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ABSTRACT 

MicroRNAs are known to be critical regulators of neuronal plasticity. The highly-conserved, hypoxia-

regulated microRNA-210 (miR-210) has been shown to be associated with long term memory in 

invertebrates and dysregulated in neurodevelopmental and neurodegenerative disease models. 

However, the role of miR-210 in mammalian neuronal function and cognitive behavior remains 

unexplored. Here we generated Nestin-cre driven miR-210 neuronal knockout mice to characterise 

miR-210 regulation and function using in vitro and in vivo methods. We identified miR-210 

localisation throughout neuronal somas and dendritic processes and increased levels of mature miR-

210 in response to neural activity in vitro. Loss of miR-210 in neurons resulted in higher oxidative 

phosphorylation and ROS production following hypoxia and increased dendritic arbour density in 

hippocampal cultures. Additionally, miR-210 knockout mice displayed altered behavioral flexibility in 

rodent touchscreen tests, particularly during early reversal learning suggesting processes underlying 

updating of information and feedback were impacted. Our findings support a conserved, activity-

dependent role for miR-210 in neuroplasticity and cognitive function. 
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INTRODUCTION 

MicroRNAs (miRNAs) represent an important class of small regulatory RNAs enriched within the 

nervous system that function in post-transcriptional regulation of gene expression [1]. They have 

direct effects on messenger RNA (mRNA) stability and abundance, and are capable of regulating 

numerous target mRNAs through translational repression and mRNA decay in association with the 

RNA induced silencing complex (RISC) [2,3]. In recent years, increasing evidence has established 

miRNAs as critical regulators of neuronal development and synaptic plasticity, with new roles for 

neuronal miRNAs continually emerging [4±6]. Being subject to regulatory control at stages of 

transcription, biogenesis and turnover, miRNAs are highly configurable to spatial and temporal 

translational regulation which is necessary for modulating plasticity at discrete synapses. Localised, 

activity-dependent mechanisms of miRNA turnover are also known to occur in mammalian synapses 

involving miRNA transport in RNA granules, miRNA processing and degradation of miRNA:RISC 

complexes [7±9]. 

miRNA-210 (miR-210) is considered a master hypoxia-inducible miRNA (hypoxamiR) being 

consistently upregulated by hypoxic conditions. miR-210 is associated with regulating various 

physiological processes in numerous cell types including angiogenesis, cellular metabolism, cell-

cycle regulation, apoptosis and DNA repair [10±12]. Dysregulation of miR-210 is also frequently 

linked with cancer and myocardial infarction, having both oncogenic and tumour suppressor 

functions in different cancer types [13±16]. Hypoxia is a common feature of tumours that enhances 

tumour survival through stimulating angiogenesis, primarily through vascular endothelial growth 

factor (VEGF). Correspondingly, miR-210 has been shown to promote VEGF-directed endothelial 

cell migration and capillary-like formation through ephrin-A3 in vitro, and increase epithelial cell 

proliferation and angiogenesis in vivo [17,18]. In mouse models, miR-210 has been found to rescue 

cardiac function following myocardial infarction by inhibiting apoptosis and increasing focal 

angiogenesis [19]. Consistent with its role in hypoxia and correlation with cancer, miR-210 is involved 

in the metabolic shift to glycolysis during hypoxia by downregulating iron-sulphur cluster scaffolding 

proteins required for conversion of citrate to isocitrate [10,20]. 

There is growing evidence for miR-���¶V� UROH�ZLWKLQ� WKH�FHQWUDO�QHUYRXV�V\VWem. A transcriptome 

study from our lab using olfactory conditioning in the honeybee previously identified a number of 

miRNAs upregulated following long-term memory formation [21]. Among these, miR-210 showed the 

highest induction following olfactory conditioning, and antisense knockdown of miR-210 impaired 

memory recall in this model. Additionally, upregulation of miR-210 has been associated with age-

related behavioral changes in the honeybee, and miR-210 is cyclically expressed in clock neurons 

modulating circadian phase locomotor activity in Drosophila [22±24]. Analogous to its functions in 

non-neuronal cell types, miR-210 overexpression in the adult mouse sub-ventricular zone stimulates 

angiogenesis and neural progenitor cell proliferation [25]. Similarly, within the developing mouse 

brain, miR-210 was found to be expressed within the embryonic neocortex and regulate neural 
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progenitor proliferation through cell-cycle gene, CDK7 [26]. miR-210 is also associated with hypoxia-

ischaemic (HI) brain injury, being upregulated in patient serum following acute cerebral infarction 

and modulating metabolic deficits in rat neonatal HI brain injury [20,27]. Of note, significant 

dysregulation of miR-210 has been associDWHG�ZLWK�QHXURORJLFDO�GLVRUGHUV� LQFOXGLQJ�$O]KHLPHU¶V�

disease (AD) and rodent models of epilepsy. Significant downregulation of miR-210 has been found 

in AD post-mortem samples in various brain regions including medial frontal gyrus and hippocampus 

at both early and late stages of disease, as well as in cerebrospinal fluid and serum of patients with 

AD or those with mild cognitive impairment who are at risk of developing AD [28±30]. Rodent models 

of temporal-lobe epilepsy have also identified differential miR-210 expression, predominantly 

overexpression in hippocampal regions in both chronic and acute epilepsy stages at time points 

ranging from 3 hours to 4 months following seizure induction [31±33]. Another rodent study also 

highlighted that in rats subjected to 4 weeks of ischemia, modulation of the more divergent miR-210-

5p guide strand affected synaptic density in the hippocampus and spatial memory performance in 

the Morris water maze [34]. 

To investigate the role of miR-210 in mammalian neuronal function and plasticity, we recently 

examined miR-210 targets within the human neuroblastoma derived SH-SY5Y cell line. Pull-down 

of miR-210 bound mRNA identified a significant enrichment of age-related neurodegenerative 

SDWKZD\V� LQFOXGLQJ� $O]KHLPHU¶V�� +XQWLQJWRQ¶V� DQG� 3DUNLQVRQ¶V� GLVHDVHV� [35]. Dual-luciferase 

validation confirmed that miR-210 directly regulates several genes involved in neuronal plasticity as 

well as oxidative metabolism genes linked to neurodegenerative diseases. Collectively, these data 

suggest an important role for miR-210 in modulating neural activation and plasticity within the brain. 

Here we use a mouse model with conditional knockout of the miR-210 stem-loop region in the 

nervous system to examine functional effects at the cellular level in vitro and cognitive behavioral 

effects in vivo to further characterise miR-210 in a more complex mammalian model. 

