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Abstract
The European Resuscitation Guidelines recommend that survivors of cardiac arrest (CA) be resuscitated with 100% O2 
and undergo subsequent—post-return of spontaneous circulation (ROSC)—reduction of O2 supply to prevent hyperoxia. 
Hyperoxia produces a “second neurotoxic hit,” which, together with the initial ischemic insult, causes ischemia–reperfusion 
injury. However, heterogeneous results from animal studies suggest that normoxia can also be detrimental. One clear reason 
for these inconsistent results is the considerable heterogeneity of the models used. In this study, the histological outcome of 
the hippocampal CA1 region following resuscitation with 100% O2 combined with different post-ROSC ventilation regimes 
(21%, 50%, and 100% O2) was investigated in a rat CA/resuscitation model with survival times of 7 and 21 days. Immuno-
histochemical stainings of NeuN, MAP2, GFAP, and IBA1 revealed a neuroprotective potency of post-ROSC ventilation 
with 21% O2, although it was only temporary. This limitation should be because of the post-ROSC intervention targeting 
only processes of ischemia-induced secondary injury. There were no ventilation-dependent effects on either microglial acti-
vation, reduction of which is accepted as being neuroprotective, or astroglial activation, which is accepted as being able to 
enhance neurons’ resistance to ischemia/reperfusion injury. Furthermore, our findings verify the limited comparability of 
animal studies because of the individual heterogeneity of the animals, experimental regimes, and evaluation procedures used.
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Introduction

The existing guidelines recommend ventilating survivors 
of cardiac arrest (CA) during resuscitation with 100% O2 
[European Resuscitation Guidelines (Soar et al. 2015)]. 
Moreover, they suggest that, to prevent hyperoxia, the O2 
supply should be reduced following return of spontane-
ous circulation (ROSC) to obtain an arterial O2 saturation 

of 94–98%. Hyperoxic reperfusion is known to produce a 
“second hit” that is even more neurotoxic than the initial 
ischemic insult; together, they cause ischemia–reperfusion 
injury [IR; (Francis and Baynosa 2017)]. A key event of IR 
is the generation of reactive oxygen species (ROS) such as 
superoxide and hydroxyl radicals. These can damage cells 
via either direct DNA damage or membrane lipid peroxida-
tion. Thus, reduction of the O2 supply, leading to decreased 
ROS production, should represent a promising therapeu-
tic approach [21% (normoxic) O2 supply: (Marsala et al. 
1992; Zwemer et al. 1995; Liu et al. 1998; Vereczki et al. 
2006; Brucken et al. 2010; Hazelton et al. 2010; Solberg 
et al. 2010, 2012; Solevag et al. 2010; Walson et al. 2011)]. 
The existing guidelines have been confirmed by Patel et al. 
(2018). They found that, in adults with CA, intra-arrest 
hyperoxia is associated with lower mortality, whereas post-
arrest hyperoxia is associated with higher mortality. Other 
researchers (Young et al. 2014) preferred oxygen titration 
only after ROSC and arrival in hospital. However, there is 
evidence that normoxia can also be detrimental. Cerebral 
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histopathology after reoxygenation with normoxic room air 
has been shown to be as bad as that after reoxygenation with 
100% O2 (Temesvari et al. 2001).

Considering these findings, we examined the histologi-
cal outcome of the hippocampal CA1 region resulting from 
hyperoxic (100% O2) resuscitation combined with post-
ROSC ventilation using different concentrations of oxygen 
(21%, 50%, and 100%) in our well-established rat asphyxia 
cardiac arrest/reperfusion (ACA/R) model. The animals’ 
survival times (STs) were 7 and 21 days. We used immu-
nohistochemical stainings of NeuN, MAP2, GFAP, and 
IBA1 in varying combinations. Analysis of the respective 
mean values of staining in the different experimental groups 
revealed a potent neuroprotective effect of normoxic post-
ROSC ventilation (21% O2). However, this neuroprotection 
was only temporary. Over longer STs, this neuroprotective 
effect disappeared completely, and the neurodegenerative 
potency of normoxic post-ROSC ventilation became as high 
as that of hyperoxic post-ROSC ventilation.

In addition, we extended the focus on the individual heter-
ogeneity of test rats following ACA/R. In a systemic review 
“Contemporary animal models of cardiac arrest” (Vognsen 
et al. 2017), it was explained that “the great heterogeneity 
of these models along with great variability in definitions 
and reporting make comparisons between studies difficult”. 
Consistently, the authors called for standardization of animal 
CA research and reporting. Along with the many technical 
parameters, standardization of which is difficult but possible, 
individual heterogeneity of test animals is worth observing. 
However, it is usually ignored in favor of statistical group 
comparison. Our analysis of the individual pattern of vital 
parameters and staining profiles verified the need to consider 
the great individual heterogeneity of laboratory animals as a 
variable in ACA/R animal models and their interpretation.

Materials and methods

Animals

Ethical approval for this study was granted according to 
the requirements of the German Animal Welfare Act on the 
Use of Experimental Animals and the Animal Care and Use 
Committees of Saxony-Anhalt (permit number 42502-2-2-
947 Uni MD). Animals from the institute’s breeding popu-
lation of inbred Wistar rats (Harlan-Winkelmann; Borchen, 
Germany) were housed under controlled laboratory con-
ditions (12 h light/12 h dark cycle, lights on at 6:00 a.m.; 
temperature 20 °C ± 2 °C; air humidity 55–60%), with free 
access to water and chow. Great care was taken to minimize 
both the number of animals used in the experiments and the 
amount of suffering they endured.

A total of 59 age-matched (15 weeks, 300–350 g) male 
rats were divided into the following groups:

	 (i)	 Sham-operated (ST: 7 days, ventilation with 50% O2).
	 (ii)	 ACA/R-treated (ST: 7 days; reoxygenation with 21% 

O2).
	 (iii)	 ACA/R-treated (ST: 7 days, reoxygenation with 50% 

O2).
	 (iv)	 ACA/R-treated (ST: 7 days, reoxygenation with 100% 

O2).
	 (v)	 ACA/R-treated (ST: 21 days, reoxygenation with 21% 

O2).
	 (vi)	 ACA/R-treated (ST: 21 days, reoxygenation with 50% 

O2).
	(vii)	 ACA/R-treated (ST: 21 days, reoxygenation with 

100% O2).

The effect of different O2 concentrations on sham ani-
mals after both STs was assessed in a pilot experiment. No 
differences were found, so we examined only a 7-day-sham 
group with 50% O2 as the standard ventilation regime for 
1 h post-preparation.

We began with 5 animals in the sham group and 54 ACA/
R-treated animals. Twenty-four of the ACA/R animals were 
excluded (see below). Finally, we analyzed 5 animals per 
group; 35 rats in total.

Intervention protocol

Anesthesia [sevoflurane; Pfizer GmbH, Berlin, Germany; 5% 
in an oxygen/nitrous oxide mixture (40:60)] was delivered 
via facemask until the completion of endotracheal intubation 
with a modified laryngoscope and the placement of a venous 
catheter for muscular relaxation with vecuronium (1 mg/
kg; Pfizer). Animals were treated with intermittent posi-
tive pressure ventilation (IPPV). For drug administration, 
blood sampling, and continuous blood pressure monitoring, 
both left femoral vessels were cannulated with polyethylene 
catheters. After 5 min of room air ventilation (anesthetic 
washout) and baseline control, asphyxia was induced via 
end-expiratory interruption of IPPV on paralyzed rats for 
6 min. Within ~ 3 min, the animals went into ACA (defined 
as a non-pulsatile blood pressure lower than 10 mmHg).

Resuscitation was commenced by administering epi-
nephrine (i.v.; 1 μg/kg; Pfizer) and sodium bicarbonate 
(1 mEq/kg) under a 100% oxygen supply, accompanied by 
manual external chest compression (200/min). Once ROSC, 
defined as a pulsatile mean arterial pressure (MAP) higher 
than 60 mmHg, was achieved, the oxygen supply was var-
ied to either 21%, 50%, or 100% for 1 h. Animals with no 
ROSC within 2 min were excluded (24 in total, and 8 of 
them without ROSC). The 2-min interval is our laboratory 
standard to avoid non-homogeneous ACA/R periods causing 
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pathophysiological differences and resulting in more ani-
mals being required. We monitored vital parameters (ECG, 
blood pressure, temperature, and airway pressure) continu-
ously during the first 45 min of the post-resuscitation inten-
sive-care phase. At 5, 15, 30, and 45 min after ROSC, we 
collected arterial blood samples and analyzed them for the 
blood gases pCO2 and pO2, pH, HCO3

− concentration, and 
glucose. Subsequently, catheters were removed, cannulated 
vessels were ligated, incisions were closed surgically, and 
the animals were extubated and returned to their cages. To 
exclude neuroprotective effects of hypothermia, we used a 
heating mat to maintain body temperature at 37 °C ± 0.3 °C 
during preparation, insult, and the first 45 min post-ROSC. 
The animals’ normal body temperature was then maintained 
by placing them in an incubator cage for 24 h.

Assessment of hippocampal CA1 histology

Following 7 and 21 days’ ST, we sacrificed anaesthetized 
rats by transcardial perfusion with 0.4% 0.1 M phosphate-
buffered paraformaldehyde (PFA, pH 7.4, Millipore, Darm-
stadt, Germany). The brains were removed quickly and 
post-fixed in the same fixative overnight at 4 °C. Following 
2 days’ cryoprotection in 30% sucrose (in 0.4% PFA; pH 
7.4), the brains were frozen rapidly at − 20 °C, sliced on a 
cryostat (Jung Frigocut 2800 E, Leica, Bensheim, Germany; 
sagittal, 20 µm), and immuno-stained with different mixtures 
of primary antibodies (diluted in 10% fetal calf serum and 
0.3% Triton-X 100 in PBS; all chemicals were from Sigma-
Aldrich, Taufkirchen, Germany): (i) mouse monoclonal anti-
NeuN (neuronal nuclei antibody, MAB377; Chemicon, Bill-
erica, USA; 1:100), (ii) polyclonal rabbit anti-GFAP (glial 
fibrillary acidic protein, 10555; Progen, Heidelberg, Ger-
many; 1:500), (iii) monoclonal mouse anti-MAP2 (micro-
tubule-associated protein 2, SMI-52R; Covance, Münster, 
Germany; 1:1.000); and (iv) rabbit polyclonal anti-IBA1 
(ionized calcium binding adaptor molecule 1, 019–19741; 
WAKO Chemicals, Neuss, Germany; 1:1.000). The second-
ary antibodies’ mixture comprised goat anti-mouse Alexa 
488 (green, A28175; Invitrogen, Carlsbad, USA; 1:500) 
and donkey anti-rabbit Cy3 (red, 711-165-152; Dianova, 
Hamburg, Germany; 1:500). We diluted the mixture in 1% 
normal goat serum and 0.3% Triton-X in PBS. Nuclei were 
counter-stained with DAPI (4′,6-diamidino-2-phenylindole, 
62,248, Thermo Scientific, Waltham, MA, USA; 1:1.000, 
5 min). Cryo-sections were mounted on slides, embedded 
with Immu-Mount (Thermo Scientific), and examined under 
an AxioImager.M1 fluorescent microscope (Zeiss, Jena, Ger-
many) with Plan-Neofluar fluorescein/rhodamine objectives.

Therefore, 5 alternating slices/staining/animal were 
scanned image field by image field (objective 40/0.75×, 
63/1.4) to create an image of the complete hippocampus 
(1388 × 900 pixel; AxioVision software “Panorama”, 

Zeiss). Then, according to the ImageJ user manual (http:/
rsbweb.nih.gov/ij/), we calculated the integrated density 
(Widmer et al. 2007) of the respective staining in the CA1 
region (including the Stratum oriens, the Stratum pyrami-
dale, the Stratum radiatum, and the Stratum lacunosum 
moleculare). ID was given as CTCF [corrected total cell 
fluorescence = (ID − (selected area × mean fluorescence 
of background)) × 10–5] in arbitrary units. Moreover, CA1 
pyramidal cells were semi-quantified. Therefore, we meas-
ured the CA1 layer length using ImageJ software by drawing 
a line freehand through the center of the cell bodies in the 
layer. All clearly NeuN-positive cells were counted. Divid-
ing the number of cells by the CA1 layer length provided the 
respective linear density (LD; pyramidal cells/mm) (Louis 
et al. 2013). Each time, we calculated a mean per animal and 
used it as one value for the statistical analyses.

Statistical analysis

The quantitative data [presented either as the mean ± SD 
(Fig. 1) or as a boxplot (Fig. 4)] were analyzed via the non-
parametric Kruskal–Wallis test and the Dunn’s multiple 
comparison post hoc test using Graph Pad Prism 6 (Graph-
Pad Software Inc., La Jolla, CA, USA). A p value of ≤ 0.05 
was considered as indicative of statistical significance.

We assessed the relationships between vital parameters 
(pO2, pCO2, HCO3

−, pH, BE, MAP, HF, and glucose) and 
hippocampal CA1 histology (in the form of GFAP, IBA1, 
MAP2 and NeuN immunohistochemical staining intensity) 
as well as those between pO2 and the other vital param-
eters (pCO2, HCO3

−, pH, BE, MAP, HF, and glucose) by 
means of linear regression analysis, and we compared sig-
nificant differences in the slope with zero. In general, a p 
value of ≤ 0.05 was considered as indicative of statistically 
significant differences.

Results

Effect of ACA/R with different post‑ROSC O2 
concentrations on vital parameters

Preparing the rats, including anesthesia via facemask, tra-
chea intubation, cannulation of the left femoral vessels, 
and determination of the baseline vital parameters, took 
24 ± 5 min. In the process, the vital parameters were affected 
only marginally; they were all within the physiological 
ranges (baseline, BL). ACA/R induced a significant, though 
transitory, increase of MAP returning rapidly to baseline 
values (Fig. 1a) and an insignificant increase of heart rate 
(Fig. 1b). The arterial CO2 tension (pCO2; Fig. 1c) and the 
blood glucose values (Fig. 1d) exhibited ventilation-depend-
ent courses, but there were no significant differences to the 
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respective sham course. At 5 min post-ROSC, the pH levels 
of the 3 ACA/R groups were significantly lower (Fig. 1e). 
As anticipated, the arterial pO2 of the ACA/R rats displayed 
ventilation-dependent courses (Fig. 1f); the values of the 
group with 100% O2 ventilation were consistently greater 
than were the respective values of all the other groups, 
whereas the values of the 21% group and the 50% group 
were lower than those of the sham group. There was no 
effect on the body temperature (tympanal and rectal) within 
the 45-min monitoring periods post- resuscitation (data not 
shown). There was no correlation observed between the time 
of ROSC and the pattern of the pO2 status (Table 1).

Figure 2 depicts linear regression analysis of pO2 and the 
further vital parameters (MAP, HF, pCO2, glucose, HCO3

−, 
pH or BE) for the various O2 ventilation regimes. Differ-
ent results were obtained depending on the values used. If 
the mean values for each experimental group/parameter 
were used, there was negative correlation in the sham group 
between pO2 and both HCO3

− (Fig. 2d) and BE (Fig. 2g); 
the higher the pO2, the lower both HCO3

− and BE. We 
found no correlations in the 21% (Fig. 2h–n) and 100% O2 
(Fig. 2v–zʺ) ventilation groups. However, in the 50% O2 
ventilation group, there were significant correlations related 
to all parameters (Fig. 2o–u), and pO2 was positively corre-
lated with both HCO3

− (Fig. 2d vs. r) and BE (Fig. 2g vs. u). 
Analysis of the regression lines, which describe the nature 
of the relationship between the parameters, reveals that the 
pattern of the parameters in the sham group is opposite to 
that of almost all the ACA/R groups. Only 3 exceptions dis-
play the same relationship as the respective sham parameter; 
these are pCO2 of the 100% O2 ventilation regime (Fig. 2x) 
and the glucose values of both the 50% (Fig. 2s) and the 
100% (Fig. 2z) O2 ventilation regimes.

The correlation patterns changed when we worked with 
the individual values for each animal within one experimen-
tal group. In the sham group, pO2 correlated with heart rate 
and MAP (Fig. 3a, b). In the 21% O2 ventilation group, pO2 
correlated with pCO2 (Fig. 3j), glucose (Fig. 3l), and pH 
(Fig. 3m). The correlations of pO2 with pH, HCO3

−, BE, 
and glucose were lost in the 50% O2 ventilation group, the 
remaining correlations being with MAP (Fig. 3o), heart rate 
(Fig. 3p), and pCO2 (Fig. 3q). In the 100% O2 ventilation 
group, pO2 correlated with pCO2 (Fig. 3x) and pH (Fig. 3zʹ). 
Only pCO2 was correlated (negatively) with pO2 in all 

ACA/R groups (Fig. 3j, q, x). Such correlation was absent 
from the sham group (Fig. 3c). Comparison of the correla-
tion patterns of mean values with individual values reveals 
that some regression lines and, thus, the nature of the param-
eter relationships have been changed. In the sham group, 
the mean values of base excess correlated negatively (even 
significantly) with pO2, whereas the respective individual 
values showed a rising regression line (Fig. 2g vs. Fig. 3g). 
Such reversion could be found also in the case of the sham 
group heart rate (Fig. 2b vs. Fig. 3b), HCO3

− (Fig. 2d vs. 
Fig. 3d) and glucose (Fig. 2e vs. Fig. 3e), but it was much 
rarer in the ACA/R groups. Here, it could be seen in the 
case of glucose in the 21% O2 ventilation group (Fig. 2l 
vs. Fig. 3l) and of pCO2 in the 100% O2 ventilation group 
(Fig. 2x vs. Fig. 3x). These results support the need to con-
sider the individual heterogeneity of test animals, which is 
(too) often overlooked in the statistical group comparison.

Effect of ACA/R with different post‑ROSC O2 
concentrations on hippocampal CA1 histology

Figure 4 presents an overview of the morphometric anal-
ysis of the different stainings. Figure 5 presents an over-
view of the immunohistological patterns. The co-stainings 
NeuN-IBA1 and MAP2-GFAP are shown. After 21 days’ 
ST, the neuronal parameter NeuN (Fig. 4a) showed signifi-
cant neurodegeneration when compared with the animals 
in the sham group. Ventilation with 21% O2 appeared to 
delay neurodegeneration. However, with increasing ST, the 
neurodegenerative potency of 21% O2 ventilation adapted 
to that of the 50% and 100% O2 ventilation groups. The 
NeuN-IBA1 co-immunostaining reflected very well the pro-
cess of CA1 pyramidal cell loss and the respective microglia 
activation (Fig. 5b1–g2). MAP2, a marker of the neuronal 
dendritic network (Fig. 4b), implied that dendrite degen-
eration happened earlier. Here, significances between the 
sham and the ACA/R groups were found after 7 days’ ST, 
whereby ventilation with 21% O2 failed to achieve signifi-
cance. The simultaneous to dendritic degeneration activa-
tion of microglia (IBA1 staining; Fig. 4c) was evident in the 
Strata radiatum and lacunosum moleculare in all ACA/R 
groups (Fig. 5b1–g2), but it achieved significance only in 
the long-term survival groups (Fig. 5e1–g2). Analysis of 
GFAP-expressing astroglia revealed a significant reactive 
gliosis in all long-term survival groups (Figs. 4d, 5i1–n2).

The diagrams in Fig. 4 indicated that the laboratory ani-
mals showed individual heterogeneity. Thus, we analyzed 
the individual neurodegenerative status and set it in rela-
tion to the respective individual O2 status (Table 1). First, 
we realized the heterogeneity of individual O2 status within 
equal ventilation groups. Furthermore, the O2 status did 
not enable explicit prediction of the neurodegenerative out-
come. Thus, in the normoxic group with short ST the highest 

Fig. 1   Pre- and post-resuscitation physiological parameters. The 
arterial pO2 offered significant ventilation-dependent differences; 
100% O2 ventilation implied the highest pO2 values consistently, 
whereas 21% and 50% O2 ventilation produced pO2 values below the 
sham group values. BL base line, MAP mean arterial pressure, pCO2 
arterial carbon dioxide tension, pO2 arterial oxygen tension, ACA​ 
asphyxia cardiac arrest. Data: mean ± SD; in the graphs, the presen-
tation of SD has been omitted for the benefit of better clarity; non-
parametric Kruskal–Wallis/Dunn’s multiple comparison post-hoc test

◂
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arterial pO2 status led to low neuronal degeneration (rat 7). 
However, the patterns were lost entirely in the normoxic 
group with longer ST.

We found no correlation between time of ROSC and neu-
rodegenerative outcome (Table 1). A slow recovery did not 
necessarily result in massive neurodegeneration (e.g., rat 7) 
and a fast recovery did not guarantee little neurodegenera-
tion (e.g., rat 30). We found equivalent neurodegenerative 

Table 1   Neurodegenerative 
status of hippocampal CA 1 
region in dependence on ROSC 
and O2-status

s seconds

ROSC (s) pO2-status (mmHg) Neurodegenerative status of hippocampal 
CA 1 region

BL 5ʹ 15ʹ 30ʹ 45ʹ

Sham; 7 days; 50% O2

 Rat 1 – 161 166 172 167 160
 Rat 2 – 132 140 144 175 191
 Rat 3 – 223 218 215 205 198
 Rat 4 – 177 180 179 177 178
 Rat 5 – 167 158 163 163 162

7 days; 21% O2

 Rat 6 40 185 48 65 65 75 Massive cell and no dendrite loss
 Rat 7 45 100 165 161 190 178 No cell and moderate dendrite loss
 Rat 8 20 142 47 138 144 76 Moderate cell and massive dendrite loss
 Rat 9 20 139 26 39 44 45 Moderate cell and massive dendrite loss
 Rat 10 25 177 49 56 135 99 Moderate cell and dendrite loss

7 days; 50% O2

 Rat 11 31 151 74 99 119 188 Massive cell and dendrite loss
 Rat 12 24 76 76 90 171 179 Moderate cell and massive dendrite loss
 Rat 13 20 198 112 127 110 144 Moderate cell and massive dendrite loss
 Rat 14 25 165 110 96 138 178 Massive cell and dendrite loss
 Rat 15 25 177 149 146 138 178 Minimal cell and massive dendrite loss

7 days; 100% O2

 Rat 16 64 234 140 129 139 294 Massive cell and dendrite loss
 Rat 17 25 235 91 65 131 334 Moderate cell and dendrite loss
 Rat 18 33 156 145 146 308 332 Moderate cell and dendrite loss
 Rat 19 35 225 194 324 466 522 Massive cell and dendrite loss
 Rat 20 30 204 158 243 214 215 Moderate cell and dendrite loss

21 days; 21% O2

 Rat 21 30 229 29 36 55 76 Massive cell and dendrite loss
 Rat 22 31 214 32 38 44 49 Massive cell and moderate dendrite loss
 Rat 23 30 153 171 160 167 148 Moderate cell and massive dendrite loss
 Rat 24 20 165 52 58 95 100 Massive cell and dendrite loss
 Rat 25 32 166 107 78 129 94 Massive cell and dendrite loss

21 days; 50% O2

 Rat 26 27 107 81 77 118 192 Massive cell and dendrite loss
 Rat 27 28 164 169 161 157 154 Moderate cell and massive dendrite loss
 Rat 28 33 202 129 160 174 173 Moderate cell and massive dendrite loss
 Rat 29 28 139 95 153 143 113 Massive cell and dendrite loss
 Rat 30 20 153 87 142 137 130 Massive cell and dendrite loss

21 days; 100% O2

 Rat 31 55 213 354 368 368 405 Moderate cell and dendrite loss
 Rat 32 22 186 209 255 197 203 Massive cell and dendrite loss
 Rat 33 30 143 152 256 307 378 Massive cell and dendrite loss
 Rat 34 20 151 363 459 602 577 Moderate cell and massive dendrite loss
 Rat 35 25 139 229 471 497 496 Massive cell and dendrite loss

Fig. 2   Linear regression analysis of the relationship between the 
independent variable pO2 and the dependent variables in the form 
of vital parameters (VP) using the mean values of each experimen-
tal group. r correlation coefficient indicating strength and direction of 
the linear relationship between pO2 and the respective VP; positive 
slope: pO2 and VP change in the same direction; negative slope: pO2 
and VP change in opposite directions; *p < 0.05; ** < 0.005: signifi-
cant linear dependencies between pO2 and VP. Please note the differ-
ent symbols of the data points indicating their affiliation to the time 
of measurement (BL, 5, 15, 30, and 45 min)

◂
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patterns despite different recovery times (e.g., rats 16 and 
19) and vice versa (e.g., rats 6 and 7, and rats 14 and 15).

Our linear regression analysis of the vital parameters 
(MAP, heart rate, pO2, pCO2, glucose, HCO3

−, pH, or BE as 
independent variables) and hippocampal CA1 immunohis-
tology (GFAP, IBA1, and MAP2: integrated density; NeuN: 
LD as dependent variables) for the different O2 ventilation 
regimes at both STs provided only partial, heterogeneous 
correlations (Table 2, ST 7 days; Table 3, ST 21 days). 
Thus, the regression analysis indicated that the early post-
ROSC phase had only a marginal effect on the histological 
outcome.

Discussion

Our findings revealed that normoxic (21% O2) post-ROSC 
ventilation attenuates hippocampal CA1 degeneration in a 
rat ACA/R model, but that the attenuation is only temporary. 
To obtain more practice-relevant evidence, we examined the 
neuronal and glial cell pattern after STs of 7 and 21 days and 
found evidence of a neuroprotective effect of normoxic post-
ROSC ventilation only in the short-term ST. This neuropro-
tective effect was disappeared completely after 21 days’ ST. 
ACA/R-induced injury is bi-phasic. It starts with primary 
injury resulting from the immediate lack of cerebral blood 
flow after CA. Secondary injury begins immediately after 
ROSC and lasts for hours and days after ACA/R (Sekhon 

Fig. 3   Linear regression analysis of the relationship between the 
independent variable pO2 and the dependent variables in the form 
of vital parameters (VP) using the individual values for each animal 
within one experimental group. r correlation coefficient indicating 
strength and direction of the linear relationship between pO2 and 
the respective VP; positive slope: pO2 and VP change in the same 
direction; negative slope: pO2 and VP change in opposite directions; 
*p < 0.05; ** < 0.005; *** < 0.001; **** < 0.0001: significant linear 
dependencies between pO2 and VP. Please note the different symbols 
of the data points indicating their affiliation to the time of measure-
ment (BL, 5, 15, 30, and 45 min)

◂

Fig. 4   Statistical analysis of the different stainings. a Independent 
on the ventilation regime, reduced linear density of NeuN-positive 
neurons indicated significant neurodegeneration after 21  days. In 
the short-term survival group, 21% O2 ventilation showed a signifi-
cantly lower neurodegeneration pattern (neuroprotective potency), 
when compared with the longer ST. b MAP2 staining indicated early 
and ventilation-independent neuronal dendrite degeneration. c IBA1 
staining demonstrated early (tendentially) and long-lasting ventila-
tion-independent microglial activation. d GFAP staining indicated a 
significant ventilation-independent reactive astrogliosis in the long-
term survival groups. The integrated densities refer to the complete 
CA1 region, including Stratum oriens, Stratum pyramidale, Stratum 
radiatum, and Stratum lacunosum moleculare. Boxplots display the 
likely and full range of variation from min to max and the median; 
non-parametric Kruskal–Wallis/Dunn’s post-hoc test

▸

et al. 2017). Our post-ROSC intervention targeted only the 
secondary injury processes. One could argue that a study 
using normoxia already during resuscitation must be more 
successful because it targets both the primary and the sec-
ondary injury. This contention is supported by studies of 
Hazelton (Hazelton et al. 2010), who found neuroprotective 
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effects of normoxic ventilation after a longer ST of 30 days, 
whereby normoxia was already used for resuscitation.

However, most of the other studies indicating that reoxy-
genation with normoxic O2 reduces mortality (Mickel et al. 
1987), delays cellular recovery (Solberg et al. 2010) and 
lessens neuronal death in the hippocampal CA1 region when 
compared to ventilation with 100% O2 (Balan et al. 2006; 
Vereczki et al. 2006; Solevag et al. 2016) are not suitable for 
supporting this thesis. This is also true for studies showing 

similar neuroprotective effects for other brain regions [cer-
ebellum: (Lee et al., 2019); cortex: (Solberg et al. 2012); 
striatum: (Brucken et al. 2010)]. In these studies, the brains 
were examined after STs of a few days or even only hours 
[24 h and shorter: (Balan et al. 2006; Vereczki et al. 2006; 
Solberg et al. 2010, 2012; Solevag et al. 2016; Lee et al. 
2019); between 2 and 7 days: (Brucken et al. 2010)]. Our 
post-ROSC normoxic ventilation was also neuroprotective 
in this time window.

Fig. 5   ACA/R-induced hip-
pocampal CA1 degeneration. 
a1–g2 Co-immunostaining of 
neuronal marker NeuN (green) 
and microglia marker IBA1 
(red); h1–n2 Co-immunostain-
ing of neuronal marker MAP2 
(green) and astroglial marker 
GFAP (red). The frames indi-
cate the area of the respective 
high-magnification images, 
which were taken from a paral-
lel slice. Scale bar = 500 µm 
valid for all number 1 pictures, 
scale bar 50 µm valid for all 
number 2 pictures
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Table 2   Linear regression 
analysis of the relationship 
between the independent 
variable (vital parameter) and 
the dependent variable (MAP2, 
IBA1, GFAP: integrated 
density; NeuN: linear density; 
after 7 days of survival)

Survival time 7 days Immunohistology of the hippocampal CA1 region

NeuN MAP2 IBA1 GFAP

Vital parameters R2 p slope R2 p slope R2 p slope R2 p slope

MAP
 21% O2, 5ʹ 0.3699 n.s ↗ 0.3156 n.s ↗ 0.3124 n.s ↘ 0.2201 n.s ↗
 21% O2, 15ʹ 0.0953 n.s ↘ 0.0233 n.s – 0.7793 * ↘ 0.4021 n.s ↗
 21% O2, 30ʹ 0.0298 n.s ↘ 0.0609 n.s ↘ 0.7497 n.s ↘ 0.8417 * ↗
 21% O2, 45ʹ 0.0069 n.s – 0.0427 n.s ↘ 0.8546 * ↘ 0.8579 * ↗
 50% O2, 5ʹ 0.3378 n.s ↗ 0.1011 n.s ↗ 0.0082 n.s – 0.0331 n.s ↘
 50% O2, 15ʹ 0.2684 n.s ↗ 0.0706 n.s ↗ 0.4204 n.s ↗ 0.2247 n.s ↘
 50% O2, 30ʹ 0.4137 n.s ↗ 0.1109 n.s ↗ 0.2326 n.s ↗ 0.1214 n.s ↘
 50% O2, 45ʹ 0.1437 n.s ↗ 0.0000 n.s – 0.0267 n.s ↘ 0.0709 n.s ↗
 100% O2, 5ʹ 0.1784 n.s ↘ 0.0002 n.s – 0.1366 n.s ↘ 0.0816 n.s ↗
 100% O2, 15ʹ 0.5620 n.s ↘ 0.1816 n.s ↗ 0.2924 n.s ↘ 0.0077 n.s –
 100% O2, 30ʹ 0.5856 n.s ↘ 0.1924 n.s ↗ 0.0913 n.s ↘ 0.0338 n.s ↗
 100% O2, 45ʹ 0.4380 n.s ↘ 0.0955 n.s ↗ 0.0403 n.s – 0.1249 n.s ↗

Heart rate
 21% O2, 5ʹ 0.5699 n.s ↗ 0.8423 * ↗ 0.0473 n.s ↗ 0.4854 n.s ↘
 21% O2, 15ʹ 0.0194 n.s – 0.0858 n.s ↘ 0.5416 n.s ↘ 0.2439 n.s ↗
 21% O2, 30ʹ 0.1562 n.s ↗ 0.0383 n.s ↗ 0.7802 * ↘ 0.4676 n.s ↗
 21% O2, 45ʹ 0.0245 n.s – 0.0482 n.s ↘ 0.4329 n.s ↘ 0.4922 n.s ↗
 50% O2, 5ʹ 0.1852 n.s ↗ 0.0025 n.s – 0.4497 n.s ↗ 0.2115 n.s ↘
 50% O2, 15ʹ 0.3137 n.s ↗ 0.1316 n.s ↗ 0.1304 n.s ↗ 0.0421 n.s ↘
 50% O2, 30ʹ 0.7292 n.s ↗ 0.2369 n.s ↗ 0.1718 n.s ↗ 0.1909 n.s ↘
 50% O2, 45ʹ 0.3977 n.s ↗ 0.1314 n.s ↗ 0.1154 n.s ↗ 0.4361 n.s ↘
 100% O2, 5ʹ 0.2627 n.s ↗ 0.4860 n.s ↘ 0.0371 n.s ↗ 0.5045 n.s ↗
 100% O2, 15ʹ 0.1357 n.s ↗ 0.0021 n.s – 0.0813 n.s ↗ 0.0412 n.s ↘
 100% O2, 30ʹ 0.5929 n.s ↗ 0.2150 n.s ↘ 0.3524 n.s ↗ 0.0055 n.s –
 100% O2, 45ʹ 0.6160 n.s ↗ 0.2133 n.s ↘ 0.3226 n.s ↗ 0.1282 n.s ↘

pCO2

 21% O2, 5ʹ 0.1019 n.s ↗ 0.0131 n.s – 0.0092 n.s – 0.0090 n.s –
 21% O2, 15ʹ 0.1618 n.s ↗ 0.0091 n.s – 0.0121 n.s – 0.2299 n.s ↗
 21% O2, 30ʹ 0.1982 n.s ↗ 0.0060 n.s – 0.2052 n.s ↗ 0.0532 n.s ↘
 21% O2, 45ʹ 0.0981 n.s ↘ 0.1026 n.s ↘ 0.2357 n.s ↗ 0.0066 n.s –
 50% O2, 5ʹ 0.4377 n.s ↘ 0.4748 n.s ↘ 0.2285 n.s ↗ 0.0197 n.s –
 50% O2, 15ʹ 0.6822 n.s ↘ 0.2813 n.s ↘ 0.0000 n.s – 0.0140 n.s –
 50% O2, 30ʹ 0.0175 n.s – 0.3843 n.s ↘ 0.3422 n.s ↗ 0.1735 n.s ↘
 50% O2, 45ʹ 0.0030 n.s – 0.2156 n.s ↘ 0.7314 n.s ↗ 0.3624 n.s ↘
 100% O2, 5ʹ 0.2468 n.s ↗ 0.0795 n.s ↘ 0.0318 n.s ↘ 0.1630 n.s ↗
 100% O2, 15ʹ 0.0000 n.s – 0.1160 n.s ↘ 0.0219 n.s – 0.5548 n.s ↗
 100% O2, 30ʹ 0.0079 n.s – 0.1382 n.s ↘ 0.1030 n.s ↘ 0.5496 n.s ↗
 100% O2, 45ʹ 0.3113 n.s ↘ 0.0175 n.s – 0.3096 n.s ↘ 0.0065 n.s –

Glucose
 21% O2, 5ʹ 0.0398 n.s ↗ 0.2499 n.s ↗ 0.0501 n.s ↗ 0.6633 n.s ↘
 21% O2, 15ʹ 0.0426 n.s ↘ 0.0919 n.s ↘ 0.1661 n.s ↗ 0.0454 n.s ↗
 21% O2, 30ʹ 0.0920 n.s ↘ 0.2548 n.s ↘ 0.5830 n.s ↗ 0.0218 n.s –
 21% O2, 45ʹ 0.3760 n.s ↘ 0.3364 n.s ↘ 0.1935 n.s ↗ 0.0103 n.s –
 50% O2, 5ʹ 0.0094 n.s – 0.0268 n.s ↗ 0.0416 n.s ↘ 0.1575 n.s ↗
 50% O2, 15ʹ 0.5202 n.s ↘ 0.3130 n.s ↘ 0.6078 n.s ↘ 0.5578 n.s ↗
 50% O2, 30ʹ 0.0000 n.s – 0.2921 n.s ↗ 0.1698 n.s ↘ 0.0377 n.s ↗
 50% O2, 45ʹ 0.1625 n.s ↘ 0.0250 n.s ↗ 0.3054 n.s ↘ 0.2254 n.s ↗
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Table 2   (continued) Survival time 7 days Immunohistology of the hippocampal CA1 region

NeuN MAP2 IBA1 GFAP

Vital parameters R2 p slope R2 p slope R2 p slope R2 p slope

 100% O2, 5ʹ 0.2715 n.s ↗ 0.2198 n.s ↘ 0.5641 n.s ↗ 0.1662 n.s ↗
 100% O2, 15ʹ 0.0844 n.s ↗ 0.1326 n.s ↘ 0.5665 n.s ↗ 0.1597 n.s ↗
 100% O2, 30ʹ 0.0032 n.s – 0.0000 n.s – 0.0828 n.s ↘ 0.9592 ** ↗
 100% O2, 45ʹ 0.0791 n.s ↗ 0.0101 n.s – 0.0146 n.s – 0.4761 n.s ↗

pH
 21% O2, 5ʹ 0.2763 n.s ↘ 0.0050 n.s – 0.1341 n.s ↗ 0.2796 n.s ↘
 21% O2, 15ʹ 0.1810 n.s ↘ 0.0041 n.s – 0.0794 n.s ↗ 0.3550 n.s ↘
 21% O2, 30ʹ 0.1045 n.s ↘ 0.0314 n.s – 0.0214 n.s – 0.3283 n.s ↘
 21% O2, 45ʹ 0.0914 n.s ↘ 0.0364 n.s – 0.0286 n.s – 0.0634 n.s –
 50% O2, 5ʹ 0.8502 * ↗ 0.5763 n.s ↗ 0.0000 n.s – 0.0124 n.s –
 50% O2, 15ʹ 0.2591 n.s ↘ 0.0641 n.s – 0.9138 * ↘ 0.9054 * ↗
 50% O2, 30ʹ 0.0271 n.s – 0.0665 n.s – 0.9124 * ↘ 0.6371 n.s ↗
 50% O2, 45ʹ 0.1235 n.s – 0.0014 n.s – 0.9505 * ↘ 0.9544 * ↗
 100% O2, 5ʹ 0.0197 n.s – 0.1974 n.s ↗ 0.2518 n.s ↘ 0.1666 n.s ↗
 100% O2, 15ʹ 0.0004 n.s – 0.1445 n.s ↗ 0.0245 n.s – 0.2289 n.s ↘
 100% O2, 30ʹ 0.0047 n.s – 0.1524 n.s ↗ 0.0804 n.s ↗ 0.4630 n.s ↘
 100% O2, 45ʹ 0.0799 n.s ↗ 0.0003 n.s – 0.4720 n.s ↗ 0.1625 n.s ↘

HCO3

 21% O2, 5ʹ 0.0344 n.s – 0.0734 n.s ↘ 0.3213 n.s ↗ 0.3009 n.s ↘
 21% O2, 15ʹ 0.2219 n.s ↘ 0.0000 n.s – 0.1507 n.s ↗ 0.3569 n.s ↘
 21% O2, 30ʹ 0.0540 n.s ↗ 0.2684 n.s ↗ 0.5783 n.s ↗ 0.9180 * ↘
 21% O2, 45ʹ 0.1638 n.s ↘ 0.0006 n.s – 0.0122 n.s – 0.0433 n.s ↘
 50% O2, 5ʹ 0.8301 * ↗ 0.5677 n.s ↗ 0.0000 n.s – 0.0234 n.s –
 50% O2, 15ʹ 0.5364 n.s ↗ 0.2575 n.s ↗ 0.1273 n.s ↗ 0.0838 n.s ↘
 50% O2, 30ʹ 0.1297 n.s ↘ 0.1980 n.s ↘ 0.3856 n.s ↘ 0.3453 n.s ↗
 50% O2, 45ʹ 0.0571 n.s ↘ 0.4541 n.s ↘ 0.9137 * ↘ 0.0179 n.s –
 100% O2, 5ʹ 0.2411 n.s ↗ 0.0220 n.s – 0.0102 n.s – 0.0512 n.s ↗
 100% O2, 15ʹ 0.2335 n.s ↗ 0.0430 n.s – 0.2254 n.s ↗ 0.0932 n.s ↗
 100% O2, 30ʹ 0.4450 n.s ↗ 0.5170 n.s ↘ 0.1003 n.s ↗ 0.4230 n.s ↗
 100% O2, 45ʹ 0.2303 n.s ↗ 0.1615 n.s ↘ 0.5977 n.s ↗ 0.6441 n.s ↘

Base excess
 21% O2, 5ʹ 0.5279 n.s ↘ 0.5663 n.s ↘ 0.0554 n.s ↘ 0.5854 n.s ↗
 21% O2, 15ʹ 0.0815 n.s ↘ 0.0002 n.s – 0.3270 n.s ↗ 0.5391 n.s ↘
 21% O2, 30ʹ 0.0598 n.s ↗ 0.2283 n.s ↗ 0.4762 n.s ↗ 0.9674 ** ↘
 21% O2, 45ʹ 0.1086 n.s ↘ 0.0000 n.s – 0.0139 n.s – 0.0409 n.s ↘
 50% O2, 5ʹ 0.2256 n.s ↗ 0.3380 n.s ↗ 0.1978 n.s ↗ 0.0800 n.s ↘
 50% O2, 15ʹ 0.5624 n.s ↗ 0.7043 n.s ↗ 0.1610 n.s ↗ 0.5215 n.s ↗
 50% O2, 30ʹ 0.3377 n.s ↗ 0.6961 n.s ↗ 0.2989 n.s ↘ 0.3196 n.s ↗
 50% O2, 45ʹ 0.2238 n.s ↗ 0.0326 n.s ↗ 0.0837 n.s ↘ 0.0129 n.s –
 100% O2, 5ʹ 0.2720 n.s ↗ 0.0444 n.s ↘ 0.0081 n.s – 0.0998 n.s ↗
 100% O2, 15ʹ 0.4469 n.s ↗ 0.2717 n.s ↘ 0.6178 n.s ↗ 0.0525 n.s ↗
 100% O2, 30ʹ 0.8991 * ↗ 0.8543 * ↘ 0.1735 n.s ↗ 0.0232 n.s –
 100% O2, 45ʹ 0.0899 n.s ↗ 0.1083 n.s ↘ 0.2463 n.s ↗ 0.7882 * ↘

pO2

 21% O2, 5ʹ 0.1344 n.s ↘ 0.0033 n.s – 0.2732 n.s ↘ 0.0028 n.s –
 21% O2, 15ʹ 0.3711 n.s ↘ 0.1523 n.s ↘ 0.5210 n.s ↘ 0.2361 n.s ↗
 21% O2, 30ʹ 0.2061 n.s ↘ 0.0417 n.s – 0.6069 n.s ↘ 0.1709 n.s ↗
 21% O2, 45ʹ 0.1446 n.s ↘ 0.0017 n.s – 0.2720 n.s ↘ 0.0026 n.s –
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ACA/R-induced cell death continues for days to weeks 
and is accompanied by glial reactions (Sugawara et  al. 
2002). However, in our experiments, the different ventila-
tion regimes had no effect whatsoever on ACA/R-mediated 
microglial and astroglial activation patterns. This missing 
glia effect may be one reason for the lack of normoxia-
mediated neuroprotection in the long-term survival group. 
Literature data (Hazelton et al. 2010) support this presump-
tion. They found that microglia activation was reduced by 
normoxic resuscitation, and they assumed that reduction of 
early microglia activation may have provided the basis for 
the demonstrated late (30 days) neuroprotection. However, in 
our experiments, there was no normoxic-mediated reduction 
of microglia activation and, thus, no subsequent neuropro-
tection. But the authors are honest; they admitted that their 
findings are not sufficient to rule out the reversal: reduced 
microglial activation as result of reduced neurodegeneration.

In our experiments, microglia were also activated in the 
long-term survival groups and that even more then in thus 
with shorter ST. That indicates a reaction of longer-lasting 
cell (neuronal) death processes. Long-lasting (56 days) 
ischemia-induced microglial activation was also demon-
strated by Sugawara et al. (2002). As we used a relative short 
CA period (6 min), it was of particular interest to us that in 
Sugawara et al.’s study the duration of cardiac arrest (5 vs. 
10 min) was irrelevant both for microglia activation and for 
the percentage of CA1 neuronal loss.

Ischemia-mediated activation of microglia as the first 
step of inflammatory response begins immediately after the 
insult, lasts for weeks and produces wide-ranging and very 
complex neuroprotective as well as neurodegenerative pro-
cesses (Benakis et al. 2014; Guruswamy and ElAli 2017; 
Jin et al. 2017; Kronenberg et al. 2018). Along with neu-
trophils and macrophages activated microglia infiltrate the 
infarct area immediately following ACA/R-mediated injury 

and contribute to the upregulated expression of pro-inflam-
mators, such as inducible nitric oxide synthase (iNOS), NO, 
interleukins (e.g. IL-6, IL-8), interferon-Ɣ, matrix metal-
loproteinase 9, and either tumor necrosis factor α or IL-1β, 
mediating neuronal death and infarct expansion (Ma et al. 
2017; Gulke et al. 2018; Lambertsen et al. 2019; Qin et al. 
2019). However, with these damaging effects, microglia also 
laid the foundation for subsequent neuronal regeneration, 
which could not happen without cell debris being eliminated 
(Neumann et al. 2009). And, being also an endogenous pool 
of neurotrophic factors, such as IGF-1, GDNF, BDNF, and 
VEGF, in addition to anti-inflammatory cytokines such as 
TGF-β, activated microglia can be neuroprotective per se 
(Lalancette-Hebert et al. 2007; Narantuya et al. 2010; Ma 
et al. 2017).

Moreover, microglia are subject to the ischemic cascade, 
including ATP depletion and Na+/K+ pump failure, with 
subsequent mitochondrial damage (Gong et al. 2018) and 
cell fragmentation (Lambertsen et al. 2019; Zhang 2019). As 
shown in cell cultures, these individual reactions of micro-
glia were induced directly by the initial lack of oxygen (Wid-
mer et al. 2007). In vivo, reduction of blood flow and the 
consequent lack of oxygen supply decreased significantly the 
retracting/extending process activity of microglia (Masuda 
et al. 2011), whereby these morphological transformations 
were arrested by the complete loss of blood flow. That might 
explain, at least partly, the different results when comparing 
CA models with carotid occlusion models.

As anticipated we showed ongoing activation of astroglia 
after 21 days’ ST. However, as with microglia, there was no 
effect of the various O2 ventilation regimes. Reactive gliosis 
is a direct consequence of neurodegeneration (Revuelta et al. 
2019). As we found no ventilation-dependent differences in 
the neurodegeneration pattern after 21 days’ ST, only lim-
ited respective differences in astroglia responses could be 

Table 2   (continued) Survival time 7 days Immunohistology of the hippocampal CA1 region

NeuN MAP2 IBA1 GFAP

Vital parameters R2 p slope R2 p slope R2 p slope R2 p slope

 50% O2, 5ʹ 0.6910 n.s ↗ 0.2352 n.s ↗ 0.1071 n.s ↗ 0.3141 n.s ↘
 50% O2, 15ʹ 0.5442 n.s ↗ 0.2246 n.s ↗ 0.0204 n.s – 0.0062 n.s –
 50% O2, 30ʹ 0.0727 n.s ↗ 0.3580 n.s ↗ 0.0684 n.s ↗ 0.1350 n.s ↘
 50% O2, 45ʹ 0.0000 n.s – 0.0181 n.s – 0.5315 n.s ↗ 0.1899 n.s ↘
 100% O2, 5ʹ 0.8032 * ↗ 0.0005 n.s – 0.3456 n.s ↗ 0.5612 n.s ↘
 100% O2, 15ʹ 0.4775 n.s ↗ 0.3684 n.s ↗ 0.0024 n.s – 0.1700 n.s ↘
 100% O2, 30ʹ 0.4781 n.s ↗ 0.5234 n.s ↗ 0.2445 n.s ↘ 0.0272 n.s –
 100% O2, 45ʹ 0.2289 n.s ↗ 0.6266 n.s ↗ 0.4535 n.s ↘ 0.1963 n.s ↗

R2 correlation coefficient indicating strength and direction of the linear relationship, positive slope ↗ both 
parameter change in the same direction, negative slope ↘ parameter change in opposite directions, slope 
– no linear relationship at all
*p < 0.05; ** < 0.005; significance of deviation from zero
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Table 3   Linear regression 
analysis of the relationship 
between the independent 
variable (vital parameter) and 
the dependent variable (MAP2, 
IBA1, GFAP: integrated 
density; NeuN: linear density; 
after 21 days of survival)

Survival time 21 days Immunohistology of the hippocampal CA1 region

NeuN MAP2 IBA1 GFAP

Vital parameters R2 p slope R2 p slope R2 p slope R2 p slope

MAP
 21% O2, 5ʹ 0.8534 * ↗ 0.8040 * ↘ 0.4923 n.s ↘ 0.5517 n.s ↘
 21% O2, 15ʹ 0.1795 n.s ↘ 0.0190 n.s – 0.1341 n.s ↗ 0.0528 n.s ↘
 21% O2, 30ʹ 0.4109 n.s ↘ 0.0594 n.s ↗ 0.1883 n.s ↗ 0.0244 n.s –
 21% O2, 45ʹ 0.2670 n.s ↘ 0.0009 n.s – 0.0861 n.s ↗ 0.1208 n.s ↘
 50% O2, 5ʹ 0.5872 n.s ↘ 0.4454 n.s ↗ 0.0002 n.s – 0.0301 n.s ↗
 50% O2, 15ʹ 0.3674 n.s ↗ 0.0561 n.s ↘ 0.2138 n.s ↘ 0.0114 n.s –
 50% O2, 30ʹ 0.6451 n.s ↗ 0.0483 n.s ↘ 0.5922 n.s ↘ 0.1597 n.s ↘
 50% O2, 45ʹ 0.5545 n.s ↗ 0.0104 n.s – 0.4684 n.s ↘ 0.1608 n.s ↗
 100% O2, 5ʹ 0.0073 n.s – 0.0178 n.s – 0.1007 n.s ↗ 0.3705 n.s ↗
 100% O2, 15ʹ 0.0005 n.s – 0.0395 n.s ↗ 0.0063 n.s – 0.1880 n.s ↗
 100% O2, 30ʹ 0.0000 n.s – 0.0217 n.s – 0.0174 n.s – 0.4542 n.s ↗
 100% O2, 45ʹ 0.0036 n.s – 0.0667 n.s ↘ 0.0017 n.s – 0.6677 n.s ↗

Heart rate
 21% O2, 5ʹ 0.6857 n.s ↗ 0.9223 ** ↘ 0.6354 n.s ↘ 0.7372 n.s ↘
 21% O2, 15ʹ 0.5941 n.s ↗ 0.4521 n.s ↘ 0.4197 n.s ↘ 0.2797 n.s ↘
 21% O2, 30ʹ 0.6217 n.s ↗ 0.5657 n.s ↘ 0.3783 n.s ↘ 0.4378 n.s ↘
 21% O2, 45ʹ 0.5845 n.s ↗ 0.1902 n.s ↘ 0.0978 n.s ↘ 0.0803 n.s ↘
 50% O2, 5ʹ 0.6665 n.s ↘ 0.3169 n.s ↗ 0.0687 n.s ↗ 0.0093 n.s –
 50% O2, 15ʹ 0.6508 n.s ↘ 0.0302 n.s – 0.2442 n.s ↗ 0.5719 n.s ↗
 50% O2, 30ʹ 0.3901 n.s ↘ 0.0030 n.s – 0.1834 n.s ↗ 0.0869 n.s ↗
 50% O2, 45ʹ 0.1045 n.s ↘ 0.0036 n.s – 0.0374 n.s ↗ 0.0024 n.s –
 100% O2, 5ʹ 0.1785 n.s ↗ 0.2860 n.s ↘ 0.0135 n.s – 0.6616 n.s ↗
 100% O2, 15ʹ 0.2081 n.s ↗ 0.0000 n.s – 0.0967 n.s ↗ 0.3550 n.s ↗
 100% O2, 30ʹ 0.1443 n.s ↗ 0.1235 n.s ↘ 0.3177 n.s ↗ 0.8726 * ↗
 100% O2, 45ʹ 0.0254 n.s – 0.5448 n.s ↗ 0.0013 n.s – 0.7449 n.s ↘

pCO2

 21% O2, 5ʹ 0.0967 n.s ↘ 0.6909 n.s ↘ 0.6106 n.s ↘ 0.7026 n.s ↘
 21% O2, 15ʹ 0.1181 n.s ↘ 0.0756 n.s ↘ 0.1280 n.s ↘ 0.3108 n.s ↘
 21% O2, 30ʹ 0.3266 n.s ↘ 0.0268 n.s ↗ 0.0944 n.s ↘ 0.8117 n.s ↘
 21% O2, 45ʹ 0.8474 n.s * 0.8241 * ↗ 0.6586 n.s ↗ 0.4302 n.s ↗
 50% O2, 5ʹ 0.2918 n.s ↘ 0.8188 * ↗ 0.0736 n.s ↗ 0.1108 n.s ↘
 50% O2, 15ʹ 0.1486 n.s ↘ 0.6530 n.s ↗ 0.1452 n.s ↗ 0.1498 n.s ↘
 50% O2, 30ʹ 0.2523 n.s ↘ 0.7918 * ↗ 0.1000 n.s ↗ 0.1163 n.s ↘
 50% O2, 45ʹ 0.5084 n.s ↘ 0.4976 n.s ↗ 0.0940 n.s ↗ 0.0117 n.s –
 100% O2, 5ʹ 0.2133 n.s ↗ 0.4544 n.s ↘ 0.3496 n.s ↘ 0.3212 n.s ↘
 100% O2, 15ʹ 0.0089 n.s – 0.7855 * ↘ 0.3690 n.s ↘ 0.0438 n.s ↘
 100% O2, 30ʹ 0.1928 n.s ↗ 0.5065 n.s ↘ 0.4562 n.s ↘ 0.0414 n.s –
 100% O2, 45ʹ 0.2649 n.s ↗ 0.3700 n.s ↘ 0.5752 n.s ↘ 0.0004 n.s –

Glucose
 21% O2, 5ʹ 0.3359 n.s ↗ 0.0249 n.s – 0.1625 n.s ↘ 0.4666 n.s ↘
 21% O2, 15ʹ 0.0710 n.s ↗ 0.0069 n.s – 0.3428 n.s ↗ 0.0024 n.s –
 21% O2, 30ʹ 0.1133 n.s ↗ 0.0003 n.s – 0.0022 n.s – 0.0015 n.s –
 21% O2, 45ʹ 0.1177 n.s ↗ 0.0119 n.s – 0.3156 n.s ↘ 0.0662 n.s ↘
 50% O2, 5ʹ 0.7787 * ↘ 0.0000 n.s – 0.1520 n.s ↗ 0.6198 n.s ↗
 50% O2, 15ʹ 0.0046 n.s – 0.1417 n.s ↘ 0.0000 n.s – 0.0090 n.s –
 50% O2, 30ʹ 0.0128 n.s – 0.7076 n.s ↘ 0.1665 n.s ↗ 0.4947 n.s ↗
 50% O2, 45ʹ 0.0000 n.s – 0.5201 n.s ↘ 0.1384 n.s ↗ 0.1772 n.s ↗
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Table 3   (continued) Survival time 21 days Immunohistology of the hippocampal CA1 region

NeuN MAP2 IBA1 GFAP

Vital parameters R2 p slope R2 p slope R2 p slope R2 p slope

 100% O2, 5ʹ 0.0775 n.s ↗ 0.7154 n.s ↗ 0.1174 n.s ↘ 0.4777 n.s ↘
 100% O2, 15ʹ 0.0116 n.s – 0.6848 n.s ↘ 0.4742 n.s ↘ 0.0492 n.s ↗
 100% O2, 30ʹ 0.1261 n.s ↘ 0.5639 n.s ↘ 0.1646 n.s ↘ 0.0008 n.s –
 100% O2, 45ʹ 0.1841 n.s ↘ 0.4796 n.s ↘ 0.1013 n.s ↘ 0.0004 n.s –

pH
 21% O2, 5ʹ 0.2850 n.s ↘ 0.6661 n.s ↘ 0.9945 *** ↗ 0.4319 n.s ↗
 21% O2, 15ʹ 0.0080 n.s – 0.2325 n.s ↘ 0.6459 n.s ↗ 0.1327 n.s ↗
 21% O2, 30ʹ 0.1741 n.s ↘ 0.2644 n.s ↗ 0.6735 n.s ↗ 0.0581 n.s ↗
 21% O2, 45ʹ 0.0560 n.s – 0.3173 n.s ↘ 0.0191 n.s – 0.4904 n.s ↘
 50% O2, 5ʹ 0.0043 n.s – 0.2448 n.s ↘ 0.1127 n.s – 0.3028 n.s ↗
 50% O2, 15ʹ 0.2329 n.s ↗ 0.6763 n.s ↘ 0.1816 n.s ↘ 0.0886 n.s ↗
 50% O2, 30ʹ 0.4250 n.s ↗ 0.7958 * ↘ 0.1336 n.s ↘ 0.0206 n.s –
 50% O2, 45ʹ 0.6186 n.s ↗ 0.6076 n.s ↘ 0.2719 n.s ↘ 0.0023 n.s –
 100% O2, 5ʹ 0.2133 n.s ↗ 0.4544 n.s ↘ 0.3496 n.s ↘ 0.1849 n.s ↗
 100% O2, 15ʹ 0.0089 n.s – 0.7855 * ↘ 0.3690 n.s ↘ 0.1665 n.s ↗
 100% O2, 30ʹ 0.1928 n.s ↗ 0.5065 n.s ↘ 0.4562 n.s ↘ 0.0763 n.s ↗
 100% O2, 45ʹ 0.2649 n.s ↗ 0.3700 n.s ↘ 0.5752 n.s ↘ 0.0251 n.s ↗

HCO3

 21% O2, 5ʹ 0.1551 n.s ↘ 0.4654 n.s ↗ 0.9087 * ↗ 0.3104 n.s ↘
 21% O2, 15ʹ 0.2663 n.s ↗ 0.5644 n.s ↘ 0.6801 n.s ↘ 0.6118 n.s ↘
 21% O2, 30ʹ 0.4305 n.s ↘ 0.0671 n.s ↗ 0.0118 n.s – 0.0205 n.s –
 21% O2, 45ʹ 0.7999 * ↘ 0.3514 n.s ↗ 0.2037 n.s ↗ 0.1559 n.s ↗
 50% O2, 5ʹ 0.3011 n.s ↗ 0.0983 n.s ↗ 0.1260 n.s ↘ 0.0340 n.s –
 50% O2, 15ʹ 0.0040 n.s ↗ 0.1702 n.s ↘ 0.5291 n.s ↗ 0.0462 n.s ↗
 50% O2, 30ʹ 0.0323 n.s ↘ 0.0815 n.s ↘ 0.6460 n.s ↗ 0.0789 n.s ↗
 50% O2, 45ʹ 0.1761 n.s ↘ 0.0772 n.s ↗ 0.3769 n.s ↗ 0.0025 n.s –
 100% O2, 5ʹ 0.0013 n.s – 0.6133 n.s ↘ 0.0851 n.s ↘ 0.6651 n.s ↗
 100% O2, 15ʹ 0.0116 n.s – 0.2507 n.s ↘ 0.1541 n.s ↘ 0.4780 n.s ↗
 100% O2, 30ʹ 0.4764 n.s ↗ 0.0675 n.s ↘ 0.1926 n.s ↘ 0.1432 n.s ↗
 100% O2, 45ʹ 0.0239 n.s ↗ 0.0042 n.s – 0.4081 n.s ↗ 0.4261 n.s ↗

Base excess
 21% O2, 5ʹ 0.2977 n.s ↘ 0.4283 n.s ↗ 0.8666 * ↗ 0.1795 n.s ↗
 21% O2, 15ʹ 0.0039 n.s – 0.1885 n.s ↘ 0.2621 n.s ↘ 0.4047 n.s ↘
 21% O2, 30ʹ 0.6882 n.s ↘ 0.1561 n.s ↗ 0.0712 n.s ↗ 0.0331 n.s ↗
 21% O2, 45ʹ 0.7727 * ↘ 0.2256 n.s ↗ 0.1598 n.s ↗ 0.0491 n.s ↗
 50% O2, 5ʹ 0.5741 n.s ↘ 0.0493 n.s – 0.0018 n.s – 0.2151 n.s ↗
 50% O2, 15ʹ 0.0091 n.s – 0.5445 n.s ↘ 0.0678 n.s ↗ 0.1123 n.s ↗
 50% O2, 30ʹ 0.2244 n.s ↘ 0.0002 n.s – 0.8144 * ↗ 0.0973 n.s ↗
 50% O2, 45ʹ 0.4310 n.s ↘ 0.3690 n.s ↗ 0.3662 n.s ↗ 0.0014 n.s –
 100% O2, 5ʹ 0.0147 n.s – 0.5771 n.s ↘ 0.0047 n.s – 0.8561 * ↗
 100% O2, 15ʹ 0.1181 n.s ↘ 0.7101 n.s ↘ 0.0642 n.s ↘ 0.6290 n.s ↗
 100% O2, 30ʹ 0.5100 n.s ↗ 0.1267 n.s ↘ 0.0171 n.s – 0.2080 n.s ↗
 100% O2, 45ʹ 0.5613 n.s ↗ 0.0244 n.s – 0.0113 n.s – 0.0856 n.s ↗

pO2

 21% O2, 5ʹ 0.0133 n.s – 0.0079 n.s – 0.3198 n.s ↘ 0.0122 n.s –
 21% O2, 15ʹ 0.0204 n.s – 0.0004 n.s – 0.2470 n.s ↘ 0.0179 n.s –
 21% O2, 30ʹ 0.0423 n.s – 0.0612 n.s ↘ 0.4656 n.s ↘ 0.0048 n.s –
 21% O2, 45ʹ 0.0073 n.s – 0.0524 n.s ↘ 0.4724 n.s ↘ 0.0282 n.s –
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expected. As the astroglia cells are quite robust to ischemia/
reperfusion, they are affected less (Shih and Robinson 2018). 
The authors believe that the mitochondria, particularly the 
dynamic astrocytic mitochondrial network, are responsible 
for this resilience. They believe that the dynamic remodeling 
of the mitochondrial network provides an adaptive mecha-
nism to maintain mitochondrial and, ultimately, astroglial 
functionality in the setting of ischemia. Against this back-
ground, the authors further suggest that astrocytes in the 
ischemic brain could be a continuous source of energy sub-
strate to neighboring neurons via the lactate shuttle and may 
also rescue neurons from ischemic injury through donating 
functional mitochondria (Hayakawa et al. 2016). Moreover, 
ischemia-stressed astrocytes can be neuroprotective by sup-
plying anti-inflammatory mediators, neurotrophic (Ziemka-
Nalecz et al. 2017), and/or vasoactive (Shih and Robinson 
2018) factors. However, as with microglia, astroglial cells 
play dual and opposite roles in ischemia/reperfusion pro-
cesses, as they may also produce pro-inflammatory and neu-
rotoxic substances such as cytokines or iNOS, thus contrib-
uting to neuronal cell death (Rossi et al. 2007; Hailer 2008).

The contention that normoxia already during resuscita-
tion should be more neuroprotective because it targets both 
primary and secondary injury leads inevitably to the ques-
tion of whether the current European Resuscitation Guide-
lines [ventilation during resuscitation with 100% O2 (Soar 
et al. 2015)] are up to date. More basic science and clinical 
research is required to answer this question, as there are 
also serious objections. There is evidence that using 100% 
oxygen during resuscitation activates antioxidant enzymes 
such as superoxide dismutase, catalase, and glutathione per-
oxidase (Vento et al. 2002; Torres-Cuevas et al. 2017). It is 
clear that activation of antioxidant enzymes is an expression 
of oxidative stress. However, it also indicates that cells both 
can and will defend themselves. Interestingly, the activities 

of the antioxidant enzymes show positive correlation with 
pO2 (Vento et al. 2002). This suggests both normoxia and 
hyperoxia have detrimental as well as protective effects, thus 
limiting the superiority of either regime. This interpreta-
tion is supported by the findings of Temesvari et al. (2001), 
showing that there was no significant difference in cerebral 
histopathology after reoxygenation with either room air or 
with 100% O2 following pneumothorax-induced asphyxia. 
Our results concerning a missing correlation between vital 
parameters and the hippocampal CA1 neurodegenerative 
pattern, confirming that the early post-ROSC phase has only 
a marginal impact of on the histological outcome, fit in well.

As we have mentioned in the Introduction, we extended 
the focus on the individual heterogeneity of test rats after 
ACA/R. There is consensus that the great heterogeneity of 
ACA/R models makes it difficult to compare results and 
reasoning. Our findings both support this and confirm that 
the great individual heterogeneity of laboratory animals is a 
further variable to be considered in ACA/R animal models 
and their interpretation.

Conclusions

Our findings have shown that that normoxic (21% O2) post-
ROSC ventilation attenuates hippocampal CA1 degeneration 
in a 6-min asphyxia cardiac arrest/reperfusion rat model, 
albeit only temporarily, after 7 days’ survival time (ST). 
This neuroprotective effect disappeared completely after 
21 days’ ST. We assume that this limitation is due to the 
post-ROSC intervention targeting only processes of the 
ischemia-induced secondary injury. Our concreted find-
ings show that the different post-ROSC ventilation regimes 
had no effect on microglial activation, reduction of which 
is accepted as neuroprotective and induced directly by the 

Table 3   (continued) Survival time 21 days Immunohistology of the hippocampal CA1 region

NeuN MAP2 IBA1 GFAP

Vital parameters R2 p slope R2 p slope R2 p slope R2 p slope

 50% O2, 5ʹ 0.4623 n.s ↘ 0.6311 n.s ↗ 0.1792 n.s ↗ 0.0027 n.s –
 50% O2, 15ʹ 0.7286 n.s ↘ 0.3048 n.s ↗ 0.2135 n.s ↗ 0.1818 n.s ↗
 50% O2, 30ʹ 0.0271 n.s – 0.1756 n.s ↗ 0.0525 n.s ↘ 0.0022 n.s –
 50% O2, 45ʹ 0.0080 n.s – 0.2038 n.s ↗ 0.0018 n.s – 0.0005 n.s –
 100% O2, 5ʹ 0.3186 n.s ↗ 0.1683 n.s ↘ 0.4746 n.s ↘ 0.0940 n.s ↗
 100% O2, 15ʹ 0.1463 n.s ↗ 0.3312 n.s ↘ 0.6926 n.s ↘ 0.0118 n.s –
 100% O2, 30ʹ 0.4218 n.s ↗ 0.0745 n.s ↘ 0.7186 n.s ↘ 0.1153 n.s ↘
 100% O2, 45ʹ 0.3548 n.s ↗ 0.0197 n.s – 0.8655 * ↘ 0.1890 n.s ↘

R2 correlation coefficient indicating strength and direction of the linear relationship, positive slope ↗ both 
parameter change in the same direction, negative slope ↘ parameter change in opposite directions, slope 
– no linear relationship at all
*p < 0.05; ** < 0.005; significance of deviation from zero
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initial lack of oxygen. Furthermore, there was no ventila-
tion-dependent effect on astroglial activation. Astroglia were 
robust to ischemia/reperfusion and appeared to increase neu-
rons’ resistance to ischemia/reperfusion injury through many 
regulatory opportunities. Consequently, lack of astroglial 
response should entail a lack in neuronal response.

The limited neuroprotective potency of normoxic post-
ROSC ventilation should be remembered when using nor-
moxia clinically. It could be one explanation for the highly 
variable and all too often unsatisfying functional outcome. 
And it calls for further experiments to optimize the interven-
tion protocols. Moreover, this study verifies the limited com-
parability of animal studies because of the individual hetero-
geneity of the animals used and the experimental regimes.
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