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Abstract

The brain of diving mammals tolerates low oxygen conditions better than the brain of most

terrestrial mammals. Previously, it has been demonstrated that the neurons in brain slices

of the hooded seal (Cystophora cristata) withstand hypoxia longer than those of mouse,

and also tolerate reduced glucose supply and high lactate concentrations. This tolerance

appears to be accompanied by a shift in the oxidative energy metabolism to the astrocytes

in the seal while in terrestrial mammals the aerobic energy production mainly takes place in

neurons. Here, we used RNA-Seq to compare the effect of hypoxia and reoxygenation in

vitro on brain slices from the visual cortex of hooded seals. We saw no general reduction of

gene expression, suggesting that the response to hypoxia and reoxygenation is an actively

regulated process. The treatments caused the preferential upregulation of genes related to

inflammation, as found before e.g. in stroke studies using mammalian models. Gene ontol-

ogy and KEGG pathway analyses showed a downregulation of genes involved in ion trans-

port and other neuronal processes, indicative for a neuronal shutdown in response to a

shortage of O2 supply. These differences may be interpreted in terms of an energy saving

strategy in the seal’s brain. We specifically analyzed the regulation of genes involved in

energy metabolism. Hypoxia and reoxygenation caused a similar response, with upregula-

tion of genes involved in glucose metabolism and downregulation of the components of the

pyruvate dehydrogenase complex. We also observed upregulation of the monocarboxylate

transporter Mct4, suggesting increased lactate efflux. Together, these data indicate that the

seal brain responds to the hypoxic challenge by a relative increase in the anaerobic energy

metabolism.
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Introduction

Due to the energy-demanding neuronal processes, the mammalian brain consumes a large

fraction of the inhaled oxygen. Its strong oxygen-dependence makes this organ particularly

sensitive towards hypoxia. In humans and most other mammals, a reduction of the oxygen

supply severely impairs brain function, and prolonged hypoxia usually causes irreversible

damage to the brain, for example after an ischaemic stroke, but also in other neuronal diseases

[1–6]. Neurons are particularly sensitive to a shortage of oxygen due to their reliance on con-

tinuous production of metabolic energy. Reduced ATP levels eventually cause depolarization

of the cell and release of excitatory neurotransmitters, which enhance Ca2+ influx mediated

through the NMDA receptor [1, 7]. The increased cellular Ca2+ level induces processes among

others leading to programmed cell death and enhances the inflammatory response, eventually

causing irreversible brain damage. When oxygen supply is restored, additional brain damage

is caused by the enhanced formation of harmful reactive oxygen species (ROS) [8].

While the brain of terrestrial mammals is usually very susceptible to hypoxia and reoxygen-

ation, the brain of diving mammals (i.e. whales and seals) survives even extended hypoxic peri-

ods without detectable damage [5, 9–12]. Although the blood flow to hypoxia-sensitive tissues

like the brain is essentially maintained during the dives [13, 14], the arterial oxygen partial

pressure in the blood drops dramatically [9, 13, 15, 16] to an extent that would cause loss of

consciousness in humans [17]. Paradoxically, many diving mammals are active hunters that

require an active brain at low O2 conditions. A variety of behavioral, anatomical and physio-

logical adaptations have evolved in seals and whales that support the brain to survive repeated

breath-hold dives without detectable damage [5, 10–12, 18–22].

Still, little is known about the molecular mechanisms that contribute to the adaptation of

the brain to diving. The best-studied example is the hooded seal (Cystophora cristata), which

displays a remarkable diving capacity: Their maximum dive duration approaches 1 h while the

maximum depth exceeds 1,000 m [23]. In vitro electrophysiological studies using brain slices

from hooded seals demonstrated that their neurons remained much longer active under severe

hypoxia than those from mice, in that they persisted for up to 1 h while the mouse neurons

died after few minutes [24, 25]. Further, in vitro studies showed that the neurons in the brain

of the hooded seal are also more tolerant towards low glucose and high lactate levels, under

normoxia as well as under hypoxia [26]. The hypoxia tolerance of the neurons of the hooded

seal brain is accompanied by the unusual localization of neuroglobin, cytochrome c and lactate

dehydrogenase b in the astrocytes rather than the neurons [27–29], which indicates a higher

aerobic capacity of glia cells and thus a lower dependence of neurons on O2. A recent compar-

ative transcriptome approach suggested a lower aerobic energy metabolism in the seal brain

compared to that of the ferret (Mustela putorius furo) and indicated that the stress-proteins

clusterin and S100B may contribute to the hypoxia tolerance of the brain of diving mammals

[30].

There are, however, still gaps in our knowledge on how the energy metabolism in the brain

of diving mammals copes with the imbalance between oxygen demand and supply. An up to

3˚C decrease in cerebral temperature occurs in a diving hooded seal, probably facilitating

hypometabolism and reduced consumption of metabolic energy [31, 32]. On the cellular level,

a reduced neuronal activity, which was observed in hooded seal neocortex slices in response to

hypoxia, may represent an additional functional strategy to save energy [12, 26]. Under low

oxygen conditions, the hooded seal brain may additionally profit from a higher relative contri-

bution of anaerobic glycolysis to ATP production [9, 33]. This suggestion was reinforced by

the observations that the hooded seal brain has higher glycogen stores and neuronal lactate tol-

erance than the mouse brain [26]. However, and apparently in contradiction to this, previous
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studies on the expression of glycogen phosphatase b (Pygb) and lactate dehydrogenase a and b

(Ldha and Ldhb) failed to provide support for a higher anaerobic capacity of the seal brain [26,

29].

