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Transformation to ischaemia tolerance
of frog brain function corresponds to
dynamic changes in mRNA co-expression
across metabolic pathways
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JMS, 0000-0003-1308-623X

Neural activity is costly and requires continuous ATP from aerobic metab-
olism. Brainstem motor function of American bullfrogs normally collapses
after minutes of ischaemia, but following hibernation, it becomes ischae-
mia-tolerant, generating output for up to 2 h without oxygen or glucose
delivery. Transforming the brainstem to function during ischaemia involves
a switch to anaerobic glycolysis and brain glycogen. We hypothesized that
improving neural performance during ischaemia involves a transcriptional
program for glycogen and glucose metabolism. Here we measured mRNA
copy number of genes along the path from glycogen metabolism to lactate
production using real-time quantitative PCR. The expression of individual
genes did not reflect enhanced glucose metabolism. However, the number
of co-expressed gene pairs increased early into hibernation, and by the
end, most genes involved in glycogen metabolism, glucose transport and
glycolysis exhibited striking linear co-expression. By contrast, co-expression
of genes in the Krebs cycle and electron transport chain decreased through-
out hibernation. Our results uncover reorganization of the metabolic
transcriptional network associated with a shift to ischaemia tolerance in
brain function. We conclude that modifying gene co-expression may be a
critical step in synchronizing storage and use of glucose to achieve ischaemia
tolerance in active neural circuits.
1. Introduction
Brain function is energetically expensive due to the high cost of ion regulation
and synaptic transmission [1]. To provide ATP for these processes, glucose is
oxidized through glycolysis and mitochondrial respiration. Compared to
glycolysis alone, oxidative metabolism produces roughly 15-times more ATP
per glucose molecule [2] and is, therefore, essential for providing consistent
energy to the brain. Brief disruptions in the delivery of oxygen and glucose
impair energy homeostasis, resulting in lethal outcomes commonly observed
in stroke, as well as other energetic pathologies of the brain including drug
overdose and starvation. Although the brain typically requires oxidative
metabolism, some organisms have evolved the ability to survive in hypoxic
environments without neural injury. Notable examples include turtles, goldfish,
naked mole-rats and hooded seals, among others. Adaptations in these species
can shed light on strategies for human neuroprotection [3,4].

Although the brain of frogs undergoes a slower death during hypoxia
compared to mammals [5], most frogs are not generally counted among the
champion hypoxia and ischaemia-tolerant vertebrates. Accordingly, motor
circuit activity in the brainstem of frogs stops after a few minutes without
oxygen, with tissue death following shortly after the removal of glucose [6,7].
In frogs that had recently emerged from hibernation, however, this same
brainstem circuit not only survives ischaemic insults, but it transforms to
produce coordinated motor activity for 25–30-fold longer (figure 1a) [6,7].
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Figure 1. Transformation from ischaemia intolerance to ischaemia tolerance in brainstem circuit function. (a) Example motor nerve recordings of output from the
brainstem respiratory network before (top) and after (bottom) 30 days in a simulated overwintering environment (hibernation). The activity of this network is
generated by a group of rhythm-generating neurons (RG) that activate motor neurons (black oval) to drive lung ventilation. After hibernation, motor circuit function
gains the ability to operate for dramatically longer without oxygen and glucose delivery. (b) Metabolic enzymes assessed in this study are indicated in bold, with the
gene name italicized. Small arrows indicate enzymatic steps not assessed in this study. (Online version in colour.)
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Mechanistically, this transformation involves a shift from
dominant use of aerobic metabolism to anaerobic glycolysis
fueled by local brain glycogen stores [6], which increases in
frogs during winter [8]. Active circuits typically require oxi-
dative phosphorylation to meet the demands of synaptic
function and action potential firing, with little ability to run
on anaerobic glycolysis and glycogen alone [9–11]. Thus,
the frog brainstem can provide direct insight into endogenous
mechanisms that remodel circuits of ischaemia-intolerant
species into a state of ischaemia tolerance, with clear impli-
cations for humans who could benefit from modifying
brain metabolism to function and survive during ischaemia.

