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Abstract
Brain injury due to neonatal hypoxia-ischemia (HI) is more homogenously severe in male than in
female mice. Because, necrostatin-1 (nec-1) prevents injury progression only in male mice, we
hypothesized that changes in BDNF signaling after HI and nec-1 are also sex-specific providing
differential conditions to promote recovery of those more severely injured. The increased
aromatization of testosterone in male mice during early development and the link between 17-β-
estradiol (E2) levels and BDNF transcription substantiate this hypothesis. Hence, we aimed to
investigate if sexual differences in BDNF signaling existed in forebrain and diencephalon after HI
and HI/ nec-1 and their correlation with estrogen receptors (ER). C57B6 mice (p7) received
nec-1(0.1 μL[8μM]) or vehicle (veh) intracerebroventricularly after HI. At 24h after HI, BDNF
levels increased in both sexes in forebrain without evidence of TrkB activation. At 96h after HI,
BDNF levels in forebrain decreased below those seen in control mice of both sexes. Additionally,
only in female mice, truncated TrkB (Tc.TrkB) and p75ntr levels increased in forebrain and
diencephalon. In both, forebrain and diencephalon, nec-1 treatment increased BDNF levels and
TrkB activation in male mice while, prevented Tc.TrkB and p75ntr increases in female mice.
While E2 levels were unchanged by HI or HI/ nec-1 in either sex or treatment, ERα: ERβ ratios
were increased in diencephalon of nec-1 treated male mice and directly correlated with BDNF
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levels. Neonatal HI produces sex-specific signaling changes in the BDNF system, that are
differentially modulated by nec-1. The regional differences in BDNF levels may be a consequence
of injury severity after HI, but sexual differences in response to nec-1 after HI may represent a
differential thalamo-cortical preservation or alternatively off-target regional effect of nec-1. The
biological significance of ERα predominance and its correlation with BDNF levels is still unclear.
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1. INTRODUCTION
Sexually dimorphism have been found in preterm and full-term rodent models of hypoxia,
ischemia and hypoxia-ischemia (HI) (Hagberg et al., 2004, Zhu et al., 2006, Renolleau et al.,
2008, Mayoral et al., 2009, Arteni et al., 2010, Hill et al., 2011). In female mice, the greater
proclivity to caspase-dependent cell death after neonatal HI (Hagberg et al., 2004, Zhu et al.,
2006, Chavez-Valdez et al., 2012b) matches the lesser degree of cortical injury compared to
males (Northington et al., 2011). Similarly, several neuroprotective agents for neonatal HI
also show sexual dimorphism in their effects (Hurn et al., 2005). For example, necrostatin-1
[(nec-1), 5-(1H-indol-3-ylmethyl)-3-methyl-2-sulfanylideneimidazolidin-4-1], an inhibitor
of regulated necrosis (Degterev et al., 2005, Lim et al., 2007, You et al., 2008), provides
cortical protection only to male mice (Northington et al., 2011) without sexual differences in
energy preservation (Chavez-Valdez et al., 2012a, Chavez-Valdez et al., 2012b).
Mechanisms behind these sexual differences are unclear but they may involve intrinsic
differences in pathways signaling for repair (e.g. BDNF, brain derived neurotrophic factor)
following brain injury.

BDNF is a therapeutic target in neonatal brain injury because of its putative role in brain
plasticity, enhancing neuronal survival, migration and differentiation, supporting
neurogenesis and improving outcomes in adult ischemic and neonatal HI models (Marini et
al., 2007, Yasuhara et al., 2010, Douglas-Escobar et al., 2012, Han et al., 2012, Rosenkranz
et al., 2012). However, early BDNF exposure after oxidative stress and oxygen-glucose
deprivation injury may also exacerbate neuronal death (Gwag et al., 1995, Koh et al., 1995,
Kim et al., 2003). This duality is produced by changes in BDNF receptor activation and/ or
expression. BDNF exerts trophic effects via phosphorylation of full-length tyrosine-related
kinase B (FL.TrkB) receptor and promotes cell death via binding the low affinity
p75neurotrophic receptor (p75ntr) if combined with downregulation of FL.TrkB receptor
(Frank et al., 1996, Knusel et al., 1997) and/ or upregulation of truncated TrkB (Tc.TrkB)
receptor isoforms (Klein et al., 1990, Biffo et al., 1995, Alderson et al., 2000).

Temporal and regional interrogation of the BDNF system is essential when trying to
understand its potential effects. BDNF is greatly expressed in forebrain and diencephalon
throughout normal development (Schmidt-Kastner et al., 1996, Lush et al., 2005, Webster et
al., 2006). Cortex-derived BDNF is necessary for thalamic axonal outgrowth and target
identification (Lotto et al., 2001), but not for thalamic neurogenesis (Mooney and Miller,
2011). The influence of BDNF in remote areas (e.g. thalamus) produces a positive loop
feedback following the arrival of thalamic axons to the target cortical layer (Hanamura et al.,
2004) which provides autocrine support to neocortical neurons increasing neurogenesis and
neuronal migration (Pencea et al., 2001, Morcuende et al., 2003, Scharfman, 2005,
McCarthy et al., 2011).
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An additional layer of complexity is added by the sexual differences in the activation of the
BDNF system after neonatal HI and/ or neuroprotective therapies (e.g. nec-1) which have
not been studied until now. Therefore, we hypothesize that the BDNF system responds to HI
and nec-1 in a sexually dimorphic manner providing the conditions to explain the
differences in severity of injury in the forebrain and diencephalon. Because an estrogen
response element (ERE)-like motif is found in the BDNF gene (Blurton-Jones et al., 2004),
sex differences in BDNF transcription may be linked to either higher levels of 17-β-estradiol
(E2) in male mice secondary to greater aromatization of testosterone during early post-natal
development or greater influence of E2 due to changes in expression of estrogen receptor
(ER) subtypes (Amantea et al., 2005, Roselli et al., 2009).