Here, we have employed RNA-Seq to study the response of the transcriptome of slices from

the visual cortex of the hooded seal to hypoxia and reoxygenation. The electrophysiological

responses of the brain slices had been investigated before [24, 26]. To better understand the

molecular mechanisms that underlie the astonishing hypoxia-tolerance of the seal brain [24,

26], we analyzed the pathways and gene ontology of significantly regulated genes and the dif-

ferential expression of transcripts coding for enzymes (isoenzymes and subunits) of selected

pathways of the energy metabolism.

Materials and Methods

Ethics statement

Hooded seals (N = 3; female, 1.5–2.5 years) were captured in the pack ice of the Greenland Sea

with appropriate permits from Danish and Greenland Authorities, and from the National Ani-

mal Research Authority of Norway (NARA; permits no. 5399 and 7247). Animals were han-

dled according to the EU Directive 63 (see Directive 2010/63/EU Annex IV, point 1a), using a

procedure that was approved by the NARA (permits no. 5399 and 7247) and by the authorities

at the University of Tromsø (permit numbers: AAB/06). To minimize the use of animals, the

tissues were employed in multiple studies [26, 29, 30, 34].

Sample preparation

Seals were euthanized under deep gas anesthesia (ventilation with 1.5–3% isoflurane [Forene,

Abbott, Germany] in air) after initial sedation (intramuscular or intravenous injection of 1.5–

3.0 mg zolazepam/tiletamine [Zoletil Forte Vet, Virbac S.A., France] per kg of body mass) fol-

lowed by intubation. After bleeding and subsequent decapitation, the brains of seals were

removed and immediately placed in cooled (4˚C) artificial cerebrospinal fluid (aCSF; 128 mM

NaCl, 3 mM KCl, 1.5 mM CaCl2, 1 mM MgCl2, 24 mM NaHCO3, 0.5 mM NaH2PO4, 20 mM

sucrose, 10 mM D-glucose) saturated with 95% O2−5% CO2 (normoxia).

Preparation of brain slices and hypoxia treatment

Samples of the visual cortex were fixed with a supporting agar block to the stage of a Leica

vibroslicer (VT1000s or VT1200s). Slices (400 μm thick) from the neocortex were cut and

transferred into oxygenated aCSF at room temperature for at least 30 min for recovery. The

slices were adjusted to 34±0.5˚C for at least 20 min. Hypoxia was maintained for 60 min after

switching the gas supply to 95% N2−5% CO2. Slices that serve as "hypoxia" samples were then

preserved in RNAlater, while the "reoxygenation" samples were allowed to recover for addi-

tional 20 min in normoxia, before RNAlater preservation. The treatment scheme is given in S1

Fig. Slices that were kept under normoxia in aCSF for 80 min were used as controls. All sam-

ples were kept frozen at -20˚C in RNAlater until later use.

RNA preparation and Illumina sequencing

Total RNA was isolated from two slices per individual per experimental condition using peq-

GOLD Trifast (PEQLAB, Erlangen, Germany) and Crystal RNA Mini Kit column (Biolab

Products, Bebensee, Germany), associated with an on-column DNA digestion with RNase-

Free DNase (Qiagen, Hilden, Germany). The quantity and integrity of the RNA were verified
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by spectrophotometry and denaturating gel electrophoresis, and the RNA samples were used

for Illumina sequencing.

Further evaluation of the RNA, cDNA library generation, and sequencing were carried out

by GENterprise Genomics (Mainz, Germany). Sequencing was performed on an Illumina

NextSeq 500 with Mid Output chemistry and an estimated output of 50 million reads per sam-

ple. Paired-end sequencing libraries were generated with 1.5 μg RNA from each sample.

cDNA libraries with inserts of ~200–800 bp were size selected, and 150 nt paired-end sequenc-

ing was performed.

The raw Illumina data are available from the NCBI SRA database under the accession num-

bers SRX1567547 to SRX1567555 (Bioproject PRJNA278355). Raw sequence quality control

was performed via FastQC and CLC-Genomics Workbench (version 7.5.1). For quality trim-

ming, the following parameters were applied: all sequences with more than 2 ambiguous char-

acters were removed. Sequences with a mean quality below a phred-value of 15 were also

removed from further analysis. Additionally, the first 14 nucleotides from the 5’ prime end

were trimmed.

De novo transcriptome assembly

For de novo assembly of the brain transcriptome of the hooded seal, two strategies were

applied. The first assembly was generated using only the 300 nt long trimmed paired-end

reads (12,473,522 reads) from seal visual cortex [30]. The second assembly was generated

using, in addition, all the 150 nt paired-end reads from the hypoxia treated samples

(312,047,506 reads). In both strategies, a backmapping of the reads after de novo assembly was

performed. Only contigs with a minimum length of 300 bp were accepted. The assembly and

backmapping were performed with CLC-Genomics Workbench (version 7.5.1).

Functional annotation and comparison of transcriptomes

Annotation of the contigs of the hooded seal brain transcriptome was done with the BLAST

tool of the CLC-Genomics Workbench using the SwissProt (Release date: February 2015) and

the human RefSeq (Release 66, July 2014) protein databases. Only BLAST hits with E< 10−5

were considered significant and used for further analysis. The seal contigs were preferentially

annotated using the best BLAST hits derived from the walrus (Odobenus rosmarus) [35] and

ferret (Mustela putorius furo) genes [36].

Gene Ontology (GO) annotation of significant differentially expressed (DE) genes was per-

formed with the online tool PANTHER (Protein ANalysis THrough Evolutionary Relation-

ships; http://go.pantherdb.org), Version 10.0 Released 2015-05-15 [37]. The GO-terms in the

domains "molecular function", "biological process", and "protein class" were reported. Over-

representation of GO-terms in a certain dataset was determined using the PANTHER

Overrepresentation Test (release 2015.04.30) employing the PANTHER GO-Slim terms as

annotation list. Homo sapiens was used as the background reference list for statistical calcula-

tion of overrepresentation of GO-Terms. GO-terms with a p-value� 0.05 after Bonferroni

correction were considered as significant.