Improving hypoxia and ischaemia tolerance in the bullfrog
brainstem appears to represent a strategy to fuel high-cost cir-
cuit activity during emergence rather than a survival strategy
during hibernation characteristic of other aquatic hibernators
[12–14]. Frogs fromnorthern latitudes overwinter in ice-covered
ponds and rely solely on cutaneous gas exchange without lung
ventilation. The arterial partial pressure of O2 falls as low as
1–3 mmHg, but the animal remains aerobic due to reduced
metabolic rates in the cold [15]. However, as body temperature
rises upon emergence, brainstem motor circuits must quickly
restart to generate adaptive behaviors like breathing. This pre-
sents a problem because output from the respiratory network
in frogs cannot occur with lowO2 tensions associated with sub-
mergence [6,7]. Thus, if the respiratory motor network did not
become capable of functioning during severe hypoxia at warm-
ing temperatures, lung ventilation could not restart, disrupting
the recovery of whole-body O2 homeostasis in the spring.

Here we aim to gain insight into the regulation scheme
through which glycogen metabolism and anaerobic glycolysis
are enhanced to fuel circuit function following hibernation.
As anaerobic glucose metabolism is a multi-step process, the
regulation of rate-limiting enzymes at any step, or interactions
among steps, have the potential to enhance glucose metab-
olism to support network activity [16–23]. Therefore, we
hypothesized that glucose transport and metabolic processes
along the path from glycogenmetabolism to lactate production
may either be upregulated or interact to permit anaerobic
support of network function after winter. The metabolic phe-
notype of a variety of tissue and cell types is often reflected
at the level of mRNA expression [24–27]; thus, we manually
curated the bullfrog genome to identify genes involved in gly-
cogen metabolism, glucose transport, glycolysis, as well as
genes involved in metabolic regulation, such as AMPK and
HIF-1α (AMP-activated protein kinase and hypoxia-inducible
factor 1α). To compare with glycolysis and glycogen proces-
sing, we also assessed the expression of several genes
involved in the Krebs cycle and electron transport chain. We
then measured mRNA expression using absolute real-time
quantitative PCR (RT-qPCR) in control, 2 and 30 day cold-
acclimated brainstem samples. Finally, we compared mRNA
abundances to assess up or downregulation of gene expression
and changes in the co-expression of gene pairs to infer
interactions across different aspects of metabolism.
2. Methods
(a) Animals
Adult female American bullfrogs (Lithobates catesbeianus) were
purchased from Rana Ranch (Twin Falls, ID, USA) and housed
in plastic tanks with dechlorinated, aerated tap water in a
light/dark cycle of 12/12 h. Control frogs (n = 8) were placed
in tubs at 22°C with access to both wet and dry areas, and they
were fed pellets provided by Rana Ranch once per week.
Animals were acclimated to laboratory conditions for at least
one week before experiments. To simulate overwintering
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conditions associated with hibernation, we placed other groups
of animals in low-temperature incubators (Thermo Fisher Scien-
tific, Waltham, MA, USA). One group of animals (n = 7) was
placed in incubators that were gradually cooled from 20°C to
4°C over 7 days and then were kept at 4°C for 30 days before
use (long-term cold acclimation). The other group was gradually
cooled from 20°C to 4°C over 2 days and held at this temperature
for 2–3 days (n = 7; short-term cold acclimation). Once the temp-
erature reached 4°C, plastic screens were placed directly below
water level to prevent frogs from accessing the surface. Water
was bubbled with room aim in all treatments.

(b) Brainstem dissection
The brainstem–spinal cord was dissected according to the estab-
lished methods [7]. First, frogs were deeply anaesthetized with
approximately 1 ml of isoflurane in a 1 l container until loss of
the toe-pinch reflex, followed by rapid decapitation. The head
was submerged in cold (2–4°C) artificial cerebrospinal fluid
(aCSF) containing (in mM) 104 NaCl, 4 KCl, 1.4 MgCl2, 7.5
D-glucose, 40 NaHCO3, 2.5 CaCl2 and 1 NaH2PO4, all purchased
from Fisher Scientific (Waltham, MA, USA). The aCSF was
gassed with 1.5% CO2/98.5% O2 (pH= 7.85) during dissection.
The skull was quickly removed. The animal was decerebrated,
and then the brainstem–spinal cord was carefully removed. The
dura covering the brain was removed and the brainstem was
placed in TRIzol (Ambion by life technologies, CA, USA) and
homogenized by strong vortexing.