2. EXPERIMENTAL PROCEDURES
2.1. Animals

Experiments were performed with approval by the Institutional Animal Care and Use
Committee at Johns Hopkins University- School of Medicine and they were carried out in
accordance with the National Institute of Health Guide for the Care and Use of Laboratory
Animals (NIH Publications No. 80-23) revised in 1996. All efforts were made to minimize
the number of animals used and their suffering. Male and female mice were compared for
these experiments.

2.2. Neonatal HI brain injury model
We used the Vannucci model adapted for neonatal mice to induce HI in C57B6 mice at
postnatal day (p) 7 (Ditelberg et al., 1996). Mice were exposed to a second brief period of
anesthesia with isofluorane followed by an intracerebroventricular injection of 0.1 μl of 8
μmol nec-1 (Calbiochem-EMD Chemicals Group, Gibbstown, NJ), or vehicle (veh), methyl-
β-cyclodextrin (Sigma, St Louis, MO, USA) 15 min after the end of the hypoxic exposure.
Pups were returned to the dam until they were killed at 24h, 96h and 21days after HI (n = 4–
12 pups/ time/ treatment/ sex) for biochemical analysis. Naive controls were age-matched
littermates not exposed to HI or treatments. Mice were killed with an exposure to 20% (v/v)
mixture of isoflurane in propylene glycol via one drop exposure method (Markovic and
Murasko, 1993) and then decapitated. Brain was microdissected by separating mid-sagittaly
the hemispheres at the level of longitudinal cerebral fissure, separating the cerebellum at the
level of transverse fissure, and isolating the inner portion of the cerebral hemisphere
posterior to the column of the fornix to include thalamus and hypothalamus (diencenphalon)
and above and lateral to the fornix to include hippocampus, striatum and cortex (forebrain).
Tissues were rapidly microdissected and frozen (−80°C).

2.3. Brain BDNF protein and estradiol (E2) levels by ELISA
Brain homogenates were prepared as previously described (Northington et al., 1996) and
protein concentrations determined using the Bradford assay (Bradford, 1976).

BDNF ELISA—BDNF protein levels were measured in ipsilateral forebrain and
diencephalon samples from veh- and nec-1-treated mice (n=4–8 pups/ treatment/ time/ sex)
at 24h, 96h and 21d after HI and in naive age-matched controls. Mouse sandwich ELISA
method was used according to manufacturer’s instructions (Boster Biological Technology
LTD. Fremont, CA). This method has a detection range of 2 to 2000 pg/ml and no reported
cross-reactivity with other neurotrophins. The ELISA plate, pre-coated with anti-mouse
BDNF antibody, was soaked and washed per 3 times with wash buffer T (9 mM Tris, 0.14M
NaCl, 1.6M acetic acid in ddH2O, pH 7.4). Samples were clarified by centrifugation at
10000 × g at 4°C for 2 min and then diluted in a 1:3 ratio using sample diluent buffer
provided by manufacturer. Blank (diluent buffer alone), standards and clarified diluted

Chavez-Valdez et al. Page 3

Neuroscience. Author manuscript; available in PMC 2015 February 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



samples were plated and incubated for 90 min at 37°C followed by exposure to biotinylated
anti-mouse BDNF antibody for 60 min at 37°C. The plate was washed with buffer T and
avidin-biotin- peroxidase complex working solution was applied. Following incubation for
30 min at 37°C, plates were washed 5 times with buffer T. 3,3′,5,5′ Tetramethyl- benzidine
buffer developing agent was added to each well and after 10 min of incubation at 37°C, stop
solution was applied. Plates were read at 450 nm in a microplate reader (Biorad, Hercules,
CA) within 30 min after stop solution was applied and analyzed using a linear regression
model. Data are reported as pg corrected for mg of protein.

Estradiol ELISA—E2 levels were measured in ipsilateral forebrain and diencephalon
samples from veh- and nec-1-treated mice (n=4 pups/ treatment/ sex) at 96h after HI and in
naive age-matched controls. A mouse estradiol colorimetric sandwich ELISA method was
used according to manufacturer’s instructions (Shanghai Sunred Biological Technology Co.,
Ltd. Shanghai, China). This assay has a detection range of 1 to 180 pg/ml and no reported
cross-reactivity. Following clarification of 100 μl of homogenized sample by centrifugation
at 2000 × g for 20 min, 40ul were loaded into the mouse E2 monoclonal antibody pre-coated
wells in duplicate followed by addition of biotinylated antibody against E2 and streptavidin-
HRP to form an immune complex. Following 60 min of incubation at 37°C, and 3 washes
with wash buffer provided by manufacturer, room light was turned off. Chromogen A and B
were loaded into the pre-washed wells, mixed into the orbital shaker at RT for 1min, then
incubated at 37°C for 10 min before applying stop solution. Optical density was measured at
450 nm wave length within 15 min using a Cook’s 4PL curve in a plate reader.

2.4. Determination of gene expression by real time qRT-PCR
Total RNA was extracted from forebrain and diencephalon harvested from mice exposed to
neonatal HI and treatments as described above. PureLink™ RNA mini kit purification
system (Invitrogen, Carlsbad, CA) was used according to manufacturer specifications.
Approximately 1μg of total RNA was used for generation of complementary DNA (cDNA)
using iScript cDNA synthesis kit (BioRad, Hercules, CA). Reverse transcription protocol
included 5 min at 25°C; 30 min at 42°C and 5 min at 85°C. cDNA was then used to amplify
target gene by real time qRT-PCR using 300 nM concentration of specific primers for: i)
BDNF (forward: 5′-TGGCCTAACAATGTTTGCAGAT-3′; reverse: 5′-
CCACTCAGAAATTCCTCCTGCT-3′; GenBank: BE101548; 155-bp PCR product); and ii)
Parvalbumin (forward 5′-CCTCTTCCTTTCCTTGCAAG-3; reverse: 5′-
GGTGTCTGTATCACATTCACCC-3′; GenBank: AC107136.5; 187-bp PCR product). The
amplification protocol included 40 cycles of 30 sec at 95.0 °C, 1 min at 61.0 °C and 30 sec
at 72.0 °C. GADPH (forward: 5′-TTGTCAAGCTCATTTCCTGGTATG-3′; reverse: 5′-
GCCATGTAGGCCATGAGGTC-3′; 76-bp PCR product) and β-actin (forward: 5′-
CCCAACTTGATGTATGAAGG-3′; reverse: 5′-TTGTGTAAGGTAAGGTGTGC-3′; 119-
bp PCR product) were evaluated as housekeeping genes using the BestKeeper approach to
determine stability of gene expression under experimental conditions (Pfaffl et al., 2004) as
previously reported (Chavez-Valdez et al., 2012a). Based on their gene stability, β-actin was
selected as the housekeeping gene for calculations (stability coefficients were 1.2 for β-actin
vs. 2.0 for GAPDH). Fold difference in gene expression was then corrected to β-actin using
the Pfaffl method (Pfaffl, 2001). Melting curves confirmed amplification of single PCR
products. Results were reported as fold change in gene expression relative to expression in
age-matched control mice.

