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Abstract
Background: Brain tissue sits far below the incubator’s oxygen tension, so cells cultured at atmospheric oxygen are held in
conditions their niche never provides.
Objective: To review the effects of lowered oxygen on neural stem cell proliferation and differentiation, and why laboratories
disagree.
Methods: Narrative review of oxygen measurement in brain and culture, of HIF signalling, and of differentiation across
oxygen tensions.
Findings: At 3% against 20% oxygen, 56% of neurons were tyrosine hydroxylase positive against 18%; an independent study
fourteen years later found 17.1 ± 0.4% against 9.1 ± 0.5%. Very low oxygen is not simply better: at 1%, 84.5 ± 11.5% of cells
were pyknotic by 17 days against 4 ± 1.4% at 2.5%. Laboratories report incubator setpoints, not pericellular oxygen.
Conclusions: The direction of the effect is reproducible; the optimum is not, and much of that disagreement is artefact
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Introduction

A standard incubator holds cells at approximately 21% oxygen, or rather at 18.6% once water vapour at 37 °C and full humidity is subtracted [1]. Brain tissue does not. Oxygen in the cerebral cortex is around 27 ± 6 mmHg, in the hippocampus 20 ± 3 mmHg and in the thalamus 32 ± 4 mmHg, with the fetal brain lower still [2]; expressed as a percentage these are single figures. Culture at atmospheric oxygen is therefore not a neutral baseline but a sustained hyperoxic insult, a point made explicitly for stem cell culture generally [3,4] and formalised in the argument that physiological normoxia should be defined before it is invoked [5].

The consequence is well documented for neural cells and is the subject of this review: lowering oxygen changes how many cells there are, how long they survive, and what they become.

Materials and Methods

Records were retrieved from Crossref, OpenAlex, Europe PMC and publisher pages for the terms neural stem cell, hypoxia, oxygen tension, HIF, dopaminergic differentiation and pericellular oxygen. Priority was given to studies reporting the oxygen tension used and to those measuring more than one tension. Every bibliographic record was confirmed at source; quantitative values are reported only where confirmed at source.

Oxygen in the niche and in the dish

Measurement of brain tissue oxygen has its own methodological literature [6,7], and the values it yields are consistently low, with the ventricles fluctuating between 42 and 48 mmHg while hippocampal subregions sit near 2 mmHg [2]. The stem cell niche is understood as a low-oxygen compartment rather than incidentally hypoxic [8], and the role of oxygen availability in development and stem cell function has been reviewed [9].

The gap between the niche and the dish is larger than the setpoint suggests, and this is the field’s most consequential technical problem. Oxygen must diffuse through millimetres of medium to reach cells that consume it, so pericellular oxygen depends on medium depth, cell density, consumption rate and even altitude. Pericellular measurements in monolayer culture were made decades ago [10], and the limitations of oxygen delivery to cultured cells have been set out in detail [1]. A survey of 200 articles from high-impact journals found that 71% were missing values for more than one variable needed to reconstruct actual oxygenation, and only 6% reported all of them [11].

Two laboratories both writing “3% oxygen” may therefore be describing conditions that differ severalfold at the cell surface.

HIF signalling

The transcriptional response to low oxygen is mediated by hypoxia-inducible factors [12], and the two principal isoforms are not interchangeable [13]. Deletion of Hif-1α in neural cells produces defective brain development [14], and the factor is required for neural stem cell maintenance and vascular stability in the adult subventricular zone [15]. HIF-2α regulates Oct-4, linking oxygen to a pluripotency factor and thereby to stem cell function, embryonic development and tumour growth [16].

Table 1: Oxygen tension in brain tissue and in culture, and why the two are hard to compare.[image: Table 1: Oxygen tension in brain tissue and in culture, and why the two are hard to compare.]
Location or Reported Note Ref. condition value Incubator gas 18.6% Not 21%, once water [1] phase vapour is subtracted Pericellular Not Depends on depth, density, [1,10] oxygen measured consumption Reporting 71% Of 200 high-impact papers [11] practice incomplete surveyed Hypoxia does not act alone. It requires Notch signalling to maintain the undifferentiated state [17], and oxygen also regulates stem cells through Wnt/β-catenin [18]. In human embryonic stem cells, glycolysis regulates self-renewal under hypoxia through HIF-2α and the glycolytic sensors CTBPs [19].

Proliferation, survival and dopaminergic differentiation

The founding observation is now a quarter of a century old and has held up. Central nervous system precursors cultured at 3 ± 2% oxygen against 20% showed enhanced proliferation, survival and dopaminergic differentiation: 56% of neurons were tyrosine hydroxylase positive against 18% (n = 12, p < 0.001), clone formation efficiency was three times higher, average clone size rose from under 50 cells to between 50 and 500, and dopamine content increased fivefold (n = 5, p < 0.01) [20]. A companion paper reported that reduced oxygen promotes clonogenic sympathoadrenal differentiation by neural crest stem cells [21]. Low oxygen also avoids maturation, senescence and death of murine mesencephalic precursors [22].