 

RESULTS 

miR-210 is expressed in neurons and upregulated by neural activity in vitro 

Neuroplasticity relies on localised transcriptional changes, therefore, associated miRNA regulation 

would require synaptic/dendritic localisation of mature miRNA [7,8]. To gain insight into the neuronal 

role of miR-210 we first examined endogenous miR-210 localisation in vitro, in wild type C57BL/6J 

primary mouse hippocampal neurons using a Fluorescent In-Situ Hybridisation (FISH) approach. In 

neurons at 21 days in vitro (DIV-21) miR-210-3p was detected throughout the cell soma and 

processes including positive detection within MAP2 positive dendritic branches and spines (Fig. 1a-

c). No specific staining was observed following hybridisation with a Scramble-miR negative control 

probe (Fig. 1d-f).  
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Evidence of miR-210 upregulation following olfactory conditioning and dysregulation in disease 

suggests neural activity may modulate miR-210 expression [21,28±33]. Previous studies however 

have primarily assessed samples of whole brain or brain regions with a mixed cell population. To 

more directly determine whether miR-210 is upregulated in neuronal cells in response to activity, we 

examined miR-210 expression in vitro in wild-type mouse hippocampal neurons following neuronal 

activation. Neurons were exposed to transient depolarisation with high potassium (K+) to induce in 

vitro long-term potentiation (LTP) [36] and we found that mature miR-210 was significantly increased 

after 24 h (Fig. 1g). As a secondary method of neural activation we utilised glycine-mediated chem-

LTP, as described previously [37]. Similar to K+ activation, miR-210 was significantly increased 24 h 

after chem-LTP (Fig. 1h), suggesting miR-210 is induced by activity in cultured neurons via multiple 

mechanisms. As miR-210 is transcriptionally regulated through a promotor hypoxia-response 

element, to further understand how miR-210 might be induced by neural activity, expression of 

hypoxia-inducible transcription factors, Hif-�Į and Hif-�Į� were also quantified. Although induction 

of Hif-Į under hypoxic conditions occurs primarily via protein stabilisation, Hif-�Į induction can also 

be detected at the mRNA level and transcriptional up regulation of Hif-�Į has been identified in the 

rodent brain following forms of long term consolidation including passive avoidance learning and 

environmental enrichment [38±40]. As LTP is associated with multiple transcriptional waves, with 

upregulation of transcription factors during earlier phases and upregulation of associated targets in 

later phases of LTP [39,41,42], Hif-�Į and Hif-�Į were quantified following K+ activation in vitro at 

20 min, 5 h, 12 h and 24 h time points (Fig. 1i). No significant induction of Hif-�Į mRNA was observed 

at any time-point, however Hif-�Į mRNA levels were significantly increased 12 h after neuronal 

activation, highlighting Hif-�Į as a possible mechanism of miR-210 induction under these conditions.  

 

In vivo knockout of miR-210 

To further investigate the neuronal function of miR-210 both in vitro and in vivo, we crossed Nestin-

Cre mice with mice carrying a floxed miR-210 transgene [43] to generate miR-210 neuronal knockout 

mice (miR-210 KO; Supplementary Fig. 1a). Although some studies have examined miR-210 

expression in the mouse brain during embryonic development and disease states, there has been 

limited quantitative analysis of basal miR-210 expression within the normal adult mouse brain. We 

therefore characterised miR-210 expression across different brain regions in adult littermate control 

mice homozygous for the transgene and lacking Nestin-cre (tg CTRL). We found that basal miR-210 

expression in tg CTRL mice was highest within the hippocampus (>17-fold higher, p <0.0001) 

(Supplementary Fig. 1b) correlating with previous studies on hypoxia-ischaemic injury, temporal lobe 

epilepsy and AD which detected miR-210 dysregulation within the hippocampus. Comparison of 

miR-210 KO and tg CTRL mice also determined successful depletion of mature miR-210 in the 

hippocampus of miR-210 KO mice (>120-fold reduction, p <0.0001, Supplementary Fig. 1c). 
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Neuronal knockout of miR-210 alters metabolism and dendritic arbour morphology in vitro  

miR-210 dysregulation has been repeatedly associated with metabolic regulation in various cell 

types as well as in cortical rat neurons in vitro following oxygen-glucose deprivation [10,20,44]. We 

therefore wanted to examine metabolic changes following hypoxia in cultured hippocampal neurons 

from our miR-210 KO mice. Mitochondrial membrane potential (οȌP��ZDV�PHDVXUHG�DV�DQ�LQGLFDWRU�

of oxidative phosphorylation using the fluorescent compound tetramethylrhodamine, ethyl ester 

(TMRE) which is sequestered by active mitochondria. From this we found that TMRE intensity was 

significantly higher in the soma of miR-210 KO neurons after 48 in 1% O2 (Fig. 2a-c). As oxidative 

phosphorylation is tightly linked to reactive oxygen species (ROS) production and cellular oxidative 

stress, levels of cellular ROS were also detected using the ROS reactive �¶��¶-Dichlorofluorescin 

diacetate (DCFDA) compound. Similarly, to TMRE, DCFDA intensity was also significantly increased 

in miR-210 KO neurons following hypoxia (Fig. 2d-f). This indicates that knockout of miR-210 

increased neuronal oxidative phosphorylation and ROS production in response to low oxygen, 

consistent with previously observed effects of miR-210 on metabolic regulation and correlating with 

de-repression of metabolic miR-210 target genes [20,35]. 

At the cellular level, changes in dendritic arbour morphology can be representative of altered 

neuronal development or function impacting dendritic spine and synapse formation, connectivity and 

plasticity. In Drosophila, miR-210 upregulation has been found to affect axonal and dendritic arbour 

morphology in certain clock neurons in vivo and in the Drosophila neuronal cell line BG3-C2 in vitro 

[24]. To examine the impact of miR-210 knockout on the morphology of mouse hippocampal 

neurons, Sholl analysis was performed on cultured neurons from miR-210 KO and tg CTRL mice at 

DIV-12 using Map2 as a dendritic marker (Fig. 3a-b). We found miR-210 knockout neurons displayed 

increases in various dendritic parameters including the total number of dendritic intersections (Fig. 

3c-d), length of dendritic arbours (Fig. 3e) and dendritic branching (Fig. 3f).  