For principal component analysis (PCA) the log2 transformed RPKM values (Reads Per

Kilobase exon model per Million mapped reads) of either all expressed transcripts (9321 fea-

tures with RPKM>1) or the statistically DE transcripts shared between all samples (109 fea-

tures) were used. A projection scatter plot was generated using CLC Genomics Workbench

(version 7.5.1).

The hierarchical clustering was calculated using the log2 transformed RPKM values for

either all statistically differentially expressed transcripts shared between all samples (109
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features) or only the top 40 differentially expressed transcripts (e.g. top 20 upregulated and top

20 downregulated shared between normoxia, hypoxia, and reoxygenation). For the feature

clustering the "Manhattan distance" was used to calculate the average linkage. A heat map of

feature clustering was calculated using CLC Genomics Workbench (version 7.5.1).

Expression analysis (RNA-Seq)

The mapping of the reads was performed using the RNA-Seq algorithm of the CLC-Genomics

Workbench (version 7.5.1). The genome of the ferret (Mustela putorius furo), Build 1.0.75, was

used as reference. The trimmed reads were mapped using the following parameters: 75% of

the read and 75% of all nucleotides were required to match the reference for the read to be

included in the mapping. The paired read distance was calculated automatically. To eliminate

repetitive sequence bias in the quantification only reads that uniquely map in the genome were

used for the calculation of the RPKM value. Statistically significant expression changes in the

differentially treated slices were calculated by an empirical analysis of digital gene expression

using the CLC-Genomics Workbench. The tool implemented the "Exact Test" [38] and was

used with the unique gene reads as count values with a cut-off of 5 reads. To correct for multi-

ple testing, a Bonferroni correction of the p-values was applied. Only genes with a fold change

�2 and a Bonferroni-corrected p-value� 0.01 were considered as significant.

For the analysis of the expression of genes coding for energy metabolism enzymes (isoen-

zymes and enzyme subunits are listed in S3 Table) in normoxia, hypoxia, and hypoxia/reoxy-

genation, trimmed reads were additionally mapped to the ferret mitochondrial chromosome

(RefSeqID: NC_020638.1) using the same settings as described above. The differences in

RPKM values of nuclear and mitochondrially encoded genes in normoxia, hypoxia, and hyp-

oxia/reoxygenation samples were statistically compared using One-way Analysis of Variance

(ANOVA), and Tukey’s or Fisher’s LSD multiple comparison tests available in GraphPad

Prism 6 (La Jolla, CA, USA). Note that the RPKM values of nuclear and mitochondrially

encoded genes were obtained from two different mappings and thus the numbers cannot be

directly compared.

Quantitative real-time reverse transcriptase-polymerase chain reaction

(qRT-PCR)

The expression levels of selected genes were verified by qRT-PCR. Total RNA purification and

cDNA synthesis was carried out as previously described [29]. qRT-PCR was performed on an

ABI 7500 real-time PCR system with the Power SYBR Green master mix (Applied Biosystems,

Darmstadt, Germany) using the following protocol: 15 sec 95˚C, 15 sec 60˚C, 30 sec 72˚C, 40

cycles. The mRNA copy number in a cDNA sample equivalent to 25 ng total RNA was deter-

mined using a concentration curve of the recombinant plasmid as standard, and then was nor-

malized to 1 μg of total RNA.

Results

Transcriptomes from the hooded seal brain and brain slices

In a previous study [30], we generated 37,108,070 Illumina reads from the untreated visual cor-

tex of the hooded seal (C. cristata) (Table 1). To elucidate the molecular adaptation of the

seal brain to hypoxic challenge, as it occurs at least during long dives, we examined the gene

expression changes in brain slices of the hooded seal after hypoxic treatment for 60 min fol-

lowing reoxygenation for 20 min (S1 Fig). A total of 437,291,176 new Illumina reads were
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obtained, reflecting three biological replicates from each, the normoxia control, hypoxia-

treated slices and hypoxia-reoxygenation treated slices (Table 1).

Two different assemblies were generated, consisting of the trimmed reads from the

untreated visual cortex only (assembly #1) or combining the trimmed reads from the visual

cortex with the treated slices from the visual cortex (assembly #2). As expected, the number of

contigs increased from 85,821 in assembly #1 to 149,112 in assembly #2 (Table 2). We anno-

tated the contigs�500 bp from each assembly (60,602 and 89,777 contigs, respectively) using

the SwissProt and the human RefSeq databases by blastx. The numbers of significant blastx

hits results were only slightly higher for assembly #2 (Table 2). However, a comparison of the

results performed with the human RefSeq database showed that among the 23,095 unique

blastx-hits combined in both assemblies, only 12,265 were shared by both assemblies (S2 Fig).

Assembly #1 produced 4,839 unique blastx hits only found there and 5,991 hits were found

only in assembly #2. Thus assembly #2, which contained the larger number of contigs and

more blastx hits, was used for further analysis.

Table 1. Summary of Illumina sequencing of the hooded seal brain transcriptomes.