(C) RNA extraction and cDNA synthesis
Total RNA was isolated using a phenol–chloroform extraction
according to the TRIzol protocol provided by the manufacturer
(Invitrogen). The aqueous phase containing the RNA was then
run through a column-based liquid clean-up protocol (Quick-
RNA MicroPrep Kit, Zymo Research). Following RNA isolation,
1000 ng of total RNA underwent genomic DNA digestion using
DNase 1 according to the manufacturer’s instructions (DNase I,
RNase-free, Thermo Scientific). cDNA was generated from
1000 ng total RNA following DNAse I digestion using qScript
cDNA Supermix according to the protocol from the manufacturer
(Quantabio, MA, USA). Samples were diluted fivefold in RNase-
free molecular grade water (final volume 100 µl) and used as
template in real-time quantitative PCR (RT-qPCR) analyses.

To identify candidate genes for RT-qPCR, we either used
previously annotated coding sequences for Lithobates catesbeianus
or identified unannotated genes via the homologous protein in
other related amphibian species with well-annotated genomes
(e.g. Nanorana parkeri or Rana temporaria). We then used NCBI
BLAST to search the protein database for sequences for Lithobates
catesbeianus that were similar to the queried target. As the
Lithobates catesbeianus does not have a well-annotated genome,
hits with the greatest homology were often unannotated ‘hypothe-
tical proteins’.We confirmed the identityof the hypothetical protein
byusing this sequence fromLithobates catesbeianusas a queryagainst
the entire non-redundant protein database. All sequences used in
this study shared close sequence identity with Rana temporaria and
Nanorana parekeri. Accession numbers for each amino acid sequence
were then used to identify the coding DNA sequence (CDS).

Primers for RT-qPCR were designed based on the CDS
using PRIMER-BLAST [28]. Each set of primers were validated with
fourfold serial dilutionsof cDNAgenerated from frogbrain, encom-
passing the range of cDNA inputs for this study. RT-qPCR reactions
consisted of primer pairs at a final concentration of 2.5 µM, diluted
cDNAtemplate (5/32of the total reactionvolume),RNase-freemol-
ecular grade water and 2X SYBR master mix (Applied Biosystems
by Thermo Fischer Scientific) and were run according to the
manufacturer’s instructions. Ten microlitre reactions for each
target were run in triplicate on QuantStudio6 Real-Time PCR
system (Applied Biosystems by Thermo Fischer Scientific) with a
four-step cycle of 50°C for 2 minutes, 95°C for 10 minutes,
95°C for 15 seconds, 60°C for 1 minute. Following 40 cycles of
PCR (95°C for 15 seconds, 60°C 1 minute), melt curves for all PCR
productswere acquiredby increasing the temperature in increments
of 0.3°C for 5 seconds from 60°C to 95°C. All melt curves had a
single peak in every reaction well. All RT-qPCR reactions were
run in triplicate, and the average Ct (cycle threshold) was deter-
mined for each sample. We then estimated absolute copy number
per 400 ng total RNA by interpolating the Ct value into standard
curves of known copy numbers, from 108–103 copies of DNA. We
adjusted the estimate of absolute copy number by a normalization
factor to account for the potential of sample-to-sample variation
in efficiency of the cDNA synthesis reaction as has been done pre-
viously for absolute RT-qPCR in bulk tissue [29]. Briefly, the
normalization factor was defined for each sample as 2−ΔCt18S,
where ΔCt18S is the difference between the sample 18 S Ct value
and population average, and 2 represents the doubling at each
cycle of PCR assuming 100% efficiency, which is near the efficiency
of your 18 S rRNA RT-qPCR assay (approx. 101%).