 

Knockout of miR-210 Increases Behavioral Flexibility and Reduces Repetitive Responding in 

Reversal Learning 

As miR-210 has been previously associated with behavioral changes in invertebrate models 

including changes in olfactory learning [21,22,24] we wanted  to investigate more complex learning 

and memory in our vertebrate model. We therefore tested mice in the pairwise visual discrimination 

and reversal learning tasks using the rodent touchscreen operant system, a valuable behavioral tool 

for assessing different cognitive functions within the same testing environment [45±50]. As this 

genetic strain has not previously been characterized, we first measured exploratory and locomotor 

function in the open field and accelerating rotarod tests and confirmed that miR-210 neuronal 

knockout did not affect basic locomotor capacity (Supplementary Fig. 2). Mice were subsequently 

trained in appetitive operant conditioning using a series of pre-training stages (Fig. 4a) [46]. Both 
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miR-210 KO and tg CTRL mice completed the pre-training stages at the same rate and in the 

minimum number of sessions (Fig. 4b), indicating loss of neuronal miR-210 did not impact simple 

instrumental learning. 

Mice were next tested in the pairwise visual discrimination task [46,51] where they learned to 

discriminate between a rewarded (CS+) and an unrewarded (CS-) visual stimuli (Fig. 4c-d) [52]. On 

µILUVW-SUHVHQWDWLRQ¶� WULDOV�� FRUUHFW� UHVSRQVHs were rewarded but incorrect responses resulted in a 

µcorrection trial¶, where the same trial was repeated until a correct response was made [46]. While 

performance accuracy can be measured using correct/incorrect responses, responding on correction 

trials provides a valuable measure of behavioral flexibility to adapt responses. We observed a 

consistent trend between miR-210 KO and tg CTRL groups in the primary learning measures for 

acquisition of visual discrimination, in that miR-210 KO mice tended to perform slightly better than tg 

CTRL mice by requiring fewer trials (Fig. 4e), making fewer errors (Fig. 4f) and completing fewer 

correction trials (Fig. 4g) to reach the discrimination learning criterion. To further examine this trend, 

we analysed visual discrimination performance at a session level for the first four sessions (when all 

mice are represented prior to some mice reaching the learning criterion and advancing; 

Supplementary Fig. 3). Analysis of performance accuracy, perseverative index, time to complete 

sessions and various response latencies (e.g. correct response, incorrect response, reward 

collection, trial initiation) showed no statistically significant differences between groups, but we noted 

a trend for miR-210 KO mice to be faster at initiating the commencement of trials in sessions 3-4 

(Supplementary Fig. 3g-i).  

After acquiring visual discrimination, mice were tested on reversal learning where the designated 

CS+ and CS- stimuli were now switched (Fig. 5a) requiring mice to inhibit responding to the 

previously rewarded stimulus (now CS-) and learn the new stimulus-reward association, thus 

allowing us to measure cognitive flexibility [45]. For the reversal learning measures analysed, we 

consistently observed a significant main effect of session (p < 0.001) as expected, confirming all 

animals improved their performance with increasing testing sessions. We observed no differences 

in the rate of reversal learning (% accuracy) across sessions between miR-210 KO and tg CTRL 

mice (Fig. 5b). However, miR-210 KO mice displayed greater behavioral flexibility with a significantly 

reduced perseverative index, a measure of repetitive responding to an incorrect response (effect of 

genotype [g] = p <0.05; genotype x session interaction [g x s] = p <0.0001), which was most evident 

during the initial reversal learning sessions following the stimuli-reward contingency change, when 

the demands to be flexible and thus the likelihood to perseverate is high (Fig. 5c). We also observed 

a similar, consistent pattern for various latency measures during reversal learning, with miR-210 KO 

mice taking less time to complete sessions (g = p <0.001; g x s = p <0.0001) (Fig. 5d) and initiate 

the commencement of trials (g = p <0.01; g x s = p <0.0001; Fig. 5e) regardless of whether the 

previous response was correct (g = p <0.05; g x s = p <0.001; Fig. 5f) or incorrect (g = p <0.05; g x 

s = p <0.05; Fig. 5g), supporting the more subtle phenotypic trends observed during visual 
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discrimination. Interestingly, we did not see statistically significant differences in other response 

latency measures (correct response latency, Fig. 5h; incorrect response latency (data not shown); 

reward collection latency, Fig. 5i) highlighting the observed changes in trial initiation latency were 

not simply due to overt changes in motivation or motor capacity. Collectively, these data suggest 

loss of miR-210 impacts behavioral flexibility and the drive to continue engaging in the task and 

commence new trials, especially when contingencies in the environment change and updating of 

information is required.   

 

DISCUSSION 

Deciphering the role of miRNA regulation in neuronal plasticity is critical for understanding the 

molecular processes driving behavior and cognition disrupted in neurological disorders. Here we 

have utilised in vitro and in vivo methods to further understand the role of hypoxia-regulated miR-

210 in neuronal function (Fig. 6). Our work builds on previous evidence of miR-210 targeting and 

involvement in neuronal plasticity, including dysregulation in AD and epilepsy as well as modulation 

of long-term recall following miR-210 knockdown in the honeybee. We detected increased levels of 

mature miR-210 in response to neuronal activation in vitro supporting neuronal activity-dependent 

modulation of miR-210. Increased oxidative phosphorylation and ROS levels following hypoxia and 

altered dendritic arbour morphology in mouse hippocampal neurons lacking miR-210 show an 

important functional role of miR-210 in vertebrate neurons, consistent with miR-210 metabolic 

functions in non-neuronal cell types as well as findings in invertebrate neuron models. In vivo, 

knockout mice displayed significantly enhanced behavioral flexibility in the touchscreen reversal 

learning task, exhibiting reduced perseverative behavior and increased drive to initiate engagement 

in the task. These observed alterations in distinct aspects of behavior reveal miR-210 plays an 

important role in the complex cognitive processes that underlie vertebrate learning and memory. 

We found neuronal activity increased miR-210 mRNA in an in vitro model, however additional studies 

would be required to determine the direct mechanisms regulating miR-210 induction in neurons. 

Aside from studies finding HIF-1Į� transcriptionally upregulated following long-term consolidation 

[39,40] neuronal knockout of HIF-1Į�in mice has also been shown to impair spatial memory while 

HIF stabilization leads to improves hippocampal memory [53,54]. This warrants further investigation 

into the role of HIF-1Į in cognition and how it relates to either hypoxic stabilisation of HIF-1Į protein 

and/or or transcriptional upregulation of HIF-1Į mRNA. These observations however support a 

potential model whereby increased metabolic demands occurring innately during neural activity lead 

to reduced cellular oxygen and HIF pathway induction [55].   