Normoxia SRA accession Raw Reads Reads after Trimming Mapped Reads %

Ccr2N_S1 SRR3156151 48,820,474 35,722,796 50.64

Ccr3N_S2 SRR3156152 54,006,392 40,570,390 51.38

Ccr4N_S3 SRR3156153 62,553,574 48,235,762 52.24

Hypoxia

Ccr2H60_S4 SRR3156154 48,028,568 33,531,186 50.11

Ccr3H60_S5 SRR3156155 44,978,692 30,974,474 47.13

Ccr4H60_S6 SRR3156156 43,793,918 31,045,780 46.32

Reoxygenation

Ccr2R20_S7 SRR3156157 42,408,488 30,576,200 51.12

Ccr3R20_S8 SRR3156158 45,364,920 30,814,718 51.04

Ccr4R20_S9 SRR3156159 47,336,150 30,576,200 46.36

Ccr2-Cortex SRR3001184 37,108,070 12,473,522 52.45

The number of reads before and after quality trimming is given. The percentage of reads mapped to the ferret genome is denoted.

doi:10.1371/journal.pone.0169366.t001

Table 2. Summary of the de novo assembly of the hooded seal brain transcriptomes.

Assembly #1 (visual cortex only) Assembly #2 (visual cortex + slices)

Reads 12,473,522 328,963,770

Contigs 85,821 149,112

Singletons 1,919 234

>1000 nt 23,481 34,038

N50 1,470 1,194

Max 22,647 22,727

Average 1,061 908

Contigs for BLASTx (�500 nt) 60,602 89,777

BLASTx Swissprot (E<1e-5) 23,224 24,143

blastx human RefSeq (E<1e-

5)

22,134 23,039

The assemblies were obtained from the visual cortex (MiSeq), and from the visual cortex (MiSeq) + brain

slices reads (NextSeq).

doi:10.1371/journal.pone.0169366.t002
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Transcriptome response of seal brain slices to hypoxia and

reoxygenation

Hypoxia treatment of the brain slices for 60 min causes the significant upregulation of 34

genes and the downregulation of 204 genes (S1 Table). After additional 20 min reoxygena-

tion, 34 genes were significantly upregulated and 163 genes downregulated (S2 Table). 25 of

the genes were found upregulated in both the hypoxia and the hypoxia/reoxygenation slices;

among the downregulated genes, 84 were shared by the hypoxia and the hypoxia/reoxygena-

tion samples (Fig 1). There were no significantly differentially expressed genes when the

transcriptomes from the hypoxia and the hypoxia/reoxygenation slices were compared.

Hierarchical clustering of the differentially regulated genes (Fig 2A) showed that the gene

expression levels in the normoxia control resemble that of the untreated visual cortex, dem-

onstrating the validity of the normoxia controls used for the brain slices. The heatmap (Fig

2B) and the principal component analysis (S3 Fig) visualize the similarity of the responses in

the brain slices treated for 60 min with hypoxia and the slices after 60 min hypoxia and 20

min reoxygenation.

The most strongly induced gene upon hypoxia is the cytokine interleukin-1β (Il1b), a medi-

ator of the inflammatory response, which was 668.85 times higher expressed in the hypoxic

brain slices (Table 3). We also observe strong upregulation (~25 to 65-fold) of other cytokines/

chemokines (Ccl3, Ccl4, Cxcl1, and Il1rn). Other prominently upregulated genes include the

urokinase receptor Plaur, which is involved in wound healing, and the transcription factors

Fosb and Atf3. Of the 204 significantly downregulated genes, the zinc finger transcription fac-

tor Znf211 showed the strongest response (113.94-fold) together with other transcription fac-

tors, like Znf425 and Klhl11 (Table 3).

After reoxygenation, Il1b was again the strongest responding gene (425.38-fold upregula-

tion) (Table 4). In general, the list of the top differentially expressed genes resembles that of

the response to hypoxia, including the cytokines/chemokines (Ccl3, Ccl4, Cxcl1, and Il1rn) and

the transcription factors Fosl1 and Atf3. The downregulated genes cover a variety of genes. The

strongest response was found for the mRNA of the motor protein Kif11 (-9.32) and the tran-

scription factor Zdbf2 (-8.95) (Table 4).

Gene ontology analyses of regulated genes in seal brain slices

Among the genes upregulated in the seal brain slices after hypoxia-treatment, the GO terms

"binding" (GO:0005488) (16 genes), which partly reflects the large number of cytokines/che-

mokines, and "nucleic acid binding transcription factor activity" (GO:0001071) (6 genes) had

the highest numbers in the domain "molecular function" (Fig 3A). A PANTHER Overrepre-

sentation Test showed >5-fold, significant enrichment in the terms "chemokine activity"

(GO:0008009; p = 0.00379) and "cytokine activity" (GO:0005125; p = 0.00372). In the domain

"biological process", none of the terms was significantly overrepresented. In the domain

"protein class", the terms "nucleic acid binding" (PC00171) (7 genes), "signaling molecule"

(PC00207) (7 genes) and "transcription factor" (PC00218) (6 genes) had the highest numbers

(S5 Fig). In agreement with the results in the domain "molecular function", the PANTHER

Overrepresentation Test found a >5-fold enrichment of the terms "chemokine" (PC00074;

p = 0.0113) and "cytokine" (PC00083; p = 0.00208). KEGG pathway analysis of the hypoxia-

upregulated genes identified the MAPK (mitogen-activated protein kinases) pathway as signif-

icantly enriched.