2.5. FL.TrkB, Tc.TrkB, pTrkB, p75ntr, BDNF/ pro-BDNF, parvalbumin, ERα and ERβ protein
expression by western blot

Protein homogenates were prepared in homogenization buffer with phosphatase and
protease inhibitors and 20% (w/v) glycerol. Concentrations were determined using the
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Bradford assay (Bradford, 1976). Twenty-five μg-aliquots of homogenized protein were
diluted 3:1 (v:v) in 4X loading buffer under reducing conditions and loaded into NuPAGE®
Novex® 4–12% Bis-tris Gel (Life Technologies Corporation, Grand Island, NY). Protein
was transferred to nitrocellulose membrane using the iBlot® transferring device (Life
Technologies Corporation), stained with Ponceau S, blocked with 2.5% nonfat dry milk with
0.1% Tween-20 in 50 mM Tris buffered saline (TBST, 50mM Tris/HCl and 150 mM NaCl,
pH 7.4) except for phosphorylated Y817 TrkB (pTrkB; Ab75173, Abcam Inc., Cambridge,
MA), BDNF (Ab108319), parvalbumin (Ab114207) and ERα (Ab32063) which were
blocked in 2.5% BSA. Nitrocellulose blots were incubated overnight at 4°C with primary
antibodies at 1:2000 (parvalbumin), 1:1000 (ERα and ERβ), 1:500 (BDNF and pTrkB) or
1:200 (TrkB and p75ntr). Positive controls were used to ascertain identification of BDNF,
TrkB and p75ntr (see details below). After exposure to each primary antibody, membranes
were washed with TBST, exposed to secondary antibodies for 1h and then developed with
enhanced chemiluminescence using SuperSignal kit (Thermo Scientific, Rockford, IL). To
quantify protein immunoreactivity, films were scanned using Adobe Photoshop (Adobe
Systems Inc., San Jose, CA), and optical density (OD) was determined with NIH Image J
Software (NIH, Bethesda, MD) adjusted for background. The reliability of sample loading
and protein transfer was verified by staining nitrocellulose membranes with Ponceau S and
by β-actin.

2.6. Positive controls and antibodies
Positive controls—Mature BDNF (ab9794; Abcam Inc, Cambridge, MA): 0.1 μg of
human recombinant showing a band at 14 kDa. TrkB (sc-113925; Santa Cruz
Biotechnology, Inc., Santa Cruz, CA): 10 μg of human TrkB transfected 293T cell lysate
showing a band at 145 kDa (FL.TrkB) and at 95 kDa (Tc.TrkB). p75ntr (sc-2237, Santa
Cruz Biotechnology, Inc): 20 μg of human whole neuroepithelioma cell lysate (SK-N-MC
cell lysate) showing a band at ~64kDa.

Antibodies—BDNF (ab108319, Abcam Inc.): rabbit monoclonal antibody raised against
human BDNF synthetic peptide with no cross reactivity with other cytokines detecting
mature BDNF at 14 kDa (under reducing conditions) and the N-glycosylated and sulfated
pro-BDNF at 34kDa (1 μg/ mL). TrkB (sc-136990, Santa Cruz Biotechnology Inc.): mouse
monoclonal antibody raised against amino acids 209–298 of TrkB of human origin detects
the FL.TrkB at ~145 kDa and Tc.TrkB isoform at ~95 kDa (1 μg/ mL) with no cross
reactivity with other Trk receptors. pTrkB: two rabbit polyclonal antibodies were used both
of which were raised against a short amino acid sequence containing phosphorylated Tyr706
(sc-135645, Santa Cruz Biotechnology Inc.) or phosphorylated Tyr816 (ab75173, Abcam
Inc.) of TrkB human origin detecting one band between 95–145 kDa (1 μg/ mL and 0.5 μg/
mL, respectively) with no cross reactivity with other Trk receptors. p75ntr (sc-8317, Santa
Cruz Biotechnology Inc): rabbit polyclonal antibody raised against an epitope corresponding
to amino acids 29 to 165 mapping within the extracellular domain of p75ntr detects a single
band at ~64kDa (1 μg/ mL). Parvalbumin (ab11427, Abcam Inc.): Rabbit polyclonal
antibody raised against purified full length parvalbumin of rat origin detects a band at ~12
kDa (0.5 μg/ mL). ERα (Ab32063, Abcam Inc.): Rabbit monoclonal antibody raised against
synthetic peptide corresponding to residues surrounding Ser104 and Ser106 of human origin
detects a band at 66 kDa (1 μg/ mL). ERβ (Ab16813, Abcam Inc.): Mouse monoclonal
antibody raised against recombinant full length protein of human origin detecting a band at
~53–60 kDa (1 μg/ mL) with no cross reactivity with ERα.

2.7. Statistics
For analysis of multiple groups normally distributed, ANOVA was applied with post-hoc
pair analysis using Tukey’s test. Those results were reported as mean ± SEM and
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represented as bar graphs. Gene expression data were not normally distributed, hence non-
parametric analysis was applied (Mann-Whitney U test). Fold-change in BDNF and
parvalbumin gene expression relative to age-matched naive control were represented as box
and whisker plot, where the box was limited by the 25th and 75th percentiles and the solid
line represented the median. Pearson product-moment correlation and calculation of a
coefficient of determination (R2) were used to determine the relationship between BDNF
and estrogen receptors. Significance was assigned by p ≤ 0.05 in all cases. Analysis was
performed using IBM SPSS Statistics 18.0 software (IBM Corporation, Armonk, NY).