Observed changes in dendritic arbour density in hippocampal neurons also support an important 

role for miR-210 in neuronal function. Previously, miR-210 has been found to promote axon 

regeneration in peripheral mouse neurons through targeting ephrin-A3 (EFNA3) [56]. As EFNA3 
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signalling is known to regulate axon guidance as well as dendritic morphology [57,58] this may 

contribute to the altered dendritic morphology we observe in miR-210 KO neurons. Metabolic 

function may also act as a rate-limiting factor for plasticity changes in neuronal processes and high 

metabolic demand and altered metabolism could therefore indirectly modulate neuronal morphology.  

Previously, three separate studies have identified a significant downregulation of miR-210 in AD 

patients at both late and early stages of AD as well as in sufferers of mild cognitive impairment [28±

30]. Both deficits in oxidative phosphorylation and increased oxidative stress in the brain are 

hallmarks of neurodegeneration and metabolic dysfunction is known to occur early in disease 

progression, preceding cognitive decline [55,59,60]. Identification of increased oxidative 

phosphorylation and ROS in miR-210 KO hippocampal neurons is therefore of interest and 

potentially significant to AD pathology. Collectively, this suggests that miR-210 downregulation may 

not just be ancillary to disease but may also exacerbate oxidative stress and metabolic dysfunction 

in the AD brain. Given that vascular dysfunction and hypoperfusion are major features of the AD 

brain, downregulation of hypoxia-induced miR-210 seems counter-intuitive. Accumulation of HIF-�Į��

however, is attenuated with age in ischemic tissues and this appears to be further exacerbated in 

AD with HIF-�Į�OHYHOV�VLJQLILFDQWO\�GHFUHDVHG�LQ�SDWLHQWV�FRPSDUHG�WR�DJH-matched controls [61±

63]. Reduction of HIF-�Į and its targets within the AD brain, despite hypoperfusion, suggests that 

hypoxic induction of HIF-�Į is inhibited in AD. Increased oxidative stress in the AD brain may play a 

role in this occurrence as ROS are known to promote HIF-�Į degradation [64]. Further research is 

evidently needed to elucidate the role of HIF-�Į�DQG�LWV�UHJXODWRU\�WDUJHWV�such as miR-210 in AD 

pathology and how it relates to hypoxia and ROS.  

While hypoxia is known to cause deficits in learning and memory [65,66], these effects appear to be 

independent of HIF pathway induction and dependent on the severity of hypoxic exposure with mild 

hypoxic preconditioning conferring protection to later hypoxic exposures through HIF-1Į  [67,68]. 

The role of HIF in discrete cognitive functions likely also relates to differing sensitivities of neuronal 

subpopulations to hypoxia. Within the brain, pyramidal excitatory projection neurons are known to 

be most sensitive to hypoxia, while inhibitory interneurons are most resistant [70,71]. Of interest, 

HIF-�Į is induced in inhibitory interneurons but not pyramidal neurons in response to hypoxia [72]. 

Interneurons are thought to primarily function in excitatory control of cognitive processing and are 

involved in control of sensory input and cognitive flexibility in reversal learning [73±76]. 

Understanding interneuron function is of interest to both neurodegenerative and neuropsychiatric 

disorders, in particular, schizophrenia where parvalbumin GABAergic interneurons are selectively 

damaged and deficits are observed in various cognitive processes requiring inhibitory control 

including reversal learning [77±80]. Aside from schizophrenia, interneuron circuitry is also linked to 

3DUNLQVRQ¶V�GLVHDVH��$'�DQG�REVHVVLYH-compulsive disorder and targeted ablation of interneurons 

leads to development of compulsive behavior and hyperkinetic motor dysfunction in mice [81±84]. 

Both inactivity and loss of interneurons associated with reductions in inhibition are also linked to 
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epilepsy syndrome [85,86]. Based on the hypoxic-resistance and HIF-�Į�H[SUHVVLRQ�RI� LQKLELWRU\�

interneurons as well as their established cognitive role, the observed improvements in reversal 

learning in miR-210 KO mice may relate to a functional role of HIF-�Į� LQ� LQKLELWory interneurons. 

Cognitive processes affected in miR-210 knockout mice also align with circuitry affected in epilepsy, 

where miR-210 is overexpressed. Taken together these data implicate a role for miR-210 in 

behavioral flexibility and mechanisms regulating feedback and updating of information. Although 

beyond the scope of this study, inducible or cell-type specific knockout systems could establish 

specific neurocircuitry or cell populations where miR-210 may function during cognition.  

Characterising mechanisms regulating neural function in response to activity is crucial to 

understanding plasticity within the healthy brain. Further understanding of the HIF pathway and miR-

210 in cognition may also be critical to elucidating the molecular basis of neurological disorders such 

as AD where this pathway is disrupted. This study provides the first characterisation of a neuronal 

miR-210 knockout mice and the first behavioral analysis of a microRNA knockout mouse model using 

the rodent touchscreen assays, which may be an important tool for dissecting and identifying specific 

functions of miRNAs in regulation of complex cognitive processes. Data presented here highlights 

induction of miR-210 in response to neuronal activation and functional consequences of miR-210 

knockout in hippocampal neurons in vitro. Identification of discrete cognitive processes affected in 

miR-210 knockout mice also provides important insights into miR-210¶V endogenous functions and 

supports a conserved role for miR-210 in learning and memory in more complex mammalian models.  
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MATERIALS AND METHODS 

Animals  

Heterozygous mice containing a floxed miR-210 allele (Mir210tmMtm; JAX, Bar Harbour, US) [43] were 

inbred to produce homozygous mice (miR-210loxP/loxP) and crossed with Nestin-Cre mice (B6.Cg-

Tg(Nes-cre)1Kln/J, a kind gift from Dr Jason Cain) to produce miR-210 KO mice (miR-210-/-;Nestin-

Cre; Supplementary Fig. 1a) at the Monash Animal Research Platform (MARP, Monash University, 

Clayton, Australia). The cohort of adult male mice used for the behavioral studies were bred at 

Monash University and shipped to The Florey Institute of Neuroscience and Mental Health where all 

behavioral studies were completed. Except where otherwise stated animals were housed in standard 

light conditions with access to water and food ad libitum. All experiments were conducted in 

accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific 

Purposes, and approved by Monash University and/or The Florey Institute of Neuroscience and 

Menth Health Animal Ethics Committees. 

Primary Hippocampal Neurons 

Hippocampal neurons were isolated from embryonic day 18.5 (E18.5) mice where the day of plug 

was designated as E0.5. Hippocampi were dissected in ice-cold dissection media (1X HBSS -Ca2+/-

Mg2+, 100 U/mL Pen-Strep, 1m M Sodium-pyruvate, 20 mM HEPES and 25 mM Glucose). 