GO analyses found the terms "binding" (64 genes) and "catalytic activity" (GO:0003824) (78

genes) to reflect the largest number of genes downregulated under hypoxia in the domain

"molecular function" (Fig 3B). The PANTHER Overrepresentation Test showed significant
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enrichment (thus downregulation) of "phosphoprotein phosphatase activity" (GO:0004721;

4.9-fold; p = 0.0191), "ion channel activity" (GO:0005216; 3.8-fold; p = 0.016), "transporter

activity" (GO:0005215; 2.42-fold; p = 0.00727), "transmembrane transporter activity"

(GO:0022857; 2.32-fold; p = 0.0381) and "catalytic activity" (GO:0003824; 1.6-fold;

p = 0.00052). In the domain "biological process", the GO term "cellular process" (103) and

"metabolic process" (GO:0008152) (103) were the highest (S4 Fig). The PANTHER Overrepre-

sentation Test found several GO terms to be enriched among the significantly regulated

Fig 1. Venn diagram showing the unique and shared DE genes in hypoxia and hypoxia/reoxygenation

treated brain slices of the hooded seal. (A) Upregulated genes, (B) downregulated genes.

doi:10.1371/journal.pone.0169366.g001
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Fig 2. Heat map of gene expression in the visual cortex and brain slices from the hooded seal. (A)

Hierarchical clustering of the regulated genes in the differentially treated brain slices and the visual cortex. (B)

Hierarchical clustering of the top 20 up- and top 20 downregulated genes shared between hypoxia/

reoxygenation and the normoxia control.

doi:10.1371/journal.pone.0169366.g002
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genes, including "ion transport" (GO:0006811; 2.99-fold; p = 0.00334), "nervous system devel-

opment" (GO:0007399; 2.85-fold; p = 0.00252) and "cellular protein modification process"

(GO:0006464; 2.59-fold; p = 0.000166). The highest number of GO terms in the domain "pro-

tein class" were "receptor" (PC00197) (31 genes), "transporter" (PC00227) (24 genes), "nucleic

acid binding" (PC00171) (24 genes) and "hydrolase" (PC00121) (24 genes) (S5 Fig). The terms

"ligand-gated ion channel" (PC00141; >5-fold; p = 0.0178), "transporter" (PC00227; 2.51-fold;

p = 0.00712) and "receptor" (2.07-fold; p = 0.0184) were found significantly enriched in a PAN-

THER Overrepresentation Test. KEGG analysis of the downregulated genes identified mostly

pathways related to neuronal processes: "dopaminergic synapse", "axon guidance", "retrograde

endocannabinoid signaling", "glutamatergic synapse" and "arrhythmogenic right ventricular

cardiomyopathy".

A similar pattern of GO terms was found in genes differentially expressed after hypoxia/

reoxygenation. A significant enrichment in the domain "molecular function" (Fig 3A) was

found for the terms "chemokine activity" (>5-fold; p = 0.00379), "cytokine activity" (>5-fold;

p = 0.00372) and "binding" (2.3-fold; p = 0.00767). In the domain "biological process" (S4

Fig), the terms "response to stimulus" (GO:0050896; 3.52-fold; p = 0.0287) and "cellular pro-

cess" (2.07-fold; p = 0.0254) were significantly overrepresented. In the domain "protein

class" (S5 Fig), a >5-fold enrichment of the terms "chemokine" (p = 0.0103), "cytokine"

(p = 0.00176) and "signaling molecule" (p = 0.00298) was found by the PANTHER Overrep-

resentation Test. KEGG analysis identified the pathways "rheumatoid arthritis", "NF-kappa B

signaling pathway", "malaria" and "TNF signaling pathway" as significantly affected by hyp-

oxia/reoxygenation.

Table 3. Annotation of hypoxia-regulated genes.

A. Most strongly up-regulated Gene symbol Function Fold change

Interleukin-1 beta Il1b cytokine 668.85

chemokine (C-C motif) ligand 3 Ccl3 cytokine 65.23

chemokine (C-C motif) ligand 4 Ccl4 cytokine 55.42

v-maf avian musculoaponeurotic fibrosarcoma oncogene homolog F Maff transcription factor 45.82

interleukin 1 receptor antagonist Il1rn cytokine 36.92

activating transcription factor 3 Atf3 transcription factor 35.98

growth-regulated alpha protein-like Cxcl1 cytokine 26.55

plasminogen activator, urokinase receptor Plaur receptor 18.47

Shisa family member 8 Shisa8 - 15.57

FBJ murine osteosarcoma viral oncogene homolog B Fosb transcription factor 12.61

B. Most strongly down-regulated Gene symbol Function Fold change

zinc finger protein 211 Znf211 transcription factor -113.94

stonin 2 Ston2 endocytosis -28.17

zinc finger protein 425 Znf425 transcription factor -11.46

solute carrier family 4 (sodium bicarbonate cotransporter), member 4 Slc4a4 transporter -7.95

sacsin molecular chaperone Sacs chaperone -7.9

dmX-like protein 1 Dmxl1 - -7.74

kelch-like family member 11 Klhl11 transcription factor -7.12

low density lipoprotein receptor-related protein 5-like Lrp5 receptor -6.69

v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 4 Erbb4 receptor tyrosine kinase -6.64

pleckstrin homology domain containing, family H member 2 Plekhh2 cytoskeleton -6.32

Most strongly up- (A) and down- (B) regulated genes in hooded seal brain slices after 1 h hypoxia (N = 3). The full list of significantly regulated genes is

provided in S1 Table.

doi:10.1371/journal.pone.0169366.t003
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GO-analyses of the genes downregulated by hypoxia/reoxygenation (Fig 3B) found in the

domain "molecular function" a significant enrichment of the terms "ion channel activity"

(4.01-fold; p = 0.0388), "transporter activity" (2.82-fold; p = 0.00122) and "transmembrane

transporter activity" (2.81-fold; p = 0.00335). In the domain "biological process" (S4 Fig), sev-

eral GO terms were found significantly regulated; among those were "ion transport" (3.41-fold;

p = 0.00146), "cellular process" (3.41-fold; p = 0.000005) and "primary metabolic process"

(GO:0044238; 1.47-fold; p = 0.0134). In the domain "protein class" (S5 Fig), the terms "trans-

porter" (2.99-fold; p = 0.00058), "cation transporter" (>5-fold; p = 0.00112) and "ion channel"

(4.13-fold; p = 0.0368). No significant enrichment among the reoxygenation-downregulated

genes was found in the KEGG-pathway analysis.