3. RESULTS
3.1. Changes in overall BDNF levels in forebrain and diencephalon after HI and nec-1
treatment

In forebrain, BDNF protein levels increased by 3.6-fold at 24h after HI (p < 0.001, veh-
treated vs. age-matched naive controls; Fig. 1A). This BDNF increase was followed by a
decline at 96h after HI by 75% (p=0.005 vs. 24h after HI) and by 20% (p=0.05 vs. age-
matched naive controls). Nec-1 treatment did not alter the increase in BDNF levels seen at
24h after HI (Fig. 1A). However, at 96h after HI, mice treated with nec-1 had 45%
(p<0.001, vs. age-matched naive controls) and 83% (p<0.001, vs. veh-treated HI mice)
higher levels of BDNF (ANOVA, p<0.001). Twenty one days after HI, veh-treated mice had
11% (p=0.05) higher BDNF levels than naive age-matched controls, while nec-1-treated HI
mice were not different from either naive controls or veh-treated HI mice (ANOVA, p=
0.03; Fig. 1A).

Basal expression of BDNF was higher in the diencephalon than in the forebrain, e.g. 24h
after HI, forebrain: [Mean ± SD] 160.73 ± 39.5 pg/ mg of protein; diencephalon: 337.23
±108.5 pg/mg (p=0.01). However, in response to HI, BDNF protein level in diencephalon
did not increased by 24h after HI in mice treated with either veh or nec-1 (Fig. 1B).
Conversely, at 96h after HI, only nec-1-treated mice had 49% and 45% higher BDNF levels
than naive controls (p=0.04) and veh-treated HI mice (p=0.04), respectively (ANOVA,
p=0.03). No differences in BDNF expression in the diencephalon were found between
groups by 21 days after HI.

3.2. Sex differences in BDNF gene expression following HI and nec-1 treatment
Sex differences were first evaluated at the gene level. At 24h after HI, BDNF gene
expression was not altered in either forebrain or diencephalon of male or female mice
suggesting that acute post-transcriptional events caused the increased in BDNF protein
levels in the forebrain after HI injury (Data not shown). At 96h after HI, sex-specific
changes in BDNF gene expression were observed in the forebrain. BDNF gene expression in
forebrain was downregulated at 96h after HI in veh-treated male (by 35%, p=0.04) and
female mice (by 33%, p=0.001) compared to age-matched naive controls (Fig. 1C).
However, only in male mice, nec-1 treatment after HI prevented BDNF gene
downregulation in the forebrain (Fig 1C) and resulted in BDNF gene upregulation (12.5-
fold, p=0.001 vs. age-matched naive controls) in diencephalon (Fig. 1D). By 21 days after
HI, BDNF gene expression in veh-treated mice recovered to control levels in the forebrain
(Fig. 1E) and diencephalon (Fig. 1F). Conversely, BDNF gene expression in nec-1-treated
mice at 21 days after HI was upregulated in both, forebrain (2.1-fold in males, p=0.04; and
3.5-fold in females, p=0.004; Fig. 1E) and diencephalon (4.2-fold in males, p=0.001; and
4.6-fold in female, p=0.006; Fig. 1F) compared to age-matched naive controls.

No sex-differences were identified in the increase of BDNF protein levels in the forebrain at
24h after HI in either veh or nec-1 treated mice (data not shown). Similarly, no sex
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differences were identified in the decline of BDNF levels in veh-treated mice (by 25%
[male], p= 0.05 vs. naive; by 22% [female], p=0.003 vs. naive), and the preservation of
BDNF with nec-1-treatment (p<0.001 vs. veh-treated mice; ANOVA p<0.001 in both sexes,
n= 4–8 / sex / group, Fig. 2A) in the forebrain at 96h after HI. Conversely, sexual
dimorphism characterized the BDNF response at 24h and 96h after HI in diencephalon of
nec-1 treated mice. In diencephalon, male mice treated with nec-1 had a 41% higher BDNF
level than female mice at 24h after HI (p=0.01; data not shown), a difference that persisted
at 96h after HI (34%, p=0.03, Fig 2B). However, it was only at 96h after HI, that nec-1
treated male mice had significantly higher BDNF levels in the diencephalon than age-
matched naive controls (42%, p=0.02) and veh-treated male mice (60%, p=0.009, Fig 2B)
matching the gene expression data shown above (Fig. 1D). Thus, BDNF levels were
preserved locally and remotely in nec-1 treated male mice after HI, while in female mice
there was only local preservation (forebrain, Fig. 2A vs. diencephalon, Fig. 2B) in response
to nec-1 after HI. We further confirmed, using western blot, that these differences in BDNF
levels corresponded to changes in mature BDNF (14 kDa) rather than pro-BDNF (34 kDa).
The levels of pro-BDNF were similar in all treatment groups and in forebrain and
diencephalon of male and female mice at 96h after HI (n=4/ treatment/ sex/ region, Fig 2C).