Hippocampi were digested for 20 min at 37°C in dissection media with 20 U Papain and 1% DNase-

I, with gentle perturbation every 5 min. Digestion solution was removed from tissue and hippocampi 

washed 2-3X in warm neuronal medium (Neurobasal Medium, 1X GlutaMAX, 100 U/mL Pen-Strep, 

5% Fetal Bovine Serum [FBS, Gibco, Thermo Fisher] and 1X B-27). Neurons were dissociated in 1 

mL of neuronal medium using 3 consecutively smaller fire-polished pipettes. Cells were spun at 200 

J�IRU���PLQ�EHIRUH�ILOWHULQJ�WKURXJK�D����ȝP�FHOO�VWUDLQHU�DQG�SODWLQJ�LQ�QHXURQDO�PHGLXP�RQ�SRO\-D-

lysine coated plates (0.1 mg/mL) or coverslips (0.5 mg/mL) at 5 x104 cells/well. Neuronal medium 

was replaced after attachment (~4-6 h after plating) and again the following day with FBS free 

neuronal medium. Neurons were maintained in serum-free medium at 37°C/5% CO2, exchanging 

50% of medium every 3 days.  

In Situ-Hybridisation in Cultured Neurons 

Neurons were fixed in 4% PFA/4% Sucrose in PBS for 10 mins at room temp and washed 3 x 5 mins 

ZLWK�3%6��)L[HG�QHXURQV�ZHUH�GHSURWHLQDWHG�LQ����ȝJ�P/�3URWHLQDVH�.�LQ�3%6�IRU����PLQ��EHIRUH��;�

5 min PBS washes. To remove residual PBS, coverslips were incubated 2X 10 min in fresh imidazole 

buffer (0.13 M 1-methylimidazole, 300nM NaCl, pH 8.0). Cells were fixed in l-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) in imidazole buffer for 1-2 h in a humidified chamber. Cells 

were washed 1X with 0.2% (w/v) glycine in PBS and 2X in PBS for 5 min each before incubation in 

fresh acetylation solution (0.1M triethanolamine, 0.5% (v/v) acetic anhydride) for 10 min and washing 
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2X 3 min in PBS on shaker. Cells were then incubated in hybridisation buffer (50% formamide, 5X 

66&������ȝJ�P/�\HDVW�W51$������ȝJ�P/�VDOPRQ�VSHUP�'1$���;�'HQKDUGW¶V�VROXWLRQ�����%ORFNLQJ�

reagent, 0.5 % Tween, 9.2 mM citric acid) for 1 h at hybridisation temperature (58°C). DIG-

conjugated LNA probes for miR-210-3p or Scramble-miR (Exiqon) were denatured at 75°C for 4 min, 

cooled on ice, diluted in hybridisation buffer to 10 nM and added to coverslips for 16 h at hybridisation 

temp in a humidified chamber. Following hybridisation, cells were washed 3X 10 min in 0.1X SSC at 

4-8°C above hybridisation temp with agitation. Coverslips were then washed in 2X 5 min in SSC on 

shaker before incubating 20 min in 3% H2O2/PBS. Cells were then washed 3X 3 min in Buffer I (100 

mM Tris-HCl, 150 mM NaCl, pH 7.5) on shaker before a 30 min incubation in Blocking Buffer (100 

mM Tris-HCl, 150 mM NaCl, 0.5% Blocking reagent, 0.5% BSA, 0.1% Tween). DIG was detected by 

incubation with mouse ĮDIG primary antibody (1:500; Perkin Elmer) and neurons also 

immunostained with ĮMAP2 (1:5000; Abcam, ab5392) diluted in blocking buffer for 1-2 h. Cells were 

washed 3X 5 min in Buffer II (100 mM Tris-HCl, 150 mM NaCl, 0.1% Tween) and MAP2 primary 

DQWLERG\�GHWHFWHG�ZLWK�VHFRQGDU\�DQWLERG\��JRDW�Į&KLFNHQ� ,J<�$OH[D)OXRU��������������$EFDP��

ab150171) in blocking buffer, in a dark, humidified chamber on shaker at low speed for 1 hr and cells 

washed again 3X 5 min in Buffer II. Tyramide Signal Amplification (TSA®) with Fluorescein (Perkin 

Elmer) was diluted 1:50 in provided amplification diluent and added to coverslips for 10 min in the 

dark. Sections were then washed 3X 5 min in Buffer II and mounted in fluorescent mounting medium 

with DAPI. All images were taken on an upright Zeiss Axio Imager M2 fitted with a Zeiss Axio Cam 

506 mono camera using the Zen 2 pro software. Image contrast was enhanced uniformly for figure 

preparation. 

Mitochondrial Membrane Potential and ROS Detection 

For detection of mitochondrial membrane potential or ROS in primary hippocampal neurons at DIV-

���� FHOOV� ZHUH� VWDLQHG� ZLWK� 705(� �WHWUDPHWK\O� UKRGDPLQH� HWK\O� HVWHU�� RU� '&)'$� ��¶��¶-

DichloroIOXRUHVFLQ�GLDFHWDWH���UHVSHFWLYHO\��&HOOV�ZHUH�ZDVKHG��;�LQ�7\URGH¶V�EXIIHU������P0�1D&O��

5 mM KCl, 10 mM glucose, 1.5 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, pH 7.4) before staining in 

����Q0�705(�RU����ȝ0�'&)'$�GLOXWHG�LQ�7\URGH¶V�EXIIHU�IRU����PLQ�DW����&22/37°C. Stain was 

UHPRYHG� DQG� FHOOV�ZDVKHG� WKUHH� WLPHV� LQ� 7\URGH¶V� EXIIHU� EHIRUH� LPDJLQJ�� )OXRUHVFHQW� DQG�',&�

images for each experiment were collected using the same gain and exposure settings and 

fluorescent intensity was analysed using the ImageJ software. 

