consistently reduced PPI 
over all prepulse intentions; this effect reached statisti-
cal significance at 76 and 80 dB (p < 0.05, F(1,27) = 5.51, 
p = 0.05, F(1,27) = 4.17, respectively). In contrast, exposure 
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to hypoxia lead to increased PPI of the ASR with significant 
effects at 72 and 80 dB (p < 0.05, F(1,27) = 5.26, p < 0.05, 
F(1,27) = 6.16, respectively). No interactions between 
the genotype and treatment were observed. The differ-
ences between the genotypes were less pronounced in the 
hypoxia condition compared to the normoxia treated groups. 
Post hoc analysis detected significant effects between the 
reduced response of BDNF+/−*normoxia and the increased 
response of BDNF+/+*hypoxia at 76 dB (p = 0.022) and 
80 dB (p = 0.013).

Increased body weight and impaired performance 
on the rotarod in BDNF‑deficient mice

BDNF+/-*normoxia mice gained significantly more weight 
as compared to other groups, reaching 40.4 ± 1.2 g (vs. 
30–32 g in BDNF+/+*normoxia and BDNF+/−*hypoxia, 
p < 0.001 in both) at the age of 17 weeks, (Fig. 2a). In 
contrast, BDNF+/+*hypoxia mice grew significantly 
lighter (26.9 ± 0.9 g), also as compared to BDNF-deficient 

mice raised under hypoxic conditions (p < 0.001 vs 
BDNF+/−*hypoxia). Interestingly, BDNF+/−*hypoxia 
mice exhibited an intermediary phenotype closely to 
wild-type in normoxia. Both hypoxia and BDNF signifi-
cantly influenced the body weight (hypoxia: p < 0.001, 
F(1,27) = 23.7;BDNF: p < 0.01, F(1,27) = 8.72, two facto-
rial ANOVA). Genotype and treatment interactions were not 
observed.

The performance on the accelerating rotarod was signifi-
cantly impaired in BDNF+/−*normoxia mice (Fig. 2B). 
They lasted only for 8.7 ± 3.7 s, while BDNF+/+*normoxia 
mice stayed for 111 ± 29 s on the wheel (effect of BDNF: 
p < 0.05, F(1,27) = 5.23, two factorial ANOVA). Although 
BDNF+/+*hypoxia and BDNF+/−*hypoxia groups 
tended to perform between the normoxic wild-type and 
BDNF-deficient mice, the effect of hypoxia on rotarod 
performance was not significant. No interactions between 
the genotype and treatment were observed. The observed 
differences in performance on the rotarod test cannot be 
explained by merely a correlation to the bodyweight because 

Fig. 1   Sensorimotor gating 
deficits in BDNF-deficient 
mice. a Acoustic startle 
response. Effect of BDNF: 
p < 0.001, F = 16.53; effect of 
hypoxia: p < 0.05, F = 6.94, two 
factorial ANOVA. b Prepulse 
inhibition of the acoustic startle 
response in dependence of 
the prepulse strength. Effects 
of BDNF at 72 and 76 dB: 
p < 0.05, F = 5.51, p = 0.05, 
F = 4.17, respectively. Effects 
of hypoxia at 72 and 80 dB: 
p < 0.05, F = 5.26, p < 0.05, 
F = 6.16, respectively, two 
factorial ANOVA. Data are pre-
sented as mean ± SEM. White 
bars: BDNF+/+*normoxia; 
light grey bars: 
BDNF+/−*normoxia; dark grey 
bars: BDNF+/+*hypoxia; black 
bars: BDNF+/−*hypoxia. *, 
p < 0.05 in post hoc pairwise 
comparisons between groups; 
#, treatment (hypoxia) effect; a, 
genotype (BDNF) effect
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we did not find a correlation between these parameters 
over all groups (Pearson´s R = 0, t-value = 0). Within the 
BDNF+/−*normoxia group there was a small, but not sig-
nificant negative correlation (R = − 0.37, t-value = − 0.81), 
while within the BDNF+/−*hypoxia group bodyweight 
and rotarod performance correlated positively (R = 0.72, 
t-value = 2.51); however, the data highly vary between 0 s 
and over 3 min latency to fall. Other factors besides body-
weight need to be taken into account.

