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The absence of oxygen in the core of a brain infarct quickly leads to cell death. 
Remaining but limited perfusion in the penumbra causes energy depletion, and 
disrupts synaptic transmission. Connectivity loss probably correlates with loss of 
cognition and restoration of connectivity seems crucial for possible recovery. 
However, in vivo, connectivity is difficult to assess due to limited access to the 
neurons and restricted experimental freedom. We studied the effects of hypoxia of 
varying depth and duration on functional connectivity in cultured neuronal networks 
on multi-electrode arrays. The first six hours of hypoxia resulted in reduced 
connectivity, followed by restoration of functional connectivity to baseline values 
upon re-oxygenation. Under persisting hypoxic conditions, beyond 6 hours some 
recovery of connectivity occurred, until ~24 hours, when connectivity further 
declined. In cultures that survived 48 hours of hypoxia, strength of persisting 
connections tended to remain around baseline values, but the number of remaining 
connections was significantly lower. The probability that a certain connection 
survived hypoxia was uncorrelated to its baseline strength. Still, even during hypoxia, 
new connections were formed. This occurred at a rate seemingly independent of the 
hypoxic conditions. On average, the loss of baseline connections exceeded the 
formation of new ones during hypoxia. Motivation Stroke is common in western 
countries, and can lead to cognitive impairment or death. The absence of oxygen in 
the infarct core quickly leads to cell death, but limited perfusion in the region around 
the core (the penumbra) causes energy depletion, resulting in synaptic dysfunction 
[1] and, consequently, reduced connectivity [4]. Recovery of the penumbra is not yet 
well understood. Despite neural survival in the penumbra, connectivity changes in 
the penumbra may account for cognitive impairment. We used cultured neuronal 
networks on multi-electrode arrays, to identify the effects on connectivity in case of 
energy depletion. Material and Methods Experimental protocol Energy depletion was 
achieved by restricting the available oxygen and thus ATP. Hypoxic gas mixtures were 
obtained by mixing air and N2, all hypoxic depths are indicated as the percentage of 
air in the mixture. We performed 21 experiments with varying depths of hypoxia: 10% 
(n = 4), 50% (n = 3), 70% (n = 4), 90% (n = 4) and 100% (n = 6). Each experiment 
contained a baseline of 2 hours, followed by 48 hours of hypoxia and 6 hours of re-
oxygenation. Data Analysis Connectivity of a network was estimated with conditional 
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firing probability (CFP) [2]. This analysis subdivides long term recordings into 
shorter blocks of 10,000 spikes and provides the strengths of functional connections 
in each block. We looked at the average strength of connections, the number of 
persisting baseline connections, and number of connections that were newly formed 
after baseline. The average strength of connections was calculated by first 
normalizing the strength of individual connections to baseline and then averaging 
them per culture and across cultures. Results Figure 1 shows the temporal 
development of connectivity strengths and the number of connections, normalized to 
baseline, at different hypoxic depths. After 24-36 hours under severe hypoxic 
conditions (10-60% of normoxia), connectivity strengths dropped to zero. Milder 
hypoxia hardly affected the average connectivity strength. We distinguished baseline 
connections (all connections that were found in at least 1 baseline block) from new 
connections (first found after baseline). Figure 2A shows the temporal development 
of the number of new connections and the fraction of persisting baseline connections. 
Figure 2C compares the average baseline connectivity strength of persisting 
connections to lost ones in experiments at 70% of normoxia (the most severe hypoxic 
depth with surviving connections). Differences were not significant (p>0.4). There 
was a seemingly constant appearance rate of new connections up to ~24 hours of 
hypoxia in all experiments. Under severe to moderate hypoxic conditions (10-70% of 
normoxia), the appearance rate dropped to zero beyond 24-30h. Conversely, baseline 
connections disappeared at a rate that increased with increasing hypoxic depth. At all 
hypoxic depths the total number of connections in the post-hypoxic phase was 
significantly lower than during baseline (p < 0.01, Kruskal-Wallis). Discussion & 
Conclusion While the average connectivity strength remained unchanged until ~24 
hours of hypoxia, individual connections disappeared and new connections are 
formed. Maintenance of a certain average connectivity strength may be crucial to 
network functioning, because networks need a certain level of activity to remain in 
their healthy working range. However, despite a stable average connectivity strength 
the set of connections might change during hypoxia induced synaptic failure and 
recovery, which would affect cognitive functioning. Newly formed connections were 
found consistently in all cultures, at a rate that did not seem to depend on the hypoxic 
conditions. Beyond 24 hours of severe hypoxia, loss of newly formed connections 
occurred simultaneously with the loss existing connections, indicating that new 
connections were still susceptible to sustained hypoxia. As hypoxia does not seem to 
increase the formation of connections it is unlikely that newly formed connections are 
caused by an increased expression of synaptogenesis proteins that might occur during 
hypoxia in these time frames [3]. References 1 Hofmeijer, J., Mulder, A., Farinha, 
A.C., van Putten, M. and le Feber, J., 2014. Brain res, 1557, pp.180-9. 2 Le Feber, J. et 
al., 2007. J Neural Eng, 4(2), p.54-67. 3 Hofmeijer, J. and van Putten, M., 
2012.. Stroke, 43(2), pp.607-15. 4 le Feber, J., Tzafi Pavlidou, S., Erkamp, N., van 
Putten, M. & Hofmeijer, J. PLoS One 11, e0147231 (2016). Figure Legend Temporal 
evolution of normalized connectivity strength (A) and the number of connections (B), 



normalized per culture to the number of connections during baseline.at varying 
hypoxic depths. Gray areas indicate hypoxic periods. Results displayed as median ± 
inter quartile range (IQR). C: newly formed connections as a fraction of the total 
number of connections during baseline. D: fraction of persisting baseline 
connections. Gray areas indicate hypoxic periods E: mean ± SEM of the baseline 
connectivity strength of surviving and lost connections in four 70% of normoxia 
experiments. Differences were not significant. 
Figure 1 
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