3.3. Sex differences in expression/ activation of BDNF receptors following HI and nec-1
treatment

Phosphorylated TrkB: TrkB receptor ratios, Tc.TrkB isoforms, and p75ntr levels were
calculated/ measured to determine if changes in mature BDNF levels (Fig 2A, 2B and 2C)
caused alterations in receptor activation or expression. At 24h after HI, pTrkB: TrkB ratios
were similar between treatment groups and sexes in both forebrain and diencephalon (data
not shown). This suggested that the early increase in BDNF levels in forebrain at 24h after
HI was not linked to enhanced trophic support in either veh or nec-1 treated mice of either
sex. Conversely, at 96h after HI, forebrain of nec-1 treated mice had 4.3-fold (p=0.004
[male]) and 2.2-fold (p=0.04 [female]) higher levels of TrkB phosphorylation than naive
controls; which resulted in higher pTrkB: TrkB ratios (3.4-fold [male], p=0.004; 2.4-fold
[female], p=0.03 vs. naive controls; Fig. 2D). In diencephalon, veh-treated HI mice had 48%
(male, p=0.005) and 37% (female, p=0.03) lower pTrkB: TrkB ratios than naive controls
(Fig. 2E), which matched the decreased BDNF levels in the forebrain (Fig.2A). Only male
mice treated with nec-1 had increased pTrkB protein levels (34%, p< 0.001 vs. age-matched
naive controls; 50%, p<0.001 vs. veh-treated HI mice) in diencephalon, which resulted in a
pTrkB: TrkB ratio similar to naive mice and 52% higher than veh-treated HI mice (p=0.009,
Fig 2E). The local (forebrain) increase in BDNF levels (Fig. 2A) and TrkB activation (Fig.
2D) at 96h after HI in nec-1 treated mice was matched by remote (diencephalon) TrkB
activation only in male mice (Fig. 2E).

At 24h after HI, Tc.TrkB isoforms and p75ntr levels were not changed in either male or
female mice in forebrain or diencephalon regardless of treatment (data not shown). At 96h
after HI, only female veh-treated HI mice had higher Tc.TrkB protein levels than age-
matched naive controls in forebrain (2.4-fold, p=0.04, Fig. 2F) and diencephalon (2.5-fold,
p=0.04, Fig.2G). These increases in Tc.TrkB were prevented by nec-1 treatment. Similarly,
at 96h after HI, veh-treated female HI mice had a modest increase in p75ntr levels in
forebrain (27%, p=0.05 vs. age-matched naive control, Fig. 2H) and a more significant
increase in diencephalon (~2.8-fold, p=0.015 vs. age-matched naive control, Fig 2I). Nec-1
treatment did not prevent the increase in p75ntr in forebrain at 96h after HI but it did in
diencephalon. By 21 days after HI, there were no changes in pTrkB: TrkB receptor ratios,
Tc.TrkB isoforms, or levels of p75ntr.
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3.4. Changes in E2 and ERs following neonatal HI and nec-1 treatment
17-β-estrogen (estradiol, E2) binds to ERs which then translocate to the nucleus and
upregulate BDNF expression via binding to the ERE-like sequence in the BDNF gene
promoter (Blurton-Jones et al., 2004). Thus, E2 levels and ERα and ERβ protein levels were
measured and then correlated with BDNF levels. At 96h after HI, E2 levels were similar in
male and female mice forebrain (Fig. 3A) and diencephalon (Fig. 3B) regardless of the
treatment (veh- or nec-1) or HI. Similarly, ERα and ERβ protein levels were also similar in
diencephalon in all groups (Fig. 3C and 3D) with the exception of male mice treated with
nec-1 which had a 29% and 19% higher ERα protein level than age-matched naive control
(p=0.003) and veh-treated HI mice (p=0.02), respectively (ANOVA, p=0.003; n=5/
treatment/ sex). However, ERα changes were not directly correlated with mature BDNF
levels in either male or female mice (Fig. 3F). Because the relative expression of receptor
subtypes influences the final effect of hormones and only ERα is known to co-localize with
BDNF in the rodent brain (Blurton-Jones et al., 2004), we evaluated the expression of ERα
relative to ERβ. Unlike female mice, male mice treated with nec-1 after HI had 89% and
75% higher ERα: ERβ ratio than age-matched naive controls (p=0.02) and veh-treated male
HI mice (p=0.03), respectively (ANOVA [male] p=0.01; Fig. 3E). Furthermore, ERα: ERβ
ratio in the diencephalon directly correlated with their respective BDNF levels in male mice
(R2 = 0.76, p<0.001; Fig. 3G).

3.5. Parvalbumin levels in diencephalon of mice treated with nec-1 after HI
Following neonatal HI, glutamate excitotoxicity can be attenuated by activation of the
GABA system which is a suggested mechanism for topiramate-mediated neuroprotection
(Schubert et al., 2005). Because BDNF allows maturation of GABAergic circuits (Amateau
et al., 2004) promoting differentiation of GABAergic interneurons and increasing vesicular
GABA transporter expression (Berghuis et al., 2004), we evaluated parvalbumin as a
surrogate for GABAergic inhibitory circuits, in the diencephalon, the region showing sexual
dimorphism in BDNF levels in response to nec-1 treatment after HI. At 96h after HI,
parvalbumin gene expression did not change in diencephalon of either males or females veh-
treated HI mice (vs. age-matched naive control; Fig 4A). However, male mice treated with
nec-1 after HI had a 3.7-fold (p=0.001 vs. age-matched naive control) upregulation in
parvalbumin gene expression (n=6/ treatment/ sex) and > 40% (p=0.04 vs. age-matched
naive control, and p=0.03 vs. veh-treated HI mice) increase in parvalbumin protein levels
(ANOVA, p= 0.02; n=5/ treatment/ sex; Fig. 4B). Parvalbumin mRNA and protein levels
remained unchanged in female mice after HI regardless of treatment.

4. DISCUSSION
The most important findings of the present study are that following neonatal HI, brain
BDNF signaling is altered in regional and sex-specific manner (Fig 5). BDNF protein levels
in the forebrain, but not in diencephalon, are increased by 24h after HI, followed by a
decline by 96h and a recovery to basal levels by 21 days after HI in both male and female
mice. However, only in female mice, HI also increases p75ntr and Tc.TrkB in both forebrain
and diencephalon. Other differences in BDNF signaling between sexes appear in response to
treatment with nec-1 after HI. Male mice treated with nec-1 have preserved BDNF mRNA
and protein levels at 96h after HI in forebrain and diencephalon, and increased TrkB
activation (pTrkB: TrkB ratio) without changes in Tc.TrkB and p75ntr levels. In contrast in
female mice treatment with nec-1 after HI increases BDNF levels and TrkB activation at
96h only in forebrain and prevents the increases in Tc.TrkB and p75ntr levels in forebrain
and diencephalon. Although the mechanism is unclear, changes in BDNF expression in
diencephalon directly correlate with the relative predominance of ERα over ERβ. Our
current findings showing preservation of BDNF levels and TrkB activation in forebrain and
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diencephalon in male mice, but only in forebrain in female mice after HI, suggest
preservation of connectivity between these two regions in male but not in female mice.
Alternatively, these findings may represent an off target effect of nec-1 in the different brain
regions. This is the first report describing sex-specific changes in BDNF signaling following
neonatal HI and a neuroprotectant.