Deficits in nesting behavior of BDNF‑deficient mice

Nest building behavior is an essential element of the behav-
ioral repertoire of male and female mice, as it in preserves 
body heat and lowers the risk of predation; therefore, it is 
not limited to maternal behavior [20]. BDNF-deficient mice 
showed deficits in nesting behavior, reaching lower scores 
at the nesting test as compared to wild-type mice in nor-
moxia (1.71 ± 0.50 vs 3.11 ± 0.82 after 5 h and 3.83 ± 0.77 vs 
4.71 ± 0.10 after 24 h, respectively) (Fig. 2c). The effect of 
BDNF was significant after 24 h (p < 0.05, F(1,27) = 5.13). 
Hypoxia alone or in combination with BDNF-deficiency had 
no significant effects on nesting behavior.

Open field test

There were no significant differences in the behavior in the 
open field between the four groups or due to the genotype 
(Fig. 2d). Mice from all groups moved in the field with a 
similar distance to the walls of 6–7 cm and traveled compa-
rable distances with similar velocity (data not shown).

Discussion

In the current study, we examined the combined effects of 
heterozygous BDNF-deficiency and mild chronic early post-
natal hypoxia in an established model [16] on the behavioral 
phenotype of mice, using tests that were shown to reveal 
abnormalities that correlate both with positive symptoms 
(Openfield, PPI) [24] and negative symptoms of schizophre-
nia (Nest Test) [25]. We report selective deficits caused by 
BDNF-deficiency alone whereas hypoxia failed to evoke 
severe deficits and even lead to a milder phenotype in 
BDNF+/− mice.

Most prominently, in our study BDNF+/− mice exhib-
ited a more than doubled ASR amplitude as compared to 

Fig. 2   a Development of body weight between birth and postna-
tal week 17. Effect of BDNF: p < 0.01, F = 8.72; effect of hypoxia: 
p < 0.001, F = 23.7, two factorial ANOVA. b Latency to fall on 
the accelerating rotarod test. Effect of BDNF: p < 0.05, F = 5.23, 
two factorial ANOVA. c Nest test. Effect of BDNF after 24  h: 
p < 0.05, F = 5.13, two factorial ANOVA. d Distance to walls in 

the open field test. Data are presented as mean ± SEM. White bars: 
BDNF+/+*normoxia; light grey bars: BDNF+/−*normoxia; dark 
grey bars: BDNF+/+*hypoxia; black bars: BDNF+/−*hypoxia. *, 
p < 0.05 in post hoc pairwise comparisons between groups; #, treat-
ment (hypoxia) effect; a, genotype (BDNF) effect
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wild-type. Hypoxia also significantly increased ASR, albeit 
not as strongly as BDNF. The effects of hypoxia and BDNF-
deficiency did not cumulate. The ASR is a basic protective 
response conserved across all mammals studied [26]. It is 
mediated by specific pontine nuclei which receive input from 
central auditory pathways and project to the reticular forma-
tion [26]. The ASR is sensitized by averse stimuli and fear 
conditioning, which is mediated by the amygdala [27]. In 
humans it is enhanced in anxiety and posttraumatic stress 
disorders [27]. Thus, BDNF-deficiency as well as perinatal 
hypoxia may lead to increased anxiety. However, unaltered 
behavior in the open field test contradicts the hypothesis of 
generally increased anxiety levels in these mice. The deficits 
seem to be rather specific and may be constrained to the 
auditory system.

If two auditory stimuli follow within a time frame of 
30–500 ms, the ASR in response to the second stimulus is 
suppressed in dependence of the first stimulus´ strength. 
This phenomenon, called PPI, is a fundamental meas-
ure of sensorimotor gating which is the brain´s ability to 
distinguish relevant sensory input from contemporane-
ous noise and sequentially organize a proper behavioral 
response [28]. PPI does not require learning and occurs 
already at the first trial. Reduced PPI of the ASR is not 
only a prominent feature of schizophrenic patients [29, 
30], but is also reliably reproduced in various animal mod-
els of the disease, e.g., following application of NMDA 
antagonists and dopaminergic agonists [31] or lesions of 
hippocampus and amygdala [32]. Thus, it constitutes an 
inherent hallmark of dysfunctional information process-
ing in schizophrenia and may be used as a diagnostic or 
prognostic marker [7]. Strikingly, in our model BNDF 
deficiency alone lead to mildly, but significantly reduced 
PPI of the ASR at medium prepulse intensities. These 
results indicate that genetically reduced levels of BDNF 
may be enough to lead to a schizophrenia-like phenotype. 
In contrast, mice exposed to mild chronic hypoxia par-
tially exhibited even slightly increased PPI. The effect 
of BDNF on PPI appears complex with various different 
effects reported by other studies. BDNF administration 
in mice was shown to increase the startle response and 
restore PPI [33]. Mice with a Val66Met mutation caus-
ing reduced BDNF release showed significantly reduced 
PPI upon exposure to dopamine antagonist apomorphine 
or NMDAR antagonist MK-801 [34]. In contrast to these 
results, a study on BDNF+/- rats showed no alterations in 
PPI [35]. Moreover, previous data show decreased ASR 
and PPI in mice overexpressing BDNF [36]. Thus, our 
findings extend earlier reports that support the role of 
BDNF in the regulation of sensorimotor gating. Regard-
ing the effect of hypoxia, while in our study mild hypoxia 
did not inhibit PPI, in an other study rats exposed to mild 
hypoxia with 11% O2 between P4–P8 developed prominent 