Neuronal Activation 

For neuronal activation using high concentration potassium (K+), HEPES Buffered Saline (HBS; 90 

mM KCl, 25 mM HEPES, 33 mM D-*OXFRVH����P0�&D&O�����P0�0J&O�������ȝ0�SLFURWR[LQ��ZDV�

applied to neurons at 21 days in vitro for 3 x 1 sec intervals. High K+ HBS application was followed 

by 10 sec recovery in control HBS (NaCl and KCl adjusted to 119 mM and 5 mM, respectively) before 
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replacement with neuronal media. As a control condition, neurons were incubated in control HBS for 

30 sec. For glycine-induced Chem-LTP, DIV-18 hippocampal cultures were incubated at room temp 

for 5 min in extracellular solution (ECS; 150 nM NaCl, 2 mM CaCl2, 5 mM KCl2, 10 mM HEPES, 30 

mM Glucose, 1 µM strychinine, 20 µM bicuculline methiodide). Neurons were then incubated in ECS 

with 200 µM glycine for 3 min at room temp before replacing neuronal medium. As a control condition, 

neurons were incubated 3 min in ECS without glycine.  

RNA Extraction, cDNA Synthesis and Quantitative Real-Time PCR 

RNA was extracted using TRIzol reagent as per manufactures directions, keeping samples on ice 

DQG�XVLQJ����ȝJ�RI�JO\FRJHQ�DV�D�FDUULHU��)RU�EUDLQ�UHJLRQV��ZKROH�EUDLQV�ZHUH�GLVVHFWHG�LQ�LFH-cold 

PBS and collected regions were diced with a scalpel and placed on dry ice. Tissue was disrupted in 

TRIzol solution by passing 5X through a 23-gauge needle. TRIzol incubation and chloroform phase 

separation steps were repeated twice with incubation times increased to 30 and 15 mins, 

respectively. Samples were quantified using a NanoDrop Lite spectrophotometer and Qubit RNA 

high sensitivity assay. Synthesis of cDNA for protein-coding gene expression was performed using 

SuperScript III RT according to manufacturer directions using oligo-dT and qRT-PCR reactions were 

performed in triplicate on the Roche LightCycler480 system using the QuantiNova SYBR Green PCR 

Kit (QIAGEN) at a melting temp (Tm) of 60°C.  For miR-210 detection, a stem-loop reverse 

transcription primer was designed using a previously described template and annealed in a thermo-

cycler (95°C/5 min, ramp to 25°C/1°C min-1) [87]��F'1$�ZDV�V\QWKHVLVHG�XVLQJ�����ȝ0�SULPHU�������

ȝ/�RI�57�DQG�����ȝ/�RI�51DVH287�UHDFWLRQ�DQG�UHYHUVH�WUDQVFULSWLRQ�SHUIRUPHG�XV ing a low-temp 

cycling program (16°C/30 min, 42°C/30 min, 85°C/5 min, 4°C/hold) as described previously [88,89]. 

For qRT-PCR, forward miRNA-specific primer was designed to be complimentary to the first 16 bp 

of the mature miR-����VHTXHQFH�ZLWK�DQ�DGGLWLRQDO���ES¶V�DGGHG�WR�WKH�SULPHU��¶�HQG�WR�D�ILQDO�7P�

of ~60°C. Reverse primer was a universal primer specific for the stem-loop region of the RT primer 

[87]��)RUZDUG�SULPHU�ZDV�XVHG�DW�D�ILQDO�FRQFHQWUDWLRQ�RI�����ȝ0�DQG�XQLYHUVDO�VWHP-loop reverse 

SULPHU�DW�����ȝ0��)RU�SURWHLQ-coding genes, Tbp and Hprt1 were used for normalisation, for miR-

210, Rn5s (in vitro experiments) and Rnu6 (in vivo) were used for normalisation. Primer sequences 

are as listed in Supplementary Table S1.  

Scholl Analysis 

Neurons were fixed at DIV-21 as described for In Situ hybridization and blocked for 30 min in 3% 

BSA, 0.3% TX in PBS at room temperate before adding chicken anti-MAP2 primary antibody diluted 

in 3% BSA/0.3% TX/PBS and incubating overnight at 4°C in a humidified chamber. Primary antibody 

was removed and cells were washed 3 times with 0.3% TX/PBS for 5 min. Cells were then incubated 

with secondary antibody, goat anti-Chicken IgY AlexaFluor® 647 in a dark, humidified chamber on 

shaker at low speed for 2 h. Secondary antibody was washed off with 3 x 5 min washes in PBS/TX 

and coverslips were mounted onto glass slides using fluorescent mounting media with DAPI (DAKO). 
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For analysis of primary neuron dendritic morphology, the Fiji distribution of ImageJ and Sholl plugin 

was used. Single channel fluorescent images of MAP2 staining were used for analysis and images 

ZHUH�¶FOHDQHG¶�WR�UHPRYH�QHXURQDO�SURFHVVHV�RI�QHLJKERXULQJ�FHOOV�WR�JHQHUDWH�LPDJHV�RI�LVRODWHG�
neurons as required for Sholl tracing. 8-bit Images were analysed as described in the plugin manual 

with starting radius set to 10 µM and radius step size set at 5 µM. Ramification index of branching 

was calculated as the ratio of the maximal number of intersections to the number of primary branches 

extending from the neuronal soma and the enclosing radius correlates to the largest radius at which 

intersections were detected.  

Exploratory and Locomotor Behavioral Testing 

For the locomotor open field test, a white open field mouse chamber (Med Associates, St. Albans, 

VT, USA) of dimensions 27.3 (L) x 27.3 (W) x 20.3 (H) cm in-built with an automated infrared tracking 

array controlled using the Activity Monitor system and software (v6.02, Med Associates) was used. 

Mice were moved into the testing room under low lighting conditions and habituated for at least 10 

min before testing. Mice were tested individually and placed in the centre of the field and movement 

automatically tracked for a period of 60 min. For the accelerating rotarod task, mice were first 

familiarized to the rotarod (Ugo Basile, Gemonio, VA, Italy) by giving them a training period of 1 min 

with the rod rotating at constant speed of 4 rpm. Mice were then tested across three trials (with rests 

between trials) where the speed gradually accelerated from 4 to 40 rpm over a period of 5 min for 

each trial. Time spent on the rotarod was recorded as the latency to fall from the rod.  

Touchscreen cognitive testing for pairwise visual discrimination and reversal learning 

Adult male mice (12-13 weeks of age) were acclimatised to reverse light dark housing (lights off 

07:00, lights on 19:00) for a minimum of two weeks prior commencing food restriction to reach 85-

90% of baseline free-feeding weight as that previously described [51]. Mice were tested 5-7 

days/week in the dark phase (active cycle) using the mouse touchscreen operant system (Campden 

Instruments Ltd, UK) with Whisker and ABET II Touch software. Mice were first pre-trained through 

five stages to acquire operant conditioning as that previously described [51]. Following completion 

of pre-training, all mice commenced the pairwise visual discrimination task on the same session [51]. 