Gene expression changes in the energy metabolism

We specifically analyzed the expression changes of 165 selected genes coding for enzymes and

other proteins that are involved in the cellular energy metabolism (S3 Table; S6 Fig). For 22

genes, no annotations were available in the current version of the ferret genome [36], and one

was not found in our dataset; these 23 genes were not considered. We found in the hooded

seal brain transcriptome 142 genes that encode enzymes related to the cellular energy produc-

tion. For the evaluation of gene expression, the ferret nuclear and mitochondrial genomes

were used as a guideline. We removed 18 nuclear-encoded genes with <1 RPKM and one

mitochondrial gene (MtNd4l) with very low expression value from the dataset, leaving 123

genes for further analyses.

Table 4. Annotation of hypoxia/reoxygenation-regulated genes.

A. Most strongly up-regulated Gene symbol Function Fold change

Interleukin-1 beta Il1b cytokine 425.38

FOS-like antigen 1 Fosl1 transcription factor 374.32

thyrotropin-releasing hormone Trh hormone 111.86

chemokine (C-C motif) ligand 3 Ccl3 cytokine 51.97

v-maf avian musculoaponeurotic fibrosarcoma oncogene homolog F Maff transcription factor 48.23

chemokine (C-C motif) ligand 4 Ccl4 cytokine 44.6

growth-regulated alpha protein-like Cxcl1 cytokine 38.1

BCL2-related protein A1 Bcl2a1 signalling 35.03

interleukin 1 receptor antagonist Il1rn cytokine 30.69

activating transcription factor 3 Atf3 transcription factor 28.73

B. Most strongly down-regulated Gene symbol Function Fold change

kinesin family member 11 Kif11 motor protein -9.32

zinc finger, DBF-type containing 2 Zdbf2 transcription factor -8.95

low density lipoprotein receptor-related protein 5 Lrp5 receptor -8.64

centrosomal protein 85kDa-like Cep85l - -8.16

RAR-related orphan receptor A Rora transcription factor -7.14

formin 1 Fmn1 cytoskeleton -6.95

large tumor suppressor kinase 1 Lats1 enzyme -6.84

zinc finger protein 197 Znf197 transcription factor -6.66

tet methylcytosine dioxygenase 2 Tet2 enzyme -6.60

matrix metallopeptidase 16 Mmp16 metalloprotease -5.93

Most strongly up- (A) and down- (B) regulated genes in hooded seal brain slices after 1 h hypoxia followed by 20 min reoxygenation (N = 3). The full list of

significantly regulated genes is provided in S1 Table.

doi:10.1371/journal.pone.0169366.t004
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Fig 3. Gene ontology analyses of hypoxia and hypoxia/reoxygenation-regulated genes in seal brain

slices. GO analysis in the domain "molecular function" of the significantly up- (A) and down- (B) regulated

genes in the hooded seal brain slices after 1 h hypoxia (black) and after 1 h hypoxia followed by 20 min

reoxygenation (white). The analyses of the GO terms in the categories "biological process" and "protein class"

are given in S3 and S4 Figs.

doi:10.1371/journal.pone.0169366.g003
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We found significant upregulation upon hypoxia and hypoxia/reoxygenation of 18 genes

and downregulation of 15 genes that are involved in the energy metabolism (Fig 4; S3 Table).

Among those, we found upregulation of three genes involved in glucose metabolism (aldolase

A [AldoA], triose phosphate isomerase [Tpi1], and glyceraldehyde-3-phosphate dehydrogenase

[Gapdh]), and downregulation of four of the five pyruvate dehydrogenase complex subunits

(pyruvate dehydrogenase (lipoamide) alpha 1 [Pdha1], E3 binding protein [Pdhx], dihydroli-

poamide S-acetyltransferase [Dlat] and dihydrolipoamide dehydrogenase [Dld]) (Fig 5).

Further, we analyzed the mRNA levels of two selected genes, Pdha1 and Dlat by qRT-PCR,

demonstrating an excellent correlation with the data from RNAseq (S7 Fig).

The analyzed genes coding for the enzymes of the tricarboxylic acid cycle and the compo-

nents of the mitochondrial electron transport chain showed no unique pattern, in terms of up-

and downregulation of pathways. The monocarboxylate transporter Mct4 (Slc16a3), which

facilitates the export of lactate, was found upregulated while the monocarboxylate transporters

Mct1 (Slc16a1; ENSMPUG00000005243)and Mct2 (Slc16a7) were downregulated upon hyp-

oxia and reoxygenation. Unexpectedly, we observed a decrease in the RPKM values of the gly-

cogen metabolism enzymes: UDP-glucose pyrophosphorylase (Ugp), glycogen branching

enzyme (Gbe1), phosphoglucomutase 3 (Pgm3), and glycogen debrancher enzyme (Agl) upon

hypoxia and hypoxia/reoxygenation. Also noteworthy is the lack of significant differences in

the expression of typical glycolysis rate-limiting enzymes, such as hexokinase-1 (Hk1), phos-

phofructokinase-1 (Pfkm, Pfkl, and Pfkb), and lactate dehydrogenase (Ldha and Ldhb) between

normoxia, hypoxia and hypoxia/reoxygenation (S3 Table).