(d) Electrophysiological recordings
To illustrate the transformation to ischaemia tolerance, sample
electrophysiological recordings of respiratory motor activity of
one brainstem preparation from a control frog and one from a
frog after 30 days of cold submergence are shown in figure 1a.
Recordings where were obtained exactly as described in [6].

(e) Statistics
All datasets followed an approximately normal distribution based
on the Shapiro–Wilk test. Analysis of group means was carried
out using a one-way ANOVA test followed by Holm–Sidak’s
multiple comparison test. Pairwise co-expression relationships
among genes were assessed using computing Pearson correlation
coefficients (r) and p-values for the linear regression of each co-
expression relationship. For correlation analyses, individual
outliers can force artificial correlations. One sample in the 2 day
cold group showed expression that was roughly double the
mean for several mitochondrial genes, and therefore, produced
correlations that were likely to be artificial. Thus, correlation analy-
sis of the mitochondrial genes for 2 days of cold acclimation was
run without this point for genes indicated on the available data
spreadsheet. Group shifts in the distribution of Pearson correlation
coefficients were assessed using Kolmogorov–Smirnov test. Ana-
lyses were ran using GraphPad Prism 9.0 (San Diego, CA, USA),
and plots of multiple correlations were plotted using the ‘pairs’
function in R. Significance was accepted when p < 0.05. Data
are presented as box plots, with dots representing data points for
individual samples.
3. Results
Patterned activity of the brainstem respiratory network in the
bullfrog can switch from low to high resistance to hypoxia
and ischaemia after hibernation [6] (figure 1a). Therefore,
we assessed gene expression profiles for all steps from glyco-
gen synthesis to lactate production in control brainstem
samples, as well as short-term (2 days) and longer-term
(30 days) cold acclimation (figure 1b). To identify candidate
genes for rate-limiting steps of glucose metabolism and
glycogen processing, we manually curated the Lithobates
catesbeianus genome [30]. We identified 13 metabolic enzymes
and glucose transporters with brainstem expression that
shared close amino acid sequence identity with two other
frog species Nanorana parkeri and Rana temporaria (table 1).
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Given that a large upregulation of glycolytic metabolism
contributes to the function of the brainstem during ischaemia
[6], we first assessed changes in mRNA abundance for
metabolic enzymes from glycogen processing to lactate
production. Out of 13 genes, seven showed statistically signi-
ficant changes in expression (figure 2). For glycolysis,
Hexokinase I (figure 2a), Hexokinase 3 (figure 2b), Phospho-
fructokinase—Muscle (PFK-M, figure 2d), and Lactate
Dehydrogenase—B (LDH-B, figure 2e) were reduced in both
the 30-day and 2-day hibernation groups. One of the three
glucose transporters, GLUT3 decreased in both the 2-day and
30-dayhibernation groups (figure 2g). For glycogenmetabolism,
Glycogen Synthase—2 (figure 2i) and Phosphoglucomutase—2
(PGM—2, figure 2l ) decreased by 30-days, with Glycogen
Synthase—2 also showing a decrease in the 2-day hibernation
group. Altogether, contrary to the expectation for a brainstem
with activity that can be fueled solely by anaerobic glycolysis,
the expression of all genes involved in glycolysis and glycogen
processing showed decreases in expression or did not change.

Given that anaerobic glycolysis supports network activity
during oxygen and glucose deprivation after hibernation
(figure 1, [6]), reduced or maintained glycolytic gene
expression appears inconsistentwith the large role of anaerobic
glycolysis in fueling circuit function. Rather than upregulating
rate-limiting enzymes, interactions across metabolic
processes may contribute to the metabolic phenotype [31].
These interactions often exist as coupling of metabolite fluxes
which are preserved as mRNA co-expression relationships
for metabolic enzymes [32]. Therefore, we explored the
dynamics of mRNA co-expression throughout cold acclim-
ation. In the control group, only a few pairs of genes were
significantly correlated, mostly concentrated within glycogen
metabolism. Interestingly, we observed an increase in the
number of gene pairs with significant correlation by 2 days
of cold acclimation, particularly between glycolytic genes
and glycogen metabolism, as well as glycolytic genes and glu-
cose transporters (figure 3b). By the end of cold acclimation,
most gene pairs became significantly correlated (figure 3c).
When comparing the cumulative distribution of Pearson
correlation coefficients for all pairwise correlations in control,
2-day, and 30-day groups, we observed a strong, progressive
right-shift in correlation strength of population throughout
hibernation. These results indicate that genes involved in
glycolysis, glycogen metabolism and glucose transport
become strongly co-expressed at fixed ratios over the course
of 30-days of cold submergence (figure 3d ).