PPI deficits in adulthood [8], indicating possible species-
specific effects. BDNF+/− mice in normoxia gained sig-
nificantly more body weight as compared to wild-type, 
in agreement to data shown before. These results are in 
line with previous findings as BDNF was shown to be 
an important regulator of appetite and BDNF mutations 
are consistently associated with obesity in humans and 
mice [37, 38]. Therefore increased body weight can be 
considered as an indirect validation of BDNF-deficiency 
in our model. In contrast, mice exposed to hypoxia had 
a reduced body weight, which indicates that exposure to 
this mild insult did have some negative impact on over-
all development and nutrition. Once again, no cumulative 
effects of hypoxia plus BDNF-deficiency were detected; 
the phenotype of these mice was rather indistinguishable 
from wild-type in normoxia. Furthermore, BDNF+/− mice 
performed significantly worse at the accelerating rotarod 
test, while exposure to hypoxia did not significantly impair 
performance. The rotarod tests cerebellum-dependent 
sensorimotor coordination [39], but may be affected by 
reduced neuromuscular strength or in obesity. Individuals 
with schizophrenia show reduced gyrification of the cer-
ebellum, hinting towards neurodevelopmental disturbances 
as simulated by our model [40]. These disturbances might 
lead to subtle motor dysfunction as found in these patients 
[41]. Unaltered performance in mice exposed to hypoxia 
indicates that this mild-level insult is insufficient to cause 
long-lasting neuromuscular or cerebellar deficits.

BDNF-deficient mice had a slightly reduced perfor-
mance in the nesting test, whereas no effects of hypoxia 
were detected. Nesting is an important social behavior in 
rodents which is impaired in response to pain or reduced 
well-being as well as in various models of neuropsychiat-
ric diseases [42]. BDNF was shown to reduce anxiety and 
facilitate social behavior in rodents [43].

As BDNF is one of the central neurotrophic factors in 
the CNS and affects neuronal morphology and function on 
multiple levels, there are myriads possibilities how its defi-
ciency may contribute to neurodevelopmental deficits which 
lead to dysfunctional networks in schizophrenia. In this sec-
tion we highlight some prominent mechanisms how BDNF-
deficiency may lead to sensorimotor gating impairments, as 
found in our study. BDNF strengthens glutamatergic syn-
apses and weakens GABAergic synapses [1]. Thus, BDNF-
deficiency may lead to impaired glutamatergic transmission 
and reduced NMDAR signaling. Multiple lines of evidence 
converge towards a pivotal role of NMDAR hypofunction 
in schizophrenia pathophysiology [44, 45]. Furthermore, 
NMDAR hypofunction is indeed associated with reduced 
PPI of the ASR [46]. An interplay between glutamate and 
dopamine in mesolimbic structures regulates PPI, with low 
glutamate leading to hyperdopaminergia and reduced PPI 
[47]. In contrast, one study reported unaltered ASR and 
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PPI in forebrain-restricted brain-derived neurotrophic fac-
tor mutant mice [48]. Thus, forebrain structures may play a 
minor role in the circuitry of these reflexes.

The neurodevelopmental hypothesis of schizophrenia 
suggests that genetic predisposition in combination with 
environmental stressors in early-life contributes to the devel-
opment of this disease [6]. As BDNF levels are reduced in 
schizophrenic patients and individuals who suffered peri-
natal hypoxia are more likely to develop the disease, it is 
tempting to suggest cumulative effects of BDNF-deficiency 
and hypoxia in schizophrenia [9, 11]. BDNF´s anti-apop-
totic, anti-oxidative and trophic effects may protect in acute 
early-life hypoxic insult as well as against neurodegeneration 
during chronic time course of the disease [49].