Fig 4. Regulation of enzymes of the energy metabolism enzymes in hooded seal cortex in response to

hypoxia and reoxygenation. Upregulated genes are indicated by a green plus (+), downregulated genes are

indicated by a red minus (-). All genes show the same patterns of regulation, except Cox5a and Cox5b, which were

only regulated by hypoxia, and Atp5i, Sucla2, and Idh3g, which were only found regulated after reoxygenation. Thick

arrows represent the reactions that may be favored by the regulations observed here. See S3 Table for abbreviations

and details.

doi:10.1371/journal.pone.0169366.g004
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Discussion

Hypoxia-response of the brain of diving mammals

In most humans and other terrestrial mammals, cerebral hypoxia is usually a non-physiologi-

cal or pathological situation that brings about a broad range of physiological and molecular

changes that may help the brain to survive [1, 3, 39]. By contrast, the brain of diving mammals

has to deal regularly with O2 conditions that would compromise normal brain function in ter-

restrial mammals [5, 9–12]. Notably, the brains of seals and whales not only survive these

conditions without obvious damage but remain functional. This observation has sparked a

number of studies on the remarkable features of the diving brain, which sets it aside from the

brains of most non-diving mammals [for review, see 5, 10, 11, 12, 18, 20].

We used brain slices from the hooded seal (C. cristata) to investigate the response to hyp-

oxia and reoxygenation at the molecular level. The brain-slice technique had been applied

before to compare the performance of the hooded seal neurons with those of a mouse under

hypoxia and reoxygenation using electrophysiological methods in vitro [24–26]. Although the

electrophysiological studies showed differences between the hypoxia and reoxygenation states

[26], we observed little changes in the gene expression patterns of seal slices after 60 min hyp-

oxia compared with slices after 60 min hypoxia followed by 20 min reoxygenation (Figs 2 and

3). After correction for multiple testing, none of the observed differences were significant.

This finding indicates that–within the time frame of our exposure protocols–there was no

Fig 5. Expression levels of components of the pyruvate dehydrogenase (PDH) complex. The RPKM

values of Pdha1, Pdhx, Dlat and Dld show significant downregulation in the seal brain slices after hypoxia and

hypoxia/reoxygenation (N = 3). Error bars represent standard deviations. Statistical significance was indicated

by one-way ANOVA associated with Tukey’s multiple comparison tests; different letters indicate statistically

significant differences.

doi:10.1371/journal.pone.0169366.g005
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detectable specific reoxygenation response at the gene expression level. Obviously, 20 min

reoxygenation was not sufficient for the brain slices to return to the normoxic state of gene

expression, suggesting that posttranscriptional processes play an important role in modulating

electrophysiological activity [24–26]. In the following, the results from the hypoxia and reoxy-

genation responses are discussed together.

The response of the seal brain to hypoxia and reoxygenation is an active

and specific process

In summary, hypoxia and hypoxia/reoxygenation increased the expression of 18 unique and

25 shared genes and reduced the expression of 283 genes in the hooded seal brain slices; 84 of

them were shared between the treatments (Fig 1). Nevertheless, the total mRNA expression

levels (as measured by the sum of the RPKM values or the number of sequenced reads for each

sample) were not significantly different in the control and treatment samples, indicating that

the hypoxia and hypoxia/reoxygenation treatments applied here do not cause a general repres-

sion of gene expression. The differential induction and repression of genes further indicate

that the response of the hooded seal brain to the hypoxic challenge is an active process rather

than a passive reduction of cellular metabolism. Probably, none of the regulated genes alone is

responsible for the observed tolerance of brain slices of the hooded seal towards hypoxia and

hypoxia-related stresses [24–26]. Rather, the specific combination of intrinsically high levels of

stress genes, such as clusterin and S100B [30], along with the regulation of specific metabolic

and regulatory pathways, is probably required for the overall hypoxia tolerance.

Hypoxia and reoxygenation induce a conserved mammalian stress

response in the hooded seal brain

The most prominent group of genes that were upregulated in response to the hypoxia and hyp-

oxia/reoxygenation treatments include cytokines and immediate early genes, for example,

Fosb, which is a component of the AP-1 transcription factor (Tables 3 and 4; S1 and S2 Tables).

Inflammation processes are known to commence within hours after an ischemic insult [40,

41] and are involved in the removal of apoptotic and necrotic cells after ischemia [42]. This

may be interpreted as an indication that neural damage such as cell death occurs under the

applied experimental conditions, although it is unknown (but unlikely) whether such extreme

conditions also occur in the intact seal brain during diving.

The general pattern in the brain slices of the hooded seal resembles the conserved response

of the mammalian brain to stroke [39]. In each of the two treatment groups, 14 genes (out of

43) that were found upregulated were also found previously to be induced in the rat brain after

15 min global ischemia, followed by reperfusion [39]. These mainly include the cytokines/che-

mokines and transcription factors, which are probably components of a conserved stress

response mechanism of the mammalian brain. However, among the downregulated genes

only six (after hypoxia) and three genes (after hypoxia/reoxygenation), respectively, were over-

lapping with the previous rat study, emphasizing the differences between the treatments and

divergent strategies.

Switches in the energy metabolism of the seal brain in response to

hypoxia

The energy metabolism is an essential process, and its specific regulation probably helps the

seal brain to survive better the challenges of the reduced availability of O2. Under hypoxic con-

ditions, glycogen stores in the hooded seal brain may support glycolysis, in addition to the
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glucose supplied by the maintained cerebral blood supply during diving [18, 20]. However,

our data failed to indicate any activation of glycogen metabolism (Fig 4). This may be due to

the presence of 10 mM glucose in the slices artificial medium, which could have had a repres-

sive effect on the genes of the glycogen metabolism. This may mimic the situation of the intact

animal, in which glucose supply to the brain is maintained by the blood flow. However, further

experimental data are required to support this interpretation.

We also did not observe notable changes in the expression of genes that code for the

enzymes that are generally considered as rate-limiting in glycolysis [43]: hexokinase (Hk1),

phosphofructokinase-1 (Pfkm, Pfkl, Pfkb) pyruvate kinase (Pkm) and lactate dehydrogenase

(Ldha and Ldhb) (S3 Table). However, we found that the levels of three other glycolytic genes,

AldoA, Tpi1 and Gapdh, increased in the slices challenged with hypoxia and hypoxia/reoxygen-

ation (Fig 4), which may, in fact, indicate an enhanced glycolytic rate.