For each trial in the pairwise visual discrimination task, two stimuli where presented in the two 

response windows in a pseudo-randomized manner (Fig. 4c). The two visual stimuli used were the 

µplane¶ and µspider¶ stimuli, with one designated as CS+ (correct) and the other as CS- (incorrect; 

Fig. 4d), counterbalanced across mice in both genotypes to minimize effects of potential stimulus 

bias. Sessions ended after the completion of 30 µfirst-SUHVHQWDWLRQ¶ trials or a maximum of 60 min. 

2Q�µILUVW-SUHVHQWDWLRQ¶�WULDOV��FRUUHFW�UHVSRQVHV�ZHUH�UHZDUGHG�EXW�LQFRUUHFW�UHVSRQVHV�UHVXOWHG�LQ�D�

time-RXW�DQG�D� µFRUUHFWLRQ� WULDO¶��ZKHUH� WKH�VDPH�WULDO�was repeated until a correct response was 

made. Mice were individually moved onto reversal learning the next training day after reaching the 

visual discrimination learning FULWHULRQ�RI������DFFXUDF\� IRU� WZR�FRQVHFXWLYH�VHVVLons. Reversal 
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learning task sessions were run as that described for visual discrimination except that the designated 

CS+ and CS- stimuli were now switched (Fig. 5a). In order to control for and ensure all mice 

completed the same number of trials, the first reversal learning session was split across two sub-

sessions (15 trials per session) [46]. If mice did not complete 15 trials within the first sub-session, 

the number of trials possible for the second sub-session was altered to achieve a total of 30 trials 

across the sub-sessions. All mice were tested on reversal learning for a total of 10 complete (30 µILUVW�

SUHVHQWDWLRQ¶�trial) sessions.     

Statistics 

Statistical analyses were carried out in GraphPad Prism v8.2.0. Significance was calculated at a 

95% FRQILGHQFH�LQWHUYDO��Į� ��������+RPRJHQHLW\�RI�YDULDQFH�DQG�GDWD�QRUPDOLW\�GLVWULEXWLRQ�ZDV�

determined using Levene and Shapiro-Wilk tests, respectively. For cell and molecular data, specific 

means tests and appropriate post hoc analyses were used as indicated in the text. For behavioural 

data, we performed two-sample t-tests or for session level analyses of visual discrimination and 

reversal learning, a two-way repeated measures ANOVA or a mixed-effects model with genotype as 

a between-subjects factor and session as a within-subjects factor, and post hoc 6LGDN¶V�multiple 

comparisons analysis when there was a significant genotype x session interaction. Note, due to the 

nature of multiple comparisons testing, we observed instances of significant genotype x session 

interactions but no significant post hoc comparisons (Fig. 5). Visual discrimination analysis across 

sessions 1-4 was carried out after outlier elimination using the ROUT method with Q = 0.01%. All 

latency analyses were performed using mean session values per mouse.  
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FIGURE LEDGENDS 

Figure 1: Neuronal miR-210 expression in vitro. Localisation and activity induction of miR-210 

were analysed in primary hippocampal neurons cultured from wild-type C57BL/6 mice. a-f. 
Fluorescent In-Situ Hybridisation (FISH) was used to detect miR-210 in fixed neurons at DIV-21. a-
c. miR-210 LNA was detected throughout the cell body and within dendritic processes and synaptic 

structures. d-f. No signal was detected in neurons stained with negative control Scramble-miR LNA 

probe. Green fluorescence = fluorescein, blue = DAPI, magenta = dendritic marker, MAP2. Scale 

EDU� ����ȝP�D-I�������ȝP�LQVHW��g-i. Activity induction of mature miR-210 was quantified by qRT-PCR 

g. Relative expression of miR-210 24 h after K+ activation, n = 9, two sample t-test. h. Relative 

expression of miR-210 24 h after glycine-induced Chem-LTP, n = 6, two sample t-test. i. Relative 

expression of Hif-�Į and Hif-�Į at 20 min, 5 hr, 12 hr and 24 h following in vitro K+ activation, n = 3, 

two-sample t-test. Data represent mean values, error bars represent SEM, ** p <0.01. Expression 

data was normalised to either Rn5s (miR-210) or Tbp and Hprt1 (protein-coding genes). 

 

Figure 2: Effect of miR-210 knockout on neuronal metabolic function. Levels of cellular ROS 

and mitochondrial membrane potential were measured in live hippocampal neurons cultured from 

miR-210 KO and littermate tg CTRL neurons using DCFDA and TMRE fluorescent indicators, 

respectively, following 48 h incubation in 1% O2. a-b. Representative images of TMRE staining in 

miR-210 KO and tg CTRL cultures. c. Quantification of TMRE fluorescence mean intensity within 

the cell soma, n = 41 (tg CTRL), 54 (miR-210 KO). d-e. Representative images of DCFDA staining 

in miR-210 KO and tg CTRL cultures f. Quantification of DCFDA fluorescence mean intensity within 

the cell soma, n = 38 (tg CTRL), n = 88 (miR-210 KO). Data represent mean values, error bars 

represent SEM, *** p <0.001, two sample t-test. 6FDOH�EDU� ����ȝP�LQ�DOO�LPDJHV� 

 

Figure 3: Dendritic morphology in miR-210 knockout hippocampal neurons. Scholl analysis of 

dendritic arbours was performed on miR-210 KO and littermate tg CTRL neurons in vitro, using 

MAP2 as a dendritic marker. a,b. Representative single-channel images of MAP2 staining in miR-

210 KO and tg CTRL neurons used for analysis. c. Average Scholl curve of neurons, plotted as 

mean number of intersections per radius. d. Total number of intersections per neuron. e. Average 

size of the dendritic arbour. f. Average branching measured as Ramification index. Data represent 

mean values, error bars represent SEM, n = 184, Kolmogorov-Smirnov test, ** p <0.01, *** p <0.001. 

Scale bar = 50 ȝP� 

 

Figure 4: Touchscreen cognitive testing of miR-210 knockout mice in the visual 
discrimination task. a. Schematic of the touchscreen testing set-up for pre-training where a single 

visual stimulus is presented in a pseudo-randomised location. b. Number of sessions taken for mice 
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to reach criterion on each pre-training stage. All mice rapidly completed pre-training in the minimum 

number of sessions. c. Schematic of the visual discrimination touchscreen task, a rewarded (CS+) 

and an unrewarded (CS-) stimuli are presented simultaneously (location pseudorandomised for each 

trial). d. Stimuli used for visual discrimination and reversal learning tasks. e-g. Primary measures of 

performance on the visual discrimination task. e. Total number of trials taken to reach visual 

discrimination learning criterion. f. Total number of errors (incorrect responses) to reach visual 

discrimination learning criterion. g. Total number of correction trials to reach visual discrimination 

learning criterion. Data represent mean values, error bars represent SEM, n = 6 (tg CTRL), n = 7 

(miR-210 KO), two-sample t-test.  