Metabolism is controlled by various transcriptional and
signalling pathways. Hypoxia-inducible factor-1α (HIF-1α) is
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a transcription factor that can bind to the promoter/enhancer
elements of genes for multiple glycolytic enzymes and glucose
transporters [33]. In addition, AMPK is an energy sensor that
can influence transcription to facilitate energy homeostasis
[34,35]. Therefore, we measured the mRNA expression of
AMPK and HIF-1α, as well as their co-expression with other
metabolic genes. Neither AMPK nor HIF-1α showed differen-
tial expression across groups (figure 4a,b). However, both
increased the number of co-expressed gene pairs early into
the hibernation, outlined with an orange rectangle in the
heat maps (figure 4c,d). Late into hibernation, AMPK became
strongly co-expressed with most metabolic genes, whereas
HIF-1α becomes decoupled from all other genes (figure 4e).
In sum, these results point to widespread changes in
mRNA co-expression for glucose metabolism throughout
hibernation, with dynamic interactions with master regulators
of metabolism, AMPK and HIF-1α.

We last sought to assess mRNA co-expression for genes
involved in aspects of aerobic metabolism, the Krebs cycle
and electron transport chain (ETC; table 1). This would
inform whether the strengthening of co-expression relation-
ships is specific to anaerobic processes versus a general
transcriptional strategy induced by hibernation. Of the nine
Krebs cycle and ETC genes measured, NADH dehydrogenase
(a subunit of complex I of the ETC) decreased expression at 2
and 30 days, while succinate dehydrogenase (part of the
Krebs cycle and complex II of the ETC) increased expression
at both time points (figure 5e,f). We observed several instances
of co-expression across Krebs cycle and ETC genes in controls,
with 12/36 strong correlations. (figure 5j). Strikingly—and in
contrast to the trends observed for glycolysis/glycogen proces-
sing—co-expression relationships were reduced to 6/36 pairs
at 2 days and 5/36 pairs at 30 days (figure 5k,l). Although
the number of strong correlations decreased by greater than
half at 30 days, there was no significant difference in the distri-
bution of Pearson r values across groups (figure 5m). These
results demonstrate a selective shift towards co-expression of
genes for glycolysis and glycogen metabolism, and away
from those involved in aerobic metabolism, in association
with functional hypoxia and ischaemia tolerance [6].
4. Discussion
Function of the brainstem in adult American bullfrogs tran-
sitions to become remarkably ischaemia-tolerant following
emergence from hibernation. In the present study, we investi-
gated the mRNA expression profiles for a panel of genes that
form the path from glycogen metabolism to lactate pro-
duction, as well as the Krebs cycle and electron transport
chain. Our results introduce the possibility that widespread
alterations in gene co-expression across anaerobic and aerobic
metabolism correspond to the transformation to ischaemia
tolerance of brainstem function.

(a) mRNA co-expression relationships for glucose
metabolism in ischaemia tolerance