4.1. Patterns of BDNF response following neonatal HI and nec-1 treatment
Although studies in whole brain homogenates following neonatal HI show an early increase
in BDNF protein levels in rat models (Wang et al., 2013), BDNF responses appear to be
regionally specific. An increase in BDNF levels occurs in cortex and striatum but not in
hippocampus at 24h after neonatal HI in rats (Jantzie and Todd, 2010). In the present work,
BDNF response to neonatal HI is biphasic only in the forebrain, with an early increase (24h
after HI) followed by a delayed decrease (96h after HI). The early post-transcriptional
BDNF increase (24h after HI) in forebrain is a marker of acute injury which is followed by
later transcriptional decline in BDNF expression (96h after HI). The decrease in BDNF
levels by 96h after HI only in forebrain may represent the significantly greater extent of
injury in cortex and hippocampus compared to thalamus after HI (Northington et al., 2011,
and fig. 6). These regional BDNF levels in response to HI are similar in male and female
mice and they are followed by a “recovery” to and above age-matched naive control levels
by 21 days after HI, which temporally coincides with an increase in neurogenesis and
neuronal migration reported in rodent models starting at 2 weeks after neonatal HI (Yang et
al., 2007).

The effects of neuroprotective treatments on endogenous BDNF responses have not been
reported following neonatal HI until now. We found that nec-1 treatment following neonatal
HI, like hypothermia following adult ischemia (D’Cruz et al., 2002), preserves BDNF levels
by 96h after HI in the forebrain of male and female mice, but in the diencephalon of only
male mice. Nec-1 provides histological protection by 96h after HI in cortex (Northington et
al., 2011) and thalamus only in male mice, but protects hippocampus in both male and
female mice (post-hoc analysis shown in fig. 6). Thus, the sexual differences in BDNF
levels in response to nec-1 may be the consequence of a more robust protection of male
mice in cortex and thalamus and perhaps it is a marker of preserved connectivity and BDNF
trafficking between these two regions (Karpova, 2013) in males. However, the lack of
sexual differences in BDNF preservation in forebrain in response to nec-1 after HI, may also
represent the equal hippocampal neuroprotection afforded by the treatment in both sexes
(Fig. 6A). Therefore, the preservation of BDNF levels may be either a consequence of the
degree of neuroprotection as described above or, alternatively, an off target direct effect of
nec-1 in the BDNF system in the different brain regions. Regardless of the sequence of
events, the delayed preservation of BDNF levels seen with nec-1 treatment at 96h after HI in
forebrain and diencephalon of male mice, may have come at an appropriate developmental
and post-injury time to support sex preferential repair and later recovery (Northington et al.,
2011, Chavez-Valdez et al., 2012a)

The mechanisms behind this male-preferential BDNF response to nec-1 after neonatal HI
remain unclear. Because BDNF gene promoter contains a sequence similar to the canonical
estrogen response element (Sohrabji et al., 1995), E2 via the estrogen receptor, particularly
ERα, may enhance BDNF expression (Blurton-Jones et al., 2004). Here, we show that E2
levels are similar in male and female mice forebrain and diencephalon at 96h after HI
regardless of treatment and although ERα protein levels are slightly higher in male mice
treated with nec-1 after HI, there is no significant correlation between ERα protein levels
and BDNF levels. However, the relative expression of ERα (vs. ERβ) is significantly higher
in male mice treated with nec-1 after HI (vs. veh-treated HI mice) and this ratio strongly and
directly correlates with BDNF levels in the diencephalon. This correlation suggests that
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there is a biological significance in the relative predominance of ERα over ERβ, which may
explain changes in BDNF despite unchanged E2 levels.

4.2. BDNF receptor response following neonatal HI and nec-1 treatment
BDNF exerts biological effects via its binding to the high-affinity surface receptor, TrkB,
and the low-affinity receptor, p75ntr; both of which are highly expressed in the developing
rodent brain (Masana et al., 1993, Altar et al., 1994, Lush et al., 2005, Yang et al., 2009).
Following binding of BDNF to FL.TrkB, autophosphorylation of the tyrosine kinase domain
ensues with downstream signaling that supports neuronal survival and plasticity (Dubus et
al., 2000, Luberg et al., 2010). Other TrkB receptor isoforms lacking the tyrosine kinase
domain (Tc.TrkB) trigger BDNF sequestration in astrocytes and decrease bio-availability
(Altar et al., 1994). The balance between TrkB receptor isoforms may explain the
paradoxically enhanced neuronal necrosis caused by exposure to high concentrations of
BDNF (Gwag et al., 1995, Koh et al., 1995, Kim et al., 2003) with secondary
downregulation of FL.TrkB receptor (Frank et al., 1996, Knusel et al., 1997, Goutan et al.,
1998), and upregulation of Tc.TrkB isoforms (Klein et al., 1990, Biffo et al., 1995, Goutan
et al., 1998, Alderson et al., 2000). Although nec-1 supports preservation of BDNF
expression in the forebrain (Fig. 2A) 96h after HI; it does not produce downregulation of
FL.TrkB receptor or upregulation of Tc.TrkB in male mice. Instead, nec-1 treated male mice
show increased TrkB phosphorylation in the forebrain (Fig. 2D) and diencephalon (Fig. 2E)
96h after HI. The lack of TrkB phosphorylation in the diencephalon of female mice may
suggests sub-optimal preservation of connectivity with forebrain (Lotto et al., 2001) or
response to low levels of locally produced BDNF.

P75ntr signaling is linked to: i) cell survival when interacting with highly expressed
FL.TrkB receptors to induce autophosphorylation (Hantzopoulos et al., 1994, Bibel et al.,
1999, Khursigara et al., 2001), or ii) caspase-dependent cell death when combined with
decreasing levels or activation of FL.TrkB (Chao, 1994, Koh et al., 1995, Majdan et al.,
1997). NMDA-mediated excitotoxicity, like neonatal HI, increases p75ntr levels and
activates caspase-3, while genetic deletion of p75ntr prevents caspase activation (Griesmaier
et al., 2010). The present experiments demonstrate that only in female mice p75ntr is
increased in forebrain and diencephalon after neonatal HI. The combination of decreased
TrkB receptor activation and increased p75ntr expression in forebrain and diencephalon of
female mice matches the greater proclivity to caspase-dependent cell death described in
females in response to neonatal HI (Hagberg et al., 2004, Zhu et al., 2006, Chavez-Valdez et
al., 2012b). Thus, the predominance of caspase-mediated cell death over necrosis after HI in
female mice, may explain the milder and more variable cortical (Northington et al., 2011),
hippocampal and thalamic (Fig. 6) injuries seen in female mice at 96h after HI. Nec-1
prevents the increase in Tc.TrkB in both forebrain and diencephalon and the increase in
p75ntr in diencephalon of female mice, substantially altering the overall balance of receptor
subtypes responsive to BDNF. In the histology (Fig.6 and Northington et al., 2011), female
mice are not protected by nec-1 after HI in cortex or thalamus; however, the mean percent
injury with nec-1 treatment after HI is similar in both sexes. The lack of significant
neuroprotection with nec-1 in female mice after HI is explained by their greater injury
variability in the different regions at baseline, thus the changes in p75ntr and Tc.TrkB with
nec-1 treatment may still provide protection after HI, even if not linked to increased
activation of TrkB receptor in the diencephalon of female mice.

4.3. BDNF and parvalbumin expression
BDNF influences the development of both, excitatory (i.e. glutamate) and inhibitory (i.e.
GABA) circuits promoting synaptic plasticity (Elmariah et al., 2005, Matsumoto et al.,
2006, Laudes et al., 2012). In cultured fast-spiking GABAergic interneurons, BDNF
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promotes differentiation and increases vesicular GABA transporter expression (Berghuis et
al., 2004). In our experiments the levels of parvalbumin, a calcium binding protein that is
highly expressed in GABAergic inhibitory interneurons (Destexhe et al., 1998), mirror the
increase in BDNF protein level in nec-1 treated male mice after HI suggesting that the
increase in parvalbumin expression may be a consequence of the preservation of BDNF.
Additionally, because functional potentiation of GABA receptors using propofol increases
BDNF in cortex and hippocampus (Ponten et al., 2011), it is possible that the increase in
parvalbumin in the diencephalon found in male mice treated with nec-1 provides additional
influence to preserve BDNF expression and signaling.

4.4. Conclusions
Conflicting results following exogenous BDNF treatment in models of neonatal HI are
likely due to limited understanding of the sex differences in BDNF signaling responses after
brain injury. The present results provide a framework to better understand the dynamic
changes occurring in BDNF signaling pathway on a regional and sex basis and how these
changes might be modulated to improve neuroprotection (Fig 5). The increases in BDNF
immediately after HI, may or may not have acute biological effect and it may simply serve
as a marker of injury. The decline in BDNF levels in forebrain and TrkB activation in
diencephalon in male and female mice by 96h after HI suggest decrease distal BDNF
trafficking. The increase in p75ntr and Tc.TrkB levels only in female mice after HI suggest
differences in the mechanism of cell death between sexes which explain the lesser degree of
injury seen in female mice after HI. The first event modifiable by nec-1 treatment is the
preservation of BDNF expression 96h after HI which occurs only in male mice in both
forebrain and diencephalon and matches the significant neuroprotection in cortex and
thalamus. Using nec-1 treatment as a tool to modulate BDNF signaling after HI, we
speculate that delayed treatment with BDNF or BDNF supportive therapies may work to
initiate repair and recovery differently in males and females. Other effects of nec-1
treatment after HI appear to prevent the increase levels of receptors known to signal for cell
death (Tc.TrkB and p75ntr) in female mice, suggesting that nec-1 may also provide a certain
degree of protection to females. The mechanisms behind the effects of nec-1 in BDNF
signaling are unknown. We may only speculate that alterations in the relative expression of
ER with predominance of ERα over ERβ may be involved. Our results add to the body of
literature showing the importance of the evaluation of sex differences when testing potential
treatments for neonatal brain injury
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IQR interquartile range

nec-1 necrostatin-1

p postnatal day

p75ntr p75 neurotrophic receptor

pTrkB phosphorylated TrkB

qRT-PCR quantitative reverse transcriptase PCR

Tc.TrkB truncated TrkB

TrkB tyrosine-related kinase B

veh vehicle
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HIGHLIGHTS

• In both sexes, neonatal HI acutely increases BDNF levels in forebrain but not
diencephalon.

• In both sexes, HI decreases BDNF in forebrain and TrkB activation in
diencephalon.

• Only in female mice, neonatal HI increases p75ntr and truncated TrkB levels.

• Only in male mice, nec-1 preserves BDNF levels and TrkB activation.

• BDNF changes directly correlate with estrogen receptor α: β ratio.
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Figure 1.
Early increase in BDNF protein levels in forebrain after neonatal HI is followed by a
delayed decrease and late recovery. Nec-1 prevents the decrease in BDNF levels in forebrain
while increases levels in diencephalon at 96h after HI. BDNF gene expression demonstrates
a sex-specific-response. BDNF protein levels are presented in bar graphs (pg/mg of protein)
in forebrain (A) and diencephalon (B) at 24h, 96h and 21 days after HI. Bars represent the
mean ± SEM measured in naive control (white), vehicle (light grey) and nec-1 (dark grey)
treated mice. ‡, p ≤ 0.05, one-way ANOVA. p < 0.05 (Tukey’s post-hoc); *, vs. naive
control; †, vs. vehicle; n= 8–14 mice/ treatment/ time. Fold-change in gene expression (vs.
naive age-matched controls) is shown as box-and-whisker plot, with boxes representing
interquartile range (IQR) and median (solid line in boxes) for male (solid color, M) and
female (hashed color, F) mice forebrain (C, E) and diencephalon (D,F) at 96h and 21 days
after neonatal HI, respectively. Reference (discontinued) line sitting at 1 represents BDNF
gene expression in naive age-matched control mice. *, p< 0.05 (Mann Whitney U test vs.
naive, n=7–8/ mice/ treatment/ time/ sex).

Chavez-Valdez et al. Page 18

Neuroscience. Author manuscript; available in PMC 2015 February 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Nec-1 prevents BDNF delayed decrease in forebrain while increasing levels in diencephalon
of male mice after HI along with greater TrkB receptor activation. Bar graphs showing
BDNF levels (pg/mg of protein) stratified by sex in forebrain (A) and diencephalon (B) at
96h after HI. Representative blots showing a single band for pro-BDNF (34 kDa) and
mature BDNF (14kDa) in forebrain and diencephalon are shown (C). BDNF receptors for
forebrain and diencephalon are also shown: phospho-TrkB (pTrkB): TrkB ratio (145 kDa)
(D, E); truncated TrkB (Tc.TrkB, 95kDa) (F, G); and p75ntr (64 kDa) (H, I). Bars represent
the mean ± SEM measured in naive control (white), vehicle (light grey) and nec-1 (dark
grey) treated male (solid color, M) and female (hashed color, F) mice. ‡, p ≤ 0.05, one-way
ANOVA (M, male; F, female). p < 0.05 (Tukey’s post-hoc); *, vs. naive control; †, vs.
vehicle; n= 4–8 mice/ treatment/ time/ sex.
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Figure 3.
Estradiol (E2) and estrogen receptor (ER) α and β levels in forebrain and diencephalon are
unchanged at 96h after neonatal HI. Only in male mice, nec-1 is linked to higher ERα: ERβ
ratio which correlates with BDNF levels. Bar graphs show: E2 levels (ng/ g protein) in
forebrain (A) and diencephalon (B) and ERα (C), ERβ (D) and ERα: ERβ ratio (E) adj. for
β-actin in diencephalon for male (solid color, M) and female (hashed color, F) at 96h after
neonatal HI. ‡, p ≤ 0.05 (one-way ANOVA). p < 0.05 (Tukey’s post-hoc); *, vs. naive age-
matched control; †, vs. vehicle; n= 5 mice/ treatment/ sex. Representative blots for ERα and
ERβ with bands at 66kDa and 59 kDa, respectively, are shown for male and female mice.
Scatterplot of ERα (F) or ERα: ERβ ratio (G) (x-axis) vs. BDNF (y-axis) protein levels in
diencephalon of male (closed circles/ continuous line) and female (open circles/
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discontinuous line) mice at 96h after HI. Best fitted line by linear regression including
constant in equation, p-value by Pearson product-moment correlation and coefficient of
determination (R2) calculation are shown (n=5 mice/ treatment/ sex).
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Figure 4.
Fold-change in parvalbumin gene expression (vs. naive) is shown as box-and-whisker plot,
with boxes representing interquartile range (IQR) and median (solid line in boxes) for male
(solid color, M) and female (hashed color, F) mice diencephalon (A) at 96h after neonatal
HI. Reference (discontinued) line sitting at 1 represents parvalbumin gene expression in
naive age-matched control mice. *, p< 0.05 (Mann Whitney U test vs. naive, n=6 mice/
treatment/ sex). Bar graphs showing parvalbumin protein levels (adjusted for b-actin) in
diencephalon in male (B) and female (C) mice at 96h after HI. ‡, p ≤ 0.05, one-way
ANOVA. p < 0.05 (Tukey’s post-hoc); *, vs. naive control; †, vs. vehicle; n= 4–6 mice/
treatment/ sex. Representative blots show parvalbumin (PAV, 12 kDa) and loading control.
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Figure 5.
Changes in BDNF signaling by 96h after HI differ by sex. In both, male (A) and female (B)
mice, neonatal HI decreases BDNF levels in forebrain (1) and perhaps by disturbing
essential remote trafficking (2), decreases TrkB activation at the diencephalon (3). However,
only in female mice, HI also increases p75ntr and truncated TrkB in both forebrain and
diencephalon (4), which provides another biochemical mechanism for the known proclivity
to caspase-dependent cell death observed in females (vs. males) following neonatal HI
(Hagberg et al., 2004, Zhu et al., 2006). Treatment with the neuroprotectant, nec-1, soon
after neonatal HI, reverse the BDNF decline in forebrain in both sexes (5); but only in male
mice, nec-1 also preserves TrkB activation at the diencephalon (6). We speculate that this
male-specific recovery/ preservation of remote receptor activation with nec-1 is an evidence
of a preferential protection of connectivity (6). Furthermore, nec-1, indirectly or directly
may also facilitate other protective events in the diencephalon of male mice after HI, such as
the increase in levels of parvalbumin (PAV, marker of GABAergic neurons) and BDNF (7).
The increase in TrkB activation in the forebrain of mice treated with nec- 1 may be
explained by both the remote influence by BDNF from the diencephalon (exclusively in
male mice) as well as local autocrine influence (in both sexes) (8). Nec-1 prevents pro-cell
death changes such as the increases in truncated TrkB and p75ntr in female mice (9).
Altogether, these findings provide evidence of a sex differential BDNF response to HI and
nec-1 treatment.
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Figure 6.
At 96h after HI, nec-1 treated mice have less percent injury than vehicle treated mice in
hippocampus (A) of both, male and female mice, and in thalamus (B) of only male mice.
Thalamic injury was significantly greater in male than female mice by 96h after HI. Details
for methods and results for cortex are reported elsewhere (Northington et al., 2011). Data
shown as box-and-whisker plot, with boxes representing interquartile range (IQR, 25th to
75th percentile) and showing median (solid line in boxes) for male (white boxes) and female
(grey boxes) mice at 96h after neonatal HI. *, p< 0.05 (Mann Whitney U test vs. naive, n=3–
7/ mice/ treatment/ sex).
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