The result replicates in human cells. Comparing 3% against 20% oxygen in human fetal stem cells, tyrosine hydroxylase positive cells rose from 9.1 ± 0.5% to 17.1 ± 0.4% in midbrain cultures (p < 0.001) and from 1.9 ± 0.4% to 3.9 ± 0.6% in forebrain cultures (p < 0.01), with co-expression of tyrosine hydroxylase and β-tubulin III rising from 14.1 ± 1.5% to 36.2 ± 2.9% in forebrain cells. After microtransplantation, tyrosine hydroxylase positive cells recovered rose from 575 ± 74 to 1061 ± 87 for midbrain and from 26.7 ± 5.7 to 128.5 ± 16.3 for forebrain [23].

Oxygen also governs which glial lineages appear, controlling the expansion of human CNS precursors and the generation of astrocytes and oligodendrocytes [24], and brain oxygen tension controls expansion of outer subventricular zone-like progenitors in the developing mouse [25]. Derivation of neural precursors from human embryonic stem cells at 3% oxygen is efficient and enhances survival without impeding regional specification [26], and low oxygen prevents differentiation of these cells in the undifferentiated state [27].

Lower is not simply better

The dose-response is not monotonic, which is the finding that most complicates practical advice. Across 1%, 2.5%, 5% and 20% oxygen in human neural stem cells, apoptosis at 8 hours after dissociation was highest at 1% (39.33 ± 5%) and lowest at 2.5% (10.87 ± 0.95%), with 18.18 ± 3.89% at 5% and 19.2 ± 2.85% at 20%. By 17 days the divergence was extreme: pyknotic nuclei accounted for 84.5 ± 11.5% of cells at 1% against 4 ± 1.4% at 2.5%, 18.2 ± 3.4% at 5% and 39.1 ± 7.2% at 20%. GABAergic neurons were 10.3 ± 0.9% at 5% and 9.3 ± 0.2% at 2.5% but fell to 2.4 ± 0.9% at 1% and 2 ± 0.4% at 20%, and astrocytes were most abundant at 1% (72.3 ± 4.1%) [28].

[image: Figure 1: Tyrosine hydroxylase positive neurons at low against atmospheric oxygen, in rodent CNS precursors and in human fetal midbrain and forebrain cells. Two laboratories, fourteen years apart, report the same direction and a similar magnitude. Data from Studer]Figure 1: Tyrosine hydroxylase positive neurons at low against atmospheric oxygen, in rodent CNS precursors and in human fetal midbrain and forebrain cells. Two laboratories, fourteen years apart, report the same direction and a similar magnitude. Data from Studer
et al. [20] and Krabbe et al. [23].

So 1% is not a stronger version of 2.5%; it is a different and largely toxic condition. Atmospheric oxygen is also damaging, and the mechanism is oxidative: oxygen sensitivity severely limits replicative lifespan in fibroblasts [29], and oxidative stress under ambient against physiological tension has been characterised directly [30].

Discussion

Three conclusions follow. First, the direction of the effect is settled. Lowering oxygen from atmospheric to the low single figures increases proliferation and survival and raises dopaminergic yield, replicated independently across species and fourteen years apart.

Second, the optimum is not settled, and a substantial part of the apparent disagreement is not biological. Laboratories report what the incubator was set to rather than what the cells experienced, and the survey evidence shows the missing variables are the rule rather than the exception.

Third, very low oxygen is toxic rather than maximally instructive, and the useful window appears narrow. Reports that describe 1% as hypoxia and 5% as hypoxia are not describing the same experiment.

[image: Figure 2: Four-point oxygen dose-response in human neural stem cells. The response is not monotonic: 1% oxygen is worse than 2.5% on every measure, and by 17 days is worse than atmospheric. Data from Santilli et al. [28].]Figure 2: Four-point oxygen dose-response in human neural stem cells. The response is not monotonic: 1% oxygen is worse than 2.5% on every measure, and by 17 days is worse than atmospheric. Data from Santilli et al. [28].
This is a narrative review without systematic search or risk-of-bias assessment. Several key quantitative results could not be confirmed at source and are therefore not reported, and studies differ in species, cell origin and duration in ways that prevent pooling.

Conclusion

Neural stem cells behave differently at physiological oxygen, and the difference is large enough that atmospheric culture should be regarded as an experimental condition rather than a default. Dopaminergic differentiation in particular is enhanced roughly twofold at 3% oxygen in both rodent and human cells. The field’s remaining disagreement about the optimal tension is substantially a reporting problem: until studies state medium depth, cell density and, where possible, a measured pericellular value alongside the incubator setpoint, nominally identical conditions will keep producing different results. Whether the benefit is HIF-dependent or metabolic, and whether the two HIF isoforms act in opposition, remain open.
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