One of the most prominent neurotoxic mechanisms in 
hypoxia–ischemia is excessive release of glutamate and 
subsequent over-activation of NMDAR. NMDAR-mediated 
excitotoxicity disrupts BNDF signaling in various ways, e.g., 
leading to its degradation or deactivation of its downstream 
targets [2]. However, calcium influx following moderate 
NMDAR activation potently activates BDNF expression 
[50]. In line with these findings, BNDF levels are reduced 
within the ischemic core in animal models of stroke, but 
elevated in the ischemic penumbra [51]. Various studies 
show protective acute role of BDNF in hypoxia–ischemia 
and excitotoxicity which is able to compensate insults of 
moderate severity [15, 52, 53].

Strikingly, a large longitudinal study showed that birth 
hypoxia was associated with a significant increase in BDNF 
in cord samples of healthy subjects, while BDNF levels were 
significantly decreased following birth hypoxia in individu-
als diagnosed with psychotic disorders later on in their life 
[12]. These data strongly support a role of BDNF-deficiency 
and hypoxia in schizophrenia.

Despite the convincing evidence on the cumulative effects 
of BDNF-deficiency and hypoxia, in our study BDNF+/- 
mice exposed to hypoxia partially had an even milder phe-
notype as compared to BDNF+/− mice in normoxia. We 
suppose that this model of continuous mild hypoxia is 
insufficient to suppress BDNF and lead to neuropsychiatric 
deficits. Indeed, it was shown that severe hypobaric hypoxia 
of 180 Torr, corresponding to 5% oxygen, down-regulates 
levels of BDNF, whereas mild intermittent hypoxia, corre-
sponding to 10% oxygen (levels used in our study), enhances 
BDNF expression [50]. Furthermore compensatory mecha-
nisms need to be taken into account since BDNF-deficiency 
may be compensated by overexpression of the receptor TrkB 
or transport and release of BDNF [49].

Although the model of hypoxia in this study has 
been successfully employed to induce severe temporary 
neuronal loss, ventriculomegaly and lasting deficits of 
GABAergic interneurons and sensorimotor gating [8, 
54], reassembling findings in schizophrenic patients, the 

deficits can be mostly compensated by neurogenesis [16]. 
We found in our previous work no lasting behavioral or 
morphological abnormalities in chronic or intermittent 
mild postnatal hypoxia [17]. Furthermore, mild early 
postnatal hypoxia may even act neuroprotective through 
preconditioning mechanisms [14]. These effects may 
explain the seemingly contraintuitive effects of hypoxia 
in the present study. Additionally, strain and species dif-
ferences may play an important role. Thus, in contrast to 
mice, rats exposed to postnatal hypoxia exhibit PPI defi-
cits [8, 55].To successfully mimic human pathological 
conditions in rodents, it is necessary to titrate a hypoxic 
insult severe enough to elicit lasting deficits and circum-
vent the positive effects of hypoxic preconditioning. On 
the other hand, in order to reproduce a schizophrenia-like 
phenotype, the insult should not lead to focal necrosis and 
pronounced neurological deficits. Models with oxygen 
concentrations below 8% may be employed, but animal 
welfare has to be considered. Possibly the Vannucci model 
of hypoxia–ischemia may be a more elegant way to accom-
plish this task. In this model of unilateral carotid artery 
ligation plus subsequent exposure to hypoxia, the insult 
severity can be tuned resulting in subtle functional deficits 
or severe focal brain damage [56]. Additionally, models 
of acute obstetrical injury were developed, like the model 
of acute birth anoxia in rats, in which pups extracted by 
Caesarean section are submersed in water for 15 min [57]. 
Even in this model, Caesarean section, but not anoxia is 
responsible for dopaminergic impairment that was associ-
ated with schizophrenia [58]. However, this model is not 
possible to be performed in mice (hampering gene-envi-
ronment interaction studies using genetic modified mouse 
lines), due to very high mortality of mouse pups compared 
to rat pups in this paradigm (own unpublished data).

In conclusion, our work shows that BDNF-deficiency 
leads to schizophrenia-typical sensorimotor gating defi-
cits, underlying that BDNF-deficiency alone might already 
constitute a risk factor for schizophrenia. Further research 
should focus on the underlying mechanisms. However, 
hypoxia models currently employed in psychiatric animal 
research need to be refined.
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