 

Figure 5: Reversal learning in miR-210 knockout mice. a. In the reversal learning touchscreen 

task, the previously allocated CS+ and CS- were switched. b-i. Analysis of reversal learning across 

sessions. b. Accuracy (percentage of correct responses). c. Perseverative Index (correction 

trials/incorrect responses). d. Time taken to complete sessions. e. Latency to initiate trials (following 

correct and incorrect responses) after the inter-trial interval. f. Latency to initiate trials following 

correct responses. g. Latency to initiate trials following incorrect responses. h. Correct response 

latency (time taken to select CS+). i. Reward collection latency following correct responses. Legend 

for tg CTRL and miR-210 KO in b applies to all graphs. All latency analyses were performed using 

mean session values per mouse. Data represent group mean values, error lines represent SEM, n 
= 6 (tg CTRL), n = 7 (miR-210 KO), two-way repeated measures ANOVA or mixed effects model 

analysis with post hoc multiple comparison tests. * = significant effect of genotype (* p <0.05, ** p 

<0.01, *** p <0.001), $ = significant genotype x session interaction ($$ p <0.01, $$$ p <0.001), # = 

significant post hoc multiple comparisons (# = p <0.05).  

 

Figure 6: Summary schematic of miR-210 in neuronal function. Using a miRNA:mRNA pull-

down approach we previously identified miR-210 targeting pathways in human neuronal cells 

including oxidative phosphorylation genes associated with neurodegenerative diseases as well as 

several genes associated with neuronal and synaptic plasticity. Here we show that in primary mouse 

hippocampal neurons, miR-210 is expressed through out neurons including dendritic spines and 

increased by neuronal activity induced by K+ and glycine. Loss of miR-210 in primary hippocampal 

neurons leads to functional effects related to known miR-210 targeting included altered metabolism 

and dendritic arbour morphology. In vivo miR-210 neuronal knockout mice display enhanced 

behavioral flexibility and drive to continue engaging in responding especially when contingencies in 

the environment change and updating of information is required, which may be supported by the 

observed molecular and cellular changes. 
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Supplementary Figure 1:  Generation of miR-210 conditional neuronal knockout (KO) mice 
and quantification of miR-210 expression. a. Schematic of breeding to generate miR-210 KO 

mice. Heterozygous mice carrying a targeted miR-210 mutation with loxP sites flanking the miRNA 

stem-loop region were inbred to generate mice homozygous for the floxed allele (miR-210loxP/loxP). 

miR-210loxP/lox mice were crossed with Nestin-Cre mice to generate mice homozygous for the floxed 

allele and heterozygous for Nestin-Cre (miR-210-/-;Nes-Cre). b. miR-210 expression in control mice 

(miR-210loxP/loxP) was quantified within various brain regions by qRT-PCR relative to average 

expression across all brain regions. OB = olfactory bulb, SVZ = sub-ventricular zone, HPC = 

hippocampus, CRTX = cortex, CERR = cerebellum, n = 4, pairwise t-test, adjusted. c. To confirm 

absence of miR-210 in KO mice, expression of miR-210 in the hippocampus of KO mice was 

quantified relative to hippocampal expression in control mice, n = 4 (tg CTRL), n = 3 (miR-210 KO), 

two-sample t-test. miR-210 was normalised to Rnu6. Data represent mean values, error bars 

represent SEM, *** = p<0.001.      
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Supplementary Figure 2:  Locomotor function and exploratory activity in miR-210 neuronal 
knockout (KO) mice. a. Time spent on accelerating rotarod (average over three trials). b. Maximum 

time spent on accelerating rotarod. c. Total ambulatory time in an open field chamber. d. Total 

distance travelled in an open field chamber.  n = 6 (tg CTRL), n = 7 (miR-210 KO), two-sample t-

test. Data represent mean values, error bars represent SEM. 
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Supplementary Figure 3:  Visual discrimination touchscreen task performance across the 
first four sessions.  a. Accuracy (percentage of correct responses). b. Perservative Index 

(correction trials/incorrect responses). c. Time taken to complete sessions. d. Correct response 

latency e. Incorrect response latency. f. Reward collection latency following correct responses. g. 
Latency to initiate trials (following correct and incorrect responses) after the inter-trial interval. h. 
Latency to initiate trials following correct responses. i. Latency to initiate trials following incorrect 

responses. Legend in a applies to all graphs. Data represent mean values, error bars represent 

SEM, n = 6 (tg CTRL), n = 7 (miR-210 KO), two-way repeated measures ANOVA or mixed effects 

model analysis.   
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Target 3ULPHU��6HTXHQFH��¶!�¶ Tm (°C) 

Rn5s F: TCTCGTCTGATCTCGGAAGC 59.0 

 RT/R: AGCCTACAGCACCCGGTATT 61.0 
Rnu6  F: AACGCTTCACGAATTTGCGTG 60.9 

RT/R: GCTCGCTTCGGCAGCACA 63.7 

miR-210 RT: GTCGTATCCAGTGCAGGGTCCGAGG 
       TATTCGCACTGGATACGACTCAGCC 

68.5 

F: GCCACTGTGCGTGTGACAGC  57.9 

R: CCAGTGCAGGGTCCGAGGTA 57.9 

Hif-�Į F: ACCTTCATCGGAAACTCCAAAG 58.6 

R: CTGTTAGGCTGGGAAAAGTTAGG 60.0 

Hif-��Į F: CTGAGGAAGGAGAAATCCCGT 59.0 

R: TGTGTCCGAAGGAAGCTGATG 60.0 

Hprt1 F: GAGGAGTCCTGTTGATGTTGCCAG 63.4 

R: GGCTGGCCTATAGGCTCATAGTGC 64.8 
Tbp F: AGAACAATCCAGACTAGCAGCA 59.4 

R: GGGAACTTCACATCACAGCTC 59.0 

 

 
Supplementary Table 1:  Primer sequences for qRT-PCR and cDNA synthesis. Sequences in 

black text are gene specific regions, blue text indicates stem-loop primer sequences, red text 

indicates additional non-VSHFLILF�ES¶V�DGGHG�WR�PL5-210 forward qRT-PCR primer. F = forward, R = 

reverse, RT = reverse transcription. 