Considering the highly glycolytic and glycogenolytic
phenotype of the brainstem following hibernation [6], we
hypothesized that genes coding for rate-limiting enzymes
may be upregulated to supply ATP needed for circuit function.
By contrast, the expression of these genes decreased or did not
change throughout simulated overwintering. These results
suggest a more complicated relationship between metabolic
gene expression and the highly glycolytic phenotype of the
brainstem following hibernation. Although counterintuitive,
this discrepancy between expected increases in gene expression
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and the hypoxia-tolerant phenotype is not uncommon. For
example, the brain of hooded seals has far greater glycogen con-
centration and glycogenolytic capacity compared to mice,
yet they have lower glycogen phosphorylasemRNAexpression
in the cerebellum and no significant difference in the neocortex
[36]. For enzyme activity, turtle and rat brain has similar
hexokinase (HK) and lactate dehydrogenase (LDH) activities
despite vastly different capacities to survive on glycolysis
alone [37]. In fish, expression of rate-limiting glycolytic
enzymes in the brain does not correlate with hypoxia-tolerance
across multiple species [38]. Although elevated mRNA
expression and enzyme activity can correspond to enhanced
glycolytic capacity in some cases [24,39], our results point
to more complex control over brain glucose metabolism than
simply upregulating rate-limiting steps.

Metabolic flux may be regulated by multiple enzymes
rather than by any single rate-limiting enzyme [31]. The coup-
ling of multiple metabolite fluxes are reflected in the
co-expression of mRNA for various metabolic processes
[32,40]. Therefore, understanding changes in mRNA co-
expression within and across pathways may provide insight
into critical metabolic interactions that contribute to ischaemia
tolerance beyond that which can be easily observed through
the mean expression of individual genes. Interestingly, we
found that the number of co-expressed gene pairs increased
after short-term cold submergence. Long-term cold acclimation
elicited even a stronger effect, showing linear co-expression in
most genes involved in glycogenmetabolism, glucose transport
and glycolysis (figure 3a–c). Thus, there appears to be regu-
lation occurring that reorganizes the expression of genes at
fixed ratios relative to one another even though the mean abun-
dance decreases or remains the same. Some intriguing
relationships with potential functional implications are the glu-
cose transporters. In the control group, neither GLUT2 nor
GLUT3 exhibited correlations with any other genes. However,
both became more correlated with other enzymes in the 2-day
hibernation group, and by onemonth, both GLUTs formed cor-
relations with most metabolic enzymes. GLUT2 is often
expressed in brainstem glial cells, and GLUT3 is expressed lar-
gely by neurons [41–45], suggesting coregulation of glucose
transporters with other metabolic processes to facilitate glucose
transport fromglia to neurons. In addition,most genes involved
in glycogenmetabolism became correlated with those involved
in glycolysis. These results are in direct contrast to the patterns
observed for select genes from the Krebs cycle and electron
transport chain, where we observed an elimination of over
half of the co-expressed gene pairs by 30 days of hibernation
(figure 5j–m). Together, these observations align with our func-
tional data whereby glycogen can support neural activity
during an ischaemic insult after hibernation, reducing its
reliance on aerobic metabolism for circuit function [6].

These results lead us to suggest that the metabolic state
of the brain can be read out through the co-expression of meta-
bolic genes. Intriguingly, modification of mRNA co-expression
plays a role in the metabolic phenotype of other highly glyco-
lytic models, such as cancer cells. Indeed, some genes in cancer
cells demonstrate a high degree of differential co-expression
without differences in mean expression [46]. Additionally,
disturbances in the co-expression of four genes involved in
the electron transport chain occur in seven types of cancers
[46]. Furthermore, multiple cancer cell types have disturbed
gene co-expression networks for different pathways including
folate, glutamine and glycine metabolism compared to normal
tissue [47]. Similarly, mRNAs that encode proteins involved in
oxidative phosphorylation (OXPHOS) also co-express in
humans and mice [48–50], with subunits of each complex
showing stronger ‘within complex’ than ‘across complex’ co-
expression [51]. These results emphasize the potential for core-
gulation of gene expression to contribute to a tissue’s metabolic
phenotype, consistent with our results. Altogether, the data
suggest that dynamics in mRNA co-expression across different
aspects of anaerobic and aerobic metabolismmay contribute to
shifting the metabolic fuel source to support brainstem func-
tion during hypoxia and ischaemia.

(b) Potential mechanisms that form mRNA correlations
The mechanisms underlying gene co-expression and their
dynamic regulation remain elusive. One hypothesis for the
control of gene co-expression involves a ‘master molecule’,
such as transcription factors, that regulate the expression of
multiple genes through shared enhancer elements and tran-
scription factor binding sites [52]. For instance, Yin et al. [53]
found that highly correlated gene pairs tend to share at least
one common cis regulatory site. In Drosophila, genes that
share transcription factor binding sites have a higher degree
of co-expression than those that do not [54]. HIF-1α can bind
to enhancer sites and has been characterized in amphibians
[33,55,56], making it a potential regulator of mRNA co-
expression in response to hibernation. Our data are consistent
with this possibility because several metabolic genes became
co-expressed with HIF-1α by 2 days of cold acclimation. How-
ever, these correlations vanish by 30 days, while the number
of genes that co-express with AMPK increase throughout
hibernation. Given that transcription factors controlling
tissue-level processes, such asmuscle growth, have been ident-
ified through mRNA co-expression without obvious changes
in mean expression [57], our results suggest that HIF-1α and
AMPK may contribute to reorganizing the metabolic network
to favour glycolysis and glycogen breakdown. Since HIF-1α
correlations emerge and disappear, we speculate that HIF-1α
may respond to acute drops in tissue PO2, while AMPK con-
tributes to the sustained reorganization of the glycolytic and
glycogenmetabolic network over longer timescales. These out-
comes align with data showing that acute decreases in tissue
PO2—consistent with the low arterial PO2 reported in cold-
submerged frogs [58]—activates HIF-1α but is degraded
under chronic low oxygen conditions [59,60]. Overall, we pro-
vide evidence for the rearrangement of the transcriptional
network that regulates glucose metabolism and the possible
involvement of AMPK and HIF-1α.

(c) Limitations
Although there is a strong precedent for mRNA co-expression
to, in part, explainmetabolite fluxes [32,40], wemust acknowl-
edge a few limitations. First, enzyme concentration, post-
translational modifications, allosteric modulation and
protein–protein interactions can influence enzyme activity
and metabolic fluxes. Therefore, dynamics in mRNA co-
expression is only one level of regulation that has the potential
to alter the brain metabolic phenotype. It will be important for
future work to determine if mRNA correlations scale to
enzyme activity, and if not, how the emergence of co-
expression at the mRNA level influences the ability of brain-
stem to function without oxygen and glucose delivery.
Second, by using whole brainstem samples, our results rep-
resent mRNA from a heterogeneous population of cells.
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Therefore, we cannot concludewhich cell types are involved in
the responses and how that relates to the emergence of co-ex-
pression relationships. That said, we expect most of the
glycogen processing genes and GLUT2 may be expressed in
glia, while glycolysis, ETC, and Krebs cycle genes are likely
to be expressed globally. Finally, our original study assessed
ischaemia tolerance of circuit function after 30-days of cold
submergence [6]. Thus, we do not yet knowwhether the emer-
gence of gene co-expression at 2 days are associated with
functional ischaemia tolerance or if this represents an initial
step in transforming the metabolic state of the brainstem.
Further investigation using higher throughput methods,
such as RNA-seq and metabolomics, are needed to determine
how mRNA correlations relate to other biological scales and
interactions between cell types.
R.Soc.B
289:20221131
5. Conclusion
In sum, our data indicate that transforming brain function to
become ischaemia-tolerant involves dynamic changes in co-
expression of metabolic genes for anaerobic (increases) and
aerobic (decreases) metabolism. These results introduce the
possibility that reorganization of gene co-expression net-
works may modify different aspects of metabolism to
induce, or contribute to, hypoxia and ischaemia tolerance of
brain function. Our data suggest that gene co-expression
spanning multiple aspects of metabolism may contribute to
hypoxia tolerance in other models and explain evolutionary-
trends in hypoxia tolerance where rate-limiting steps for
glucose metabolism do not obviously differ across species
[36,38]. Much of the interest in natural models of hypoxia tol-
erance arises from their ability to avoid brain dysfunction and
damage during hypoxia and ischaemia. Understanding the
triggers and organizing mechanisms of gene co-expression
may inform new design principles for inducible neuroprotec-
tion approaches, highlighting the value identifying multiple
solutions for hypoxia tolerance across species.
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