An increased reliance on glycolytic energy production during low oxygen conditions is also

indicated by the downregulation of the monocarboxylate transporter Mct2 and the upregula-

tion of Mct4. Mct2 has a high affinity to lactate and pyruvate and is expressed mainly in tissues

that use lactate as a substrate for aerobic metabolism or gluconeogenesis [44]. Mct4 is mainly

present in tissues that rely on anaerobic glycolysis. It has a low affinity to pyruvate, which is

crucial to regenerate NAD+ for glycolysis by ensuring the availability of pyruvate. Pyruvate is

reduced to lactate, which is then transported out of the cell by Mct4. Previous studies suggested

that Mcts are involved in the response to hypoxia and ischemia. For example, hypoxic precon-

ditioning caused an upregulation of Mct4 in rat astrocytes [45] and a knockdown of Mct4
interfered with the survival of mixed astrocyte-neuron cultures under hypoxia [46]. Mct4

activity and structure appear to be associated to the astrocyte-specific excitatory amino acid

transporter 1 (Eaat1) [47].Therefore, the regulations of the Mcts observed in the seal brain

slices may indicate an adaptation to the efflux of lactate produced by the anaerobic glycolysis.

In addition, the increased expression of Mct4 may be part of the molecular mechanisms of the

tolerance towards hypoxia and lactate in hooded seal brain slices [26]. In summary, the data

indicate a stimulation of the glycolysis pathway by substrate flux. Previous hypotheses on an

altered labor division between astrocytes and neurons in diving mammals [27, 28] would

imply differential cellular responses also in these terms. However, the approach did not allow

us to discriminate between astrocytes and neurons.

Hypoxia and reoxygenation also affect the genes coding for mitochondrial proteins. Com-

pared to normoxia, the mRNA levels of the subunits of the pyruvate dehydrogenase complex

(Pdc), Pdha1, Dlat, Dld and Pdhx, notably decreased in the seal brain slices under hypoxia by

60%, 55%, 37% and 41%, respectively (Fig 5). After reoxygenation, Pdha1, Dlat, Dld and Pdhx
levels remained low (Fig 5). The Pdc is the gatekeeper for glucose oxidation; therefore, the

downregulation of Pdc subunits suggests that oxidation in the mitochondria is repressed.

Other studies already showed that Pdc inhibition is a fundamental adaptive mechanism of the

mammalian energy metabolism to hypoxia [48, 49]. In cultured human and mice cancer-cells,

the decreased pyruvate dehydrogenase activity during hypoxia has been related to a reduced

ROS production and to cell death resistance [48]. For the enzymes that are involved in the tri-

carboxylic acid cycle and the components of the respiratory chain constituents, no clear pat-

tern was observed. Reductions in activity and the content of mitochondrial proteins of

different mammalian cells exposed to hypoxic conditions, such as the isocitrate dehydroge-

nase, were previously reported [50]. By contrast, we observed a statistically significant upregu-

lation of the isocitrate dehydrogenase Idh3g isoform only after hypoxia/reoxygenation (Fig 4).

Upregulation of the constituents of the complexes III, IV and V indicates higher oxidative

phosphorylation rates in hypoxia and hypoxia/reoxygenation samples compared to normoxia.

A possible explanation is that under low O2 conditions, upregulation of these components
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may reflect the attempt of the cells to ensure an efficient energy gain from the available O2,

similarly to the patterns in mitochondria of rat brain that had been acclimated to hypoxia [51,

52].

Conclusion

There is little doubt that the unusual hypoxia-tolerance of the hooded seal brain is the result of

a variety of molecular and biochemical adaptations. While we previously showed marked dif-

ferences in the steady-state mRNA expression of the hooded seal brain and those of the ferret

and other terrestrial mammals [30], the knowledge on the molecular responses of the brain

was limited and restricted to the expression analysis of few genes by qRT-PCR [26]. In large

parts, the seal brain responds to the hypoxic challenge in a similar way as the brain of other

mammals, which includes the upregulation of typical stress proteins like cytokines and imme-

diate early genes [39, 53]. However, none of the genes involved in the energy metabolism were

found to be regulated in the previous studies of the ischemic brain [39, 54, 55], suggesting that

their regulation is a specific response of the seal brain to hypoxia and reoxygenation. The

observed changes in the expression of genes involved in the energy metabolism can be most

convincingly interpreted as a switch to anaerobic energy metabolism (Figs 4 and 5; S3 Table).

This conclusion is supported by the upregulation of genes that code for glycolytic enzymes, the

downregulation of the pyruvate dehydrogenase complex, and the upregulation of the mono-

carboxylate transporter Mct4, which indicates lactate efflux from the cells.

However, the current data provide only a glimpse into the adaptations that are required to

help the seal brain to cope with the hypoxic periods during the dive. Firstly and as already

mentioned, transcriptome studies do not allow the detection of changes that occur on the post-

transcriptional level. Secondly, although the brain slice technique is well established in animal

models [24, 56, 57], it is unknown whether the responses in the slices, in fact, reflect the situa-

tion in vivo. Thirdly, our data only reflect the global changes and do not allow discriminating

between the expression of genes in neurons and glia cells; in fact, there is ample immunohisto-

logical evidence that changes in the interplay between neurons and astrocytes is an important

component in the adaptation of the hooded seal brain to hypoxia [27–29]. Cell-specific tran-

scriptomes would be required to study cell-specific responses, but are currently difficult to

obtain from brain tissue of the hooded seal.
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