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Cerebrospinal fluid is a significant fluid source for anoxic 

cerebral oedema
Ting Du,1,† Humberto Mestre,1,2,† Benjamin T. Kress,1,3 Guojun Liu,1 Amanda M. Sweeney,1 

Andrew J. Samson,3 Martin Kaag Rasmussen,3 Kristian Nygaard Mortensen,3 Peter A. R. 

Bork,3,4 Weiguo Peng,1,3 Genaro E. Olveda,1 Logan Bashford,5 Edna R. Toro,5 Jeffrey 

Tithof,5 Douglas H. Kelley,5 John H. Thomas,5 Poul G. Hjorth,4 Erik A. Martens,4 Rupal I. 

Mehta,1,6 Hajime Hirase,3 Yuki Mori3 and Maiken Nedergaard1,3

†These authors contributed equally to this work. 

Abstract
Cerebral edema develops after anoxic brain injury. In two models of asphyxial and asystolic 

cardiac arrest without resuscitation, we found that edema develops shortly after anoxia 

secondary to terminal depolarizations and the abnormal entry of cerebrospinal fluid (CSF).  

Edema severity correlated with the availability of CSF with the age-dependent increase in 

CSF volume worsening the severity of edema. Edema was identified primarily in brain 

regions bordering CSF compartments in mice and humans. The degree of ex vivo tissue 

swelling was predicted by an osmotic model suggesting that anoxic brain tissue possesses a 

high intrinsic osmotic potential. This osmotic process was temperature-dependent, proposing 

an additional mechanism for the beneficial effect of therapeutic hypothermia. These 

observations show that CSF is a primary source of edema fluid in anoxic brain. This novel 

insight offers a mechanistic basis for the future development of alternative strategies to prevent 

cerebral edema formation after cardiac arrest.
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Introduction
Cardiac arrest is a principal cause of death worldwide and accounts for half a million deaths 

every year in the USA1. With more bystander knowledge of cardiopulmonary resuscitation 

(CPR) and increased access to automatic external defibrillators, survival of out-of-hospital CA 

has improved, yet only 11.4% of victims survive1, 2. Resuscitation within 2 min after in-hospital 

CA offers a superior increase in survival (17.1%); however, if resuscitation is delayed more 

than 2 min after arrest, survival decreases to 14.7%, indicating that improved understanding of 

the events that take place within the first few minutes following CA are of vital importance to 

identifying therapeutic interventions3. 

Cerebral edema or the abnormal accumulation of fluid in the brain that results from global 

ischemia is a predictor of survival and neurological outcomes after cardiac arrest2. Edema 

formation is thought to develop similarly to that of ischemic stroke, progressing through a 

continuum between three distinct phases: (1) in the earliest cytotoxic phase, cells swell due to 

an initially unbalanced equilibration of transmembrane ion gradients due to energy depletion; 

(2) in the ionic phase, this maladaptive ionic gradient is exacerbated by the upregulation of 

cation channels and transporters4 at the blood-brain barrier (BBB) allowing Na+ ions to 

accumulate in the ischemic tissue dragging Cl- and water along with them across an intact BBB; 

(3) in the last vasogenic phase, the summation of these earlier phases contributes to tissue 

destruction and together with the increasing immune response eventually results in the opening 

of the BBB and further fluid entry from blood2, 5, 6. However, several aspects of this are still in 

question, and a recent study from our group found that cerebrospinal fluid (CSF), rather than 

blood, was the initial source of Na+. Thus, CSF contributes to ionic edema and drives early 

brain swelling after acute ischemic stroke7. Inspired by this finding we asked whether CSF 

might also contribute to edema during the critical first few minutes after arrest when there is 

little to no vascular fluid reaching the brain8. 

In the absence of the recovery of spontaneous circulation (ROSC), we found that cytotoxic 

edema formed shortly after cardiac arrest and that the majority of Na+ ions and edema fluid 

originated from CSF, as reported previously for ischemic stroke7. However, the degree of 

edema strongly correlated with the availability of CSF and swelling continued for several hours 

after the initial influx. Modeling predicted that edema formation was primarily driven by 
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osmotic swelling of the anoxic cells and perivascular CSF entry facilitated this process. The 

temperature-dependent nature of osmotic swelling predicted the drastically reduced swelling 

of the brain under hypothermic conditions ex vivo, which is currently the only established 

treatment for post-arrest CNS injury9. Histological evaluation of both mouse and human tissue 

showed that CSF-adjacent tissue presented the most evidence of edema after cardiac arrest. 

Hence, the present study shows that anoxic brain has a high osmotic potential for swelling at 

baseline and CSF entry to the tissue is a rate-limiting process in edema formation after cardiac 

arrest in the absence of resuscitation. Insight into the mechanisms of these early acute processes 

after cardiac arrest offers a path to improved therapeutic treatments.

Materials and Methods
Animals 
The University Committee on Animal Resources of the University of Rochester (Protocol: 

2011-023) and the Danish Animal Experiments Inspectorate approved all experiments. Male 

C57BL/6 mice (Charles River) or Glt1-GCaMP7 mice (RBRC09650; RIKEN BioResource 

Research Center, Japan) on a C57BL/6 background 8 weeks of age were used for all the 

experiments10, 11. Cardiac arrest was induced while under ketamine/xylazine (100/10 mg/kg, 

ip) anesthesia to minimize distress from N2 narcosis. A priori sample size calculations for an α 

of 0.05, power (1-β) of 0.8, and d=5.12 were used to calculate sample sizes and a minimum 

20% experimental failure rate was considered in the final sample.

Intracisternal tracer injections 
Ten microliters of CSF tracer were injected at a rate of 1 or 2 μl/min over 5 min with a syringe 

pump (Harvard Apparatus)12, 13. Bovine serum albumin (BSA) conjugated to either AlexaFluor 

647nm or AlexaFluor594nm (0.5 or 1% in artificial CSF, Invitrogen) were used for transcranial 

macroscopic imaging or two-photon microscopy experiments. Radio-labeled tracers 22Na (0.5 

µCi, Perkin Elmer) and 3H-mannitol (1 µCi, American Radiolabeled Chemicals) were also 

dissolved in artificial CSF. Red fluorescent polystyrene microspheres (FluoSpheres™ 

1.0 µm, 580/605 nm, 0.25% solids in artificial CSF (Invitrogen) were briefly sonicated and 

infused for particle tracking velocimetry experiments14.

Cardiac arrest
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For asphyxial arrest, a nose cone was firmly placed around the mouse’s snout and the animal 

was allowed to inspire 100% nitrogen until cardiorespiratory arrest was confirmed. Asystole 

was achieved by a 100 µl intravenous infusion of 1 M KCl (Sigma-Aldrich) into a femoral 

vein catheter. In every case, cardiac arrest was successfully induced, and no animals were 

excluded from the study.

CSF drainage
Anesthetized mice were placed in a stereotaxic frame on a circulating water-heating pad to 

maintain physiological body temperature. CSF was drained from the cisterna magna via a 

durotomy of the atlanto-occipital membrane. Subsequently, a craniotomy was done under a 

dissecting microscope. Both sides of the parietal bone were removed together with the 

underlying dura. Subarachnoid CSF was removed using sterile neurosurgical pads and the 

craniotomy was sealed with the previously removed bone flaps to prevent the tissue from 

drying. Exclusion criteria for these experiments were: significant subarachnoid bleeding or 

non-union of the craniectomy fragment. However, no animals met criteria and all were included 

in the final analysis.

Transcranial optical imaging
Mice were head fixed and tracers delivered as described previously15. Macroscopic imaging 

was performed using an Olympus MVX10 with a PRIOR Lumen LED using Metamorph 

software (Fig. 2) or a Leica M205 FA fluorescence stereomicroscope equipped with an Xcite 

200DC light source and A12801-01 W-View GEMINI (Hamamatsu) for simultaneous GFP3 

(excitation 480 nm, emission 510 nm, Leica) and Cy3 (excitation 560 nm, emission 630 nm, 

Leica) acquisition using LAS X Leica software (Fig. 3, Supplementary Fig.3 and 

Supplementary Fig. 4). On both systems, images were acquired using a Hamamatsu ORCA-

Flash4.0 V2 Digital CMOS camera.

Magnetic resonance imaging (MRI) scans
Scans were performed on a 9.4 Tesla animal scanner (BioSpec 94/30 USR, Bruker BioSpin, 

Ettlingen, Germany) equipped with a cryogenically cooled quadrature-resonator (CryoProbe, 

Bruker BioSpin, Ettlingen, Germany). Head movement during scanning was minimized by 

restraining the animals on an MR-compatible stereotactic holder with ear bars. Breathing rate 

was monitored and body temperature was maintained at 37 °C for the duration of the 

experiment (SA Instruments, NY, USA). All required adjustments and T2-weighted scans (2D 

TurboRARE: TR/TE: 8000/36 ms, Matrix 384 × 256, FOV 19.2 × 12.8 mm, NEX 1, 48 
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horizontal slices, slice thickness = 0.2 mm) were performed for visualization of the geometry 

before the baseline dynamic contrast-enhanced, diffusion-weighted imaging, or cisternography 

scans. Flow-compensated 2D time-of-flight MR angiography scans (2D-GEFC: TR/TE 10/2.4 

ms, Matrix 192 × 128, FA 80, FOV 19.2 × 12.8 mm, NEX 1, 10 horizontal slices, slice 

thickness = 0.3 mm) were also performed. For dynamic contrast enhancement MRI (DCE-

MRI), pre- and post-contrast T1-weighted (T1W) imaging were collected with 3D-FLASH 

sequence (TR/TE 17.7/3.1 ms, FA=15°, Matrix 192 × 128 × 96, FOV 19.2 × 12.8 × 9.6 mm, 

NEX 1). As T1-enhancing contrast agent gadobutrol (12.5 mM; Gadovist, Bayer Pharma AG, 

Leverkusen, Germany) was injected into cisterna magna (1µl/min for 10 min) a T1W of the 

entire mouse brain was performed in 2 min at an isotropic spatial resolution of 100 µm. The 

time series T1W scanning protocol comprised three baseline scans (6 min) followed by 

intracisternal infusion. Scans continued over 50 measurements (100 min) and nitrogen 

inhalation started at 24 min after the first T1W scan. Diffusion-weighted imaging (DWI) was 

performed with 2D single-shot echo-planar DWI sequence with the following parameters:  

TR/TE 2500/20 ms, NEX 1, FOV 18 × 15 mm, Matrix 108 × 96, 8 axial slices, slice thickness 

0.8 mm. Z-direction motion probing gradient (MPG) was acquired with multiple b values (0, 

100, 400, and 1000 s/mm2). Thirty baseline images prior to CA were acquired, followed by 

330 measurements with each measurement lasting 10 seconds. Mean diffusivity (ADC) were 

derived using the standard algorithm of Paravision 6.0.1 software (Bruker). CSF 

cisternography was acquired using the 3D-fast imaging employing steady-state acquisition 

(3D-FIESTA) sequence (TR/TE 17.7/3.1 ms, FA=15°, Matrix 192 × 128 × 96, FOV 19.2 × 

12.8 × 9.6 mm, NEX 1). Ten baseline images were acquired before CA. Scans were acquired 

over 60 times with each lasting 30 seconds. Ventricular and perivascular compartments were 

segmented and volume changes over time were measured with Imaris (v. 9.2.1, Bitplane, 

Concord, MA, USA).

Two-photon imaging
A sealed cranial window was prepared over the distribution of the middle cerebral artery as 

before7, 14. Images were acquired using a Bergamo microscope (Thorlabs) and a Chameleon 

Ultra II laser (Coherent) with a 20× objective (1.0 NA, Olympus). Intravascular FITC and 

either red microspheres or BSA-647 were excited at an 820 nm wavelength. In GCaMP 

mice, vasculature was labeled with i.v. TRITC–dextran (2,000 kDa) and CSF with BSA-647 

and excited at 860nm. Images were acquired using ThorImage software and synchronized 

with physiological recordings (3 kHz, ThorSync software). Single plane images 
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(1024x1024pixels) of the live mouse cortex that included both a pial and penetrating artery 

were acquired. Images were acquired at 15 Hz with 3 frames averaging.

Brain water content
Animals were decapitated and the cortex or whole brain were dissected and weighed 

immediately. The tissue was dried at 65°C for 48h and then re-weighed. The difference 

between the wet weight and the dry weight was normalized to the dry weight and expressed as 

brain or cortical water content. Cortical water content was quantified for the experiments in 

Fig. 4G-H since CSF drainage was only able to remove subarachnoid CSF above the cortex. In 

a subset of experiments, the brain was quickly dissected, weighed, and immediately placed in 

a well of a 12-well microplate (Corning, Cat. 3513) with artificial CSF (126mM NaCl, 26mM 

NaHCO3, 1.25mM NaH2PO4, 2.2mM KCl, 2mM CaCl2, 2mM MgSO4, 10 mM glucose) at 

27ºC. A separate set of brains were stored at 37ºC in an incubator. At specific time points, the 

brain was removed from the aCSF, blotted on filter paper to absorb any excess fluid, and 

weighed. At the completion of the experiment 3 days later, the brain was desiccated as 

described above. One brain was placed in a 6-well cell culture plate (Corning, Cat. 3736) filled 

with aCSF and was imaged under an Olympus SZX12 bright-field microscope at every time 

point for Fig. 5C and Supplementary Video 8.

Radiotracer experiments
Radisotopes 22Na (0.5 μCi, Perkin Elmer) and 3H-mannitol (1 μCi, Perkin Elmer) were injected 

into the cisterna magna at 2 µl/min for 5 min in aCSF and allowed to circulate for 15 min prior 

to CA. After 15 min, the animals were rapidly decapitated, the skull and dura were removed, 

and the brain harvested. In a separate set of experiments, the tracers were injected intravenously 

(2µl bolus followed by a 2 µl/min infusion for 5 min). CA was induced after the end of the 

infusion and 15 min later animals were rapidly decapitated, the skull and dura removed, and 

the brain harvested. Brains were weighed and solubilized in 0.5 ml tissue solubilizer (Solvable, 

PerkinElmer) overnight. Five milliliters of scintillation cocktail were added (Ultima Gold, 

PerkinElmer) to the samples and injectate controls. Samples were read with a scintillation 

counter (LS 6500 Multipurpose Scintillation Counter, Beckman Coulter) and background was 

subtracted. The radioactivity in the brain was quantified as the % injected dose from the 

injectate controls. 

Statistical analysis 
GraphPad Prism 8 was used for statistical testing and all data is plotted as mean ± standard 

error of the mean (SEM), unless otherwise stated in the figure legend. Tests were selected based 
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on normality testing and are reported in the figure legends. All hypothesis testing was two-

tailed, and significance was determined at an α = 0.05. 

Data availability
The authors confirm that the data supporting the findings of this study are available within the 

article and its supplementary material.

Results
Edema develops shortly after cardiac arrest and CSF is a readily 

available source of edema fluid in the absence of ROSC.
Cardiac arrest was induced in mice by inhalation of 100% nitrogen (N2), which caused a sharp 

drop in mean arterial blood pressure (∆MAP: -39±5mmHg; P=0.0004; Fig. 1A). The drop in 

cerebral perfusion causes global anoxia, halting cellular ATP production and leading to cellular 

depolarization. The depolarization of a large number of cells causes fast increases in [K+]e and 

glutamate that can cause adjacent cells to depolarize triggering an anoxic spreading 

depolarization (SD)16. A Gibbs-Donnan effect leads to cellular swelling which is thought to 

cause diffusion restriction that can be measured using apparent diffusion coefficient maps 

(ADC) from diffusion-weighted MRI (Fig. 1B, Supplementary Video 1). ADC cannot 

differentiate between intracellular and extracellular diffusion restriction, but it provides a 

temporal correlate of the SD which is believed to be the earliest step in cytotoxic edema 

formation6. We found that the SD occurred within 5 min after cardiac arrest and it coincided 

with a 30±0.33% decrease in the ADC over 92±2% of the brain volume (Fig. 1C-G, 

Supplementary Video 1). The cytotoxic phase is often not considered edema since it is 

theorized to consist of an isovolumetric shift of interstitial fluid into intracellular 

compartments, rather than representing a net gain of fluid17. To critically test this assumption, 

we measured brain water content and found a significant increase in the first 5 min suggesting 

that edema forms during the cytotoxic phase (P<0.0001; Fig. 1H). The further buildup of fluid 

in the parenchyma during the ionic phase is caused by the net accumulation of Na+ ions in the 

ischemic tissue. However, following cardiac arrest there is a complete lack of cerebral blood 

flow so where would the additional ions and fluid be coming from? Based on recent findings 

in the setting of stroke, we speculated that CSF could be the source7. To determine the relative 

influx of the two compartments we traced either blood plasma (Fig. 2A) or CSF (Fig. 2B) with 

radiolabeled 22Na+ and 3H-mannitol. 22Na+ freely diffuses into depolarizing cells and is 
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transported across the intact BBB or enters via paracellular pathways when the BBB is 

disrupted; it is also one of the most important cations that will drive fluid influx into brain. On 

the contrary, 3H-mannitol has no known receptors, cannot diffuse across cell membranes and 

will accumulate in the extracellular space of the brain only if the BBB is permeable. 

Quantification of radiotracer influx showed that 15 min after cardiac arrest, CSF was the largest 

contributor of both 22Na+ and 3H-mannitol compared to plasma in the post-arrest group (Fig. 

2A and B). A comparable influx of the blood-delivered tracers in the two groups reflects that 

BBB integrity is intact in early stages of cardiac arrest; this was further supported by the lack 

of extravasation of an intravenously injected 70kDa dextran up to 30 min after cardiac arrest 

(Supplementary Fig. 1). To better identify CSF transport after cardiac arrest we used 

transcranial macroscopic imaging of CSF labeled with a fluorescent intracisternal tracer (Fig. 

2C). Imaging showed that cardiac arrest induced a sharp acceleration of CSF tracer influx along 

the perivascular spaces of the cerebral arteries in both hemispheres, compared to controls; 

influx peaked at 7.3±0.5 min post-arrest whereas tracer entry continued out to the end of the 

15 min imaging session in mice that inspired ambient air (Fig. 2D and E)18. To determine 

whether CSF influx post-arrest was a global process or restricted to cortex, we next used 

dynamic contrast enhanced-MRI (DCE-MRI; Fig. 2F, Supplementary Video 2). MRI analysis 

showed that perivascular CSF labeled with gadobutrol rapidly distributes within the 

parenchyma after cardiac arrest and reaches the deeper part of the vasculature, such as the 

lenticulostriate branches of the middle cerebral and the posterior cerebral arteries (Fig. 2G). 

These data confirm that cerebral edema develops within minutes after cardiac arrest and is 

driven by CSF influx.

Perivascular inflow of CSF is triggered by anoxic spreading 

depolarization after cardiac arrest
We hypothesized that intravascular pressure after cardiac arrest would drop below intracranial 

pressure (ICP), forcing perivascular CSF to replace the vascular volume loss. As expected, the 

arrest-induced drop in MAP caused a 99±1% drop in cerebral blood flow (Supplementary Fig. 

2A). This sharp decline is responsible for the global hypoperfusion and also resulted in a 

simultaneous drop in ICP (-1.4±0.1mmHg; 32±1%). However, MAP never equilibrated with 

ICP (9.8±0.5 vs 1.6±0.1mmHg) even 15 min after cardiac arrest. Furthermore, the delay 

between the MAP decrease and the bulk of the ICP drop was only 1.1±0.2s, while the rapid 

acceleration of CSF influx lagged 2.9±0.2min behind the ICP changes suggesting that the 
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equilibrating pressure did not initiate the perivascular fluid inflow (Supplementary Fig. 2B 

and C). The lag between the MAP drop and CSF influx did agree with the timing of anoxic 

SD19. To test the hypothesis that SD elicits CSF influx, we next injected a fluorescent CSF 

tracer in mice that express GCaMP7 under the Glt-1 promoter to allow us to visualize the SD 

(Fig. 3A and B)11. GCaMP7 expression in cortical astrocytes and a small subset of neurons 

via the Glt1 promoter is a good surrogate marker of the SD seen on diffusion-weighted 

imaging, suggesting that the SD and cytotoxic edema occur synchronously (Supplementary 

Fig. 3, Supplementary Video 3)6. Cardiac arrest triggered an anoxic SD 1.7±0.2min after 

N2 inhalation and was subsequently followed by perivascular CSF tracer influx (2.2 ±0.2min 

after N2; Fig. 3C and D, Supplementary Video 4). The onset time of the anoxic SD was a 

near perfect predictor of the onset of CSF influx (R2=0.9364, P=0.0069; Fig. 3E and F). To 

test if this was specific to N2-induced cardiac arrest, we employed an alternate method 

consisting of intravenous 1M KCl (Supplementary Fig. 4A). Rapid onset hyperkalemia 

caused asystole and consequently a drop in MAP, comparable to N2 narcosis 

(Supplementary Fig. 4B). Likewise, at 1.3±0.1 min after KCl injection, an anoxic SD was 

observed in 100% of animals followed by CSF tracer entry (1.5±0.1min after KCl) with SD 

onset predicting 92.1% of the variability in CSF influx start times (P=0.0097; Supplementary 

Fig. 4C-E). There was no difference in the onset times of the SD after either N2 or KCl 

(P=0.113), suggesting that both methods were effective models of cardiac arrest and induced 

global anoxia at similar times. To better evaluate the spatiotemporal dynamics of both the 

anoxic SD and CSF influx after cardiac arrest we used a front-tracking algorithm. The SD 

in N2-induced cardiac arrest had a maximum speed of 3.8±0.5mm/min which was comparable 

with the 3.2±0.5 mm/min speed of the KCl-induced cardiac arrest (P=0.49; Supplementary 

Fig. 5A-C). The CSF tracer front speeds were also not dependent on the etiology (N2: 0.8±1 

vs. KCl: 0.8±2 mm/s; P=0.89) yet both were significantly slower than the SD (P=0.0002 and 

P=0.004, respectively); the latter suggests that the SD might facilitate CSF entry through a 

delayed, separate mechanism rather than directly. The delay between the SD and the arrival of 

CSF tracer was several seconds in both models (N2: 19±4s vs. KCl: 15±2s, P=0.39; 

Supplementary Fig. 5D-F). After anoxic SD, there is a pronounced constriction of 

parenchymal and pial arterioles known as spreading ischemia (SI) that has previously been 

shown to drive perivascular CSF flow in the setting of stroke7, 20. To assess whether SI was 

at the root of the CSF influx we employed two-photon microscopy in Glt1-GCaMP7 animals 

after intracisternal tracer injection (Fig. 3G, Supplementary Video 5). After cardiac arrest, 

a SD was followed by SI (Fig. 3H) and subsequent tracer influx along penetrating arterioles 
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(Fig. 3I). To quantify the flow speed of CSF, we performed automated tracking of 

fluorescent microspheres in the perivascular spaces (Supplementary Fig. 6A-C, 

Supplementary Video 6). After the drop in MAP, the arterial diameter decreased up to 

21±5% and CSF flow increased, becoming smoother and non-pulsatile (Supplementary Fig. 

6D)14. After SD, the arterial diameter decreased by 67±2% and CSF flow speed increased 

2.5±0.4-fold compared to baseline (P=0.0129, Supplementary Fig. 6E). This supports the 

notion that changes in MAP or ICP (~20%) moderately speed up CSF flow, while marked 

vasoconstriction (~70%) is a much stronger driver. Previous fluid network modeling in stroke 

has shown that spreading vasoconstrictions within the pial arterial system can cause a similar 

flow speed increase in perivascular spaces due to the conservation of mass of the CSF and an 

overlying pressure gradient generated from the vasoconstriction7. Together, these data further 

support the notion that the rapid acceleration of CSF influx after cardiac arrest is driven by 

ischemic SD-induced vasoconstriction across multiple etiologies. 

CSF volume is a rate-limiting factor in anoxic cerebral edema
Our initial data showed that cerebral edema continues to form up to 15 min after arrest (Fig. 

1H), so we speculated to what degree anoxic brain tissue would continue to swell in the absence 

of the return of spontaneous circulation. According to the Monro-Kellie hypothesis, if CSF 

influx is causing the tissue to swell, then the increase in brain volume should be proportional 

to the CSF volume loss since intracranial volume is fixed. To confirm this, we performed CSF 

cisternographies during cardiac arrest using a 3D-FIESTA imaging sequence (Supplementary 

Video 7)7. Confirming the Monro-Kellie hypothesis, we found that ventricular and cisternal 

CSF volume decreases by about -48±3% and perivascular CSF volume by -0.4±0.1% up to 29 

min after arrest (Fig. 4A-D). The decrease in total CSF volume (-45±1%) matched the 

volumetric increase in brain tissue (1.5±0.1%) relative to intracranial volume (Fig. 4E and F). 

However, this data cannot differentiate between two possible scenarios: (1) that the brain tissue 

is swelling through a separate mechanism and indirectly displacing the CSF from the 

intracranial compartment; (2) or that the CSF is being absorbed by the parenchyma and 

therefore the parenchyma swells secondary to the CSF compartment loss. To test if CSF 

volume is directly contributing to edema formation, we removed a large fraction of CSF prior 

to cardiac arrest. CSF was drained from the cisterna magna and then subsequently a craniotomy 

and durotomy were performed over the dorsal cortex to remove any remaining CSF (Fig. 4G). 

Drainage of CSF eliminated cortical edema formation at 15 and 30 min after cardiac arrest in 
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mice (P<0.0001; Fig. 4H). We next asked the opposite, whether the age-dependent increase 

in CSF volume seen in both humans21 and rodents22 would result in worse post-arrest edema. 

Cortical thickness decreases throughout life due to the progressive atrophy of both gray and 

white matter; this causes an age-dependent loss in brain tissue volume and a resultant 

increase in CSF volume through a process referred to as hydrocephalus ex vacuo23. Higher 

CSF volume in aged animals would therefore allow for more edema to form, supporting why 

advanced age is a strong risk factor of poor outcomes after cardiac arrest3. For this, we 

measured brain water content in mice aged 2, 4, 6, 10, and 12 months after only 15 min of 

cardiac arrest and found that the severity of edema worsened as the animals got older 

(R2=0.9236, P=0.0092; Fig. 4I and J). Together, these data suggest that available CSF 

volume is the primary source of edema fluid after cardiac arrest without resuscitation and 

that either an increase or decrease in fluid availability can exacerbate or reduce tissue 

swelling, respectively. 

The degree of anoxic brain edema ex vivo can be predicted by 

osmotic forces and hypothermia reduces the rate of swelling
Since CSF volume determines the degree of tissue swelling, we hypothesized that brain edema 

would plateau as the volume of CSF was depleted. Structural MRI of the brain 1h after 

cardiac arrest showed that the ventricular system was no longer visible (Fig. 5A) and brain 

water content stopped increasing at similar time points up to 6h later (Fig. 5B). If the anoxic 

brain were provided with a much larger source of CSF would it continue to swell? Anoxic 

brain tissue bathed in an isosmotic, isobaric fluid has been shown to swell and displays a 

similar pattern of ion distributions as those seen in the ionic phase of edema24-26. This 

process is due to the unbalanced entry of Na+ ions across the cellular membranes, while K+ 

ions are unable to exit due to their interaction with impermeant intracellular anions. The 

insufficient K+ efflux causes the entry of Cl- which moves water into cells, causing them to 

swell27. This is the basis for cytotoxic edema, but over time the tissue accumulates Na+ and 

loses K+ resulting in a net gain of cations similar to ionic edema26. To address our earlier 

question, freshly harvested control brains were placed in artificial CSF in vitro and brain 

water content was evaluated for several hours and days afterwards (Fig. 5C, Supplementary 

Video 8). We hypothesized that the degree of swelling could be predicted by an osmotic 

model of cell swelling that took into account the equilibration of intracellular and 

extracellular solutes as stated above (Fig. 5D and E)28, 29. The brain tissue swelled such that 
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the water content at 1h after cardiac arrest increased by 12.8±0.6%; less increase in water 

content occurred when it was left in the calvarium (7.6±0.3%; P<0.0001). The brain continued 

to swell up to 3 days later, resulting in a staggering 121±4% increase compared to its initial 

volume. The swelling observed in the experimental data was almost completely predicted by 

the osmotic model (Fig. 5F and G). To further test the model, we modified a parameter that is 

of clinical interest – temperature (Fig. 5E-G). Brains were incubated at 37ºC to evaluate the 

effect of normal body temperature on anoxic tissue swelling. The higher temperature 

significantly increased the rate of swelling starting at 6 hours (P=0.003) and up to 24h later 

(P=0.005), resulting in a near doubling of brain volume (Fig. 5F). To test the effect of lower 

temperatures, we reduced the temperature to 4ºC and adjusted the constants in the osmotic 

model. Surprisingly, the adjusted model predicted the rate of swelling for both 37ºC and 4ºC 

remarkably well (Fig. 5F and G). Of note, is that at colder temperatures brain swelling was 

significantly reduced at all time points starting after 15 min (P<0.033) reaching 8.9±0.2% at 

1h and 96±2% at 3 days. The model further predicted that temperature has a positive linear 

relationship with brain swelling (r=0.99). Therapeutic hypothermia (32-34ºC) is the leading 

clinical intervention for the prevention of CNS injury after cardiac arrest2. Our model predicts 

that a 3-5ºC temperature decrease would be expected to reduce brain edema by 1-2% in the 

first 72h after cardiac arrest. For reference, this small percentual decrease in brain volume 

corresponds to 54-90% of the mouse’s CSF space, supporting that hypothermia is a powerful 

intervention in the prevention of herniation (Fig. 4E). We further explored the residuals from 

the osmotic model and noticed that the largest error between the osmotic model and the data 

was in the earliest time point between 0 to 5 min after arrest (-0.013 ml). This time interval 

also exhibited the fastest rate of fluid gain (2 µl/min), which was >2.5-fold faster than any other 

time period. This observation suggests that in the first 5 min after cardiac arrest additional 

processes, besides osmotic swelling, contribute to edema. One possibility is that the SD-

induced vasoconstriction accelerates CSF influx in the earliest phases of cardiac arrest 

providing a faster and larger fluid source for the tissue to swell. Tissue swelling at all remaining 

times closely matched a purely osmotic process which is likely a slower process than CSF 

inflow. We postulated that edema would therefore be worse in locations with direct access 

to CSF such as along perivascular spaces of penetrating arterioles in the cortex or in areas 

surrounding the ventricular system. Upon histological evaluation we found significantly 

more edema in layer I of cortex neighboring subarachnoid space and in the periventricular 

region bordering the lateral ventricles, compared to striatum that was farther away from the 

brain surface, within only 30 min of cardiac arrest (Fig. 5H-I). This was also observed in 
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postmortem human tissues, obtained from patients who died following documented 

hypoxic-ischemic encephalopathy (Fig. 5J-K). Together, the present data indicate that 

anoxic brain has a large osmotic potential for swelling and the presence of CSF is sufficient 

to drive the ionic movements seen in the ionic phase of edema.  

Discussion
The novel observation presented here is that edema formation after cardiac arrest without 

resuscitation is initiated by CSF influx and shares several parallels with the mechanisms 

observed after acute focal ischemic stroke7. As with stroke, cytotoxic edema developed in the 

first few minutes after cardiac arrest. This process likewise triggered a rapid influx of CSF 

which significantly contributed Na+ ions and edema fluid to the ischemic tissue. However, 

important differences between etiologies were identified; in cardiac arrest, the degree of edema 

was limited by the available volume of CSF. Removing CSF prior to cardiac arrest prevented 

edema and the age-dependent increase in CSF volume was linked to worsening of edema 

formation. The degree to which this is the case after return of spontaneous circulation or in 

later stages of edema formation (i.e. vasogenic edema) cannot be addressed with the current 

data. The complete absence of blood flow after cardiac arrest enabled us to show that anoxic 

brain swelling continues over several hours after the initial CSF influx. An osmotic model of 

brain edema predicted experimental data and suggested that perivascular CSF entry facilitates 

this process. We showed that osmotic swelling after cardiac arrest can be slowed down by 

reducing tissue temperature which provides an additional potential mechanism for therapeutic 

hypothermia in preventing CNS damage9. In support of an osmotic mechanism, post-arrest 

tissue from mice and humans showed that CSF entry routes demonstrate significant markers of 

edema, as was found following stroke7. Altogether, the present data identifies CSF as the 

primary source of brain edema in the first few minutes after cardiac arrest and highlights the 

high osmotic potential for swelling of anoxic brain tissue.

This and other recent work underscore that revisions to our fundamental understanding of 

the phases of ischemic tissue swelling are needed. The conclusions that can be drawn from 

these experiments are limited, but our data indicates that anoxic brain tissue can more than 

double its water content over several days in the absence of blood flow, if provided with an 

isotonic fluid source (e.g., CSF). Moreover, the degree of global brain swelling was 

accurately predicted by a model of cytotoxic cell swelling suggesting that cytotoxic edema 
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could be a sufficient primary driver for the later ionic phase of edema. The high osmotic 

potential of ischemic brain tissue is thought to be caused by the accumulation of cations, but 

alternative theories suggest that the catabolism of impermeable intracellular proteins is also 

a possibility26. Although necrosis and apoptotic cell death during the incubation period could 

disrupt cell membranes and result in structural degradation, the large imbibing force of 

anoxic tissue would still have several implications for current treatments of cerebral edema. 

In addition to hypothermia, cerebral edema is conventionally treated using hyperosmolar 

therapy2. This approach seems counterintuitive, since if methods to remove the excess 

osmotic gradient are not applied, fluid removal from the intracranial compartment will only 

work during the time that osmotic pressure of plasma is higher than that of the tissue. This 

is likely a primary reason for the rebound response seen after hyperosmolar therapy30. New 

therapies preventing the accumulation of cations through SUR1-TRPM4 channels such as 

glybenclamide, which is currently in Phase III clinical trials, could therefore be useful after 

cardiac arrest2. Recent studies have shown significant success in preventing cellular swelling 

by blocking SLC26A11, an inward rectifying anion channel, that prevents Cl- influx27. Data 

from our modeling experiments also suggest that outcomes depend not only the osmotic 

gradient that forms, but also on the rate of delivery of fluid via perivascular spaces. 

Additional therapies that block aquaporin-4 (AQP4) water channels, which have been shown 

to prevent the spreading edema seen after stroke may ultimately prove beneficial7. 

We conclude that, in the absence of a vascular fluid source, CSF is a readily available pool 

to drive cerebral edema after cardiac arrest. This spreading edema phase begins concurrently 

with spreading depolarizations and the cytotoxic phase and presents a new therapeutic target 

in the early minutes following cardiac arrest. Although several mechanisms might affect this 

relationship, neurological outcomes might differ if effective CPR is started prior to the 

anoxic SD that arises within 2-5 min after arrest3, 19. Our results also support ongoing clinical 

trials evaluating the therapeutic role that lumbar CSF drainage might have in patients who 

suffer out of hospital cardiac arrest (NCT04328974). Ex vivo experiments suggest that 

anoxic brain tissue possesses a high osmotic potential that allows it to swell in the presence 

of an isotonic fluid source and in the absence of blood flow26. Future work should aim to 

determine how anoxic tissue changes its swelling properties after the return of spontaneous 

circulation or in the later vasogenic stage of cerebral edema.  
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Figure legends:

Figure 1. Edema develops shortly after cardiac arrest. (A) Cardiac arrest was induced with 

100% nitrogen (N2) gas (dashed line). N2 inhalation caused a rapid decrease in respiratory rate 

(breaths per minute, bpm) and mean arterial pressure (MAP) while the electrocardiogram 

evolved into pulseless electrical activity and the heart rate dropped slowly over several minutes 

(beats per minute, bpm), n =5 mice. (B) Apparent diffusion coefficient (ADC) maps were 

generated using diffusion weighted MRI. Change in the ADC (∆ADC) was calculated over the 

entire 20 min imaging session. (C) Color-coding corresponds to the time after N2 inhalation at 

which the ADC decreased, the ADC drop started at lateral cortex and both thalami, spreading 

throughout the entire brain by 5 min. (D) Time-lapse of ∆ADC after cardiac arrest. (E) The 

ADC lesion (~20% decrease) was quantified as the edema volume (red dashed line). Note the 

high ∆ADC in the lateral ventricles due to shrinking. (F) ∆ADC for brain over the 20 min 

experiment, n = 7 mice. (G) The percent of brain volume covered by the ADC lesion, n = 7 

mice. (H) To determine edema, we used a tissue-drying method. Brain water content increased 

rapidly within 5 min and continued to increase up to 15 min after N2 inhalation. Data is 

expressed as ml of water per gram dry weight. One-way ANOVA with posthoc Tukey’s test, 

P value is from multiple comparisons against time 0, n = 5-7 per time point. There were no 

differences in the dry weights at any of the measured time points (interaction term from overall 

one-way ANOVA, P=0.23). 

Figure 2. CSF is a readily available source for edema fluid after cardiac arrest. Cerebral 

edema is known to be driven by a net gain of Na+ ions. To determine the source of Na+ gain, 
22Na+ and 3H-mannitol were delivered either (A) intravenously into blood plasma or into the 

(B) cisterna magna prior to N2 inhalation and quantified in the brain 15 min later. Data is 

expressed as percent of the total injected dose (%ID) of radiation found in brain. T-test, ns: not 

significant, n = 7 per group. (C) CSF flow in dorsal cortex was measured using transcranial 

macroscopic imaging. To visualize CSF, a fluorescent (BSA-647) tracer was delivered into the 

cisterna magna 15 min prior to N2. Tracer was first seen around the olfactofrontal cistern31 and 

along the middle cerebral artery (MCA). Five min after N2 onset, there was a 30-fold increase 

in CSF influx into brain compared to mice that received ambient air (Air). Fluorescence 

intensity is color-coded on an 8-bit scale 0-255 in arbitrary units (AU), scale bar: 1 mm. (D) 

Quantification of the percentage of surface area covered by the tracer after N2. Two-way 
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ANOVA with posthoc Sidak’s test.  n = 6 per group. (E) Time to peak analysis from (D) shows 

that CSF influx peaks around 5 min after N2 inhalation compared to control mice where influx 

continues in a time-dependent manner over the 15 min imaging period. Unpaired t-test. n = 6 

per group. (F) To determine if CSF influx post-arrest was a global process or restricted to the 

cortex, we used dynamic contrast enhanced-3D MRI. The projection of the MR angiography 

was registered and superimposed onto the dynamic contrast enhanced data as a landmark and 

tracer influx was quantified as an enhancement ratio. (G) The fastest CSF influx occurred 

around proximal MCA (ROI 1) within 2 min and expanded to parenchyma, n = 5 mice.

Figure 3. Bilateral CSF influx is triggered by anoxic spreading depolarizations (SD) after 

cardiac arrest. (A) In order to visualize the SD, we performed transcranial optical imaging in 

mice that express GCaMP7 under the Glt-1 promoter. A fluorescent CSF tracer (BSA-594) 

was infused into the cisterna magna 15 min prior to N2 inhalation. (B) Glt1-GCaMP mice 

had two Ca2+ events, a small peak during arrest followed by nonspreading depression and 

then the anoxic SD. We did not observe any seizures after the onset of N2 inhalation. The SD 

started bilaterally ~1.25 min after N2 inhalation in both somatosensory cortices following the 

trajectory of the middle cerebral artery. A second wave started later at the retrosplenial cortices. 

Pixel intensity in arbitrary units (AU), scale bar: 2 mm. (C) Normalized GCaMP fluorescence 

intensity (∆F/Fnorm) for all the mice included in the experiment (# mouse). (D) Normalized area 

covered by CSF tracer (influx area) for each individual mouse. Same color traces in (C) and 

(D) are from the same animal. (E) Onset time for the SD and CSF influx color-coded with (C-

D). (F) Linear regression with 95% confidence intervals between the SD and CSF influx start 

times after N2 color-coded with (C-D). (G) Two-photon imaging of Glt1-GCaMP7 mice after 

intracisternal BSA-647 injection and i.v. dextran. CSF influx occurred following the SD-

induced spreading ischemia (SI) ~4.5 minutes after N2 inhalation. White dashed line denotes 

the leading edge of the SD. Scale bar: 50 µm. (H) Normalized GCaMP fluorescence intensity 

(∆F/Fnorm) and pial artery diameter change (% baseline), n = 3 mice. (I) Penetrating artery 

diameter and normalized CSF tracer fluorescence intensity (∆F/Fnorm), n = 6 arteries from 4 

mice.

Figure 4. Post-arrest edema depends on the available CSF volume. (A) CSF 

cisternographies were acquired using 3D-FIESTA imaging. CSF pools were segmented into 

ventricular and cisternal CSF (blue) such as in the cisterna magna (CM) and the lateral (LV), 

Page 21 of 48

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901  Support (434) 964 4100

Brain
D

ow
nloaded from

 https://academ
ic.oup.com

/brain/advance-article/doi/10.1093/brain/aw
ab293/6377326 by D

TU
 Library user on 03 January 2022



3rd (3V), and 4th (4V) ventricles and perivascular (PVS) or subarachnoid CSF along the large 

cerebral arteries (red). CSF volume decreased after cardiac arrest (yellow arrows); note the 

large increase in PVS CSF ~3 min after N2 inhalation, most likely during the spreading 

depolarization. (B) Quantification of percent volume change of intracranial volume (includes 

CSF and PVS volume). (C) Percent change of ventricular and cisternal CSF volume after arrest. 

(D) Percent change in PVS CSF volume after N2 inhalation. The transient decrease in both CSF 

and PVS volume following the N2 start is most likely driven by vasodilation due to the 

hypoxia/hypoperfusion. This is also seen as an increase in intracranial pressure in 

Supplementary Fig. 2 which normalizes after arrest. (E) Brain volume increases as CSF volume 

decreases. All data is from n = 5 animals. (F) The volumetric increase in brain volume is 

proportional to the volume of CSF lost. (G) Removing CSF prior to cardiac arrest reduces 

cortical edema formation. To remove CSF, we performed a cisternotomy and aspirated CSF 

within the cisterna magna, then we removed the majority of subarachnoidal CSF via a complete 

craniectomy with durotomy. The craniectomized skull flap was returned to prevent the cortical 

tissue from dehydrating (CSF Drain). (H) Data is expressed as mean  SEM ml of water per 

gram dry weight of cortex compared to cardiac arrest mice that did not receive CSF drainage 

(No Drain). Two-way ANOVA post hoc Sidak’s test, n = 5-8 mice per timepoint. (I) Brain 

water content was calculated after ambient air inhalation (Control) or 15 min after cardiac arrest 

with N2 in 2-, 4-, 6-, 10-, and 12-month-old animals. Two-way ANOVA with Sidak’s multiple 

comparison test, n = 5-10 per group. (J) Linear regression between brain water content increase 

(% change between mean from N2 and control in I) and age in months. Shaded area represents 

95% confidence intervals.   

Figure 5. Anoxic brain has a significant osmotic potential for swelling and CSF-bordering 

regions display the highest degree of edema. (A) Structural MR imaging after cardiac arrest 

(CA) shows the lateral and 3rd ventricles shrinking and disappearing 1h after N2 inhalation, 

depleting CSF. (B) Brain water content measurements after CA show a plateauing of edema 

formation up to 6h after. (C) Live brains were quickly placed in artificial CSF (aCSF) and 

serially weighed at several time points after CA. Scale bar: 2mm. (D-E) Osmotic model of 

edema formation based on the van’t Hoff principle. (F) Brain water content was measured as 

in (C) at serial timepoints at 4ºC, 27ºC or 37ºC. Repeated measures two-way ANOVA with 

Tukey’s multiple comparisons test. Exact P values reported for comparisons between 4ºC or 

37ºC vs. 27ºC. (G) Fitted line from model in (E) for the data from (F). Residuals= 0.0078 (4ºC), 
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0.0245 (27ºC), 0.0134 (37ºC). (H) Hematoxylin-eosin (H&E) staining from a mouse brain 30 

min after N2 inhalation-induced cardiac arrest. Three areas were imaged and quantified: two 

from CSF contiguous regions (cortex and periventricular ependyma) and one far from 

subarachnoidal CSF (striatum). (I) Edema area was quantified from H&E section in (H), 

showing that more edema fluid accumulation is observed in cortex and in periventricular areas 

than in striatum. n = 5 mice. For cortical regions, 4 images were acquired for each mouse. One-

way ANOVA with Tukey’s multiple comparisons test. (J) Human postmortem specimens show 

similar cortical perivascular and periventricular edema compared to striatum as is seen in 

rodents after acute cardiac arrest. (K) Edema area was quantified from H&E section in (J), n = 

5 subjects, demographics included in Supplementary Table 1. One-way ANOVA with Tukey’s 

multiple comparisons test.
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Figure 1. Edema develops shortly after cardiac arrest. (A) Cardiac arrest was induced with 100% 
nitrogen (N2) gas (dashed line). N2 inhalation caused a rapid decrease in respiratory rate (breaths per 

minute, bpm) and mean arterial pressure (MAP) while the electrocardiogram evolved into pulseless electrical 
activity and the heart rate dropped slowly over several minutes (beats per minute, bpm), n =5 mice. (B) 

Apparent diffusion coefficient (ADC) maps were generated using diffusion weighted MRI. Change in the ADC 
(∆ADC) was calculated over the entire 20 min imaging session. (C) Color-coding corresponds to the time 
after N2 inhalation at which the ADC decreased, the ADC drop started at lateral cortex and both thalami, 

spreading throughout the entire brain by 5 min. (D) Time-lapse of ∆ADC after cardiac arrest. (E) The ADC 
lesion (~20% decrease) was quantified as the edema volume (red dashed line). Note the high ∆ADC in the 
lateral ventricles due to shrinking. (F) ∆ADC for brain over the 20 min experiment, n = 7 mice. (G) The 

percent of brain volume covered by the ADC lesion, n = 7 mice. (H) To determine edema, we used a tissue-
drying method. Brain water content increased rapidly within 5 min and continued to increase up to 15 min 
after N2 inhalation. Data is expressed as ml of water per gram dry weight. One-way ANOVA with posthoc 
Tukey’s test, P value is from multiple comparisons against time 0, n = 5-7 per time point. There were no 
differences in the dry weights at any of the measured time points (interaction term from overall one-way 

ANOVA, P=0.23). 
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Figure 2. CSF is a readily available source for edema fluid after cardiac arrest. Cerebral edema is 
known to be driven by a net gain of Na+ ions. To determine the source of Na+ gain, 22Na+ and 3H-mannitol 

were delivered either (A) intravenously into blood plasma or into the (B) cisterna magna prior to N2 
inhalation and quantified in the brain 15 min later. Data is expressed as percent of the total injected dose 

(%ID) of radiation found in brain. T-test, ns: not significant, n = 7 per group. (C) CSF flow in dorsal cortex 
was measured using transcranial macroscopic imaging. To visualize CSF, a fluorescent (BSA-647) tracer was 
delivered into the cisterna magna 15 min prior to N2. Tracer was first seen around the olfactofrontal cistern 
31 and along the middle cerebral artery (MCA). Five min after N2 onset, there was a 30-fold increase in CSF 
influx into brain compared to mice that received ambient air (Air). Fluorescence intensity is color-coded on 

an 8-bit scale 0-255 in arbitrary units (AU), scale bar: 1 mm. (D) Quantification of the percentage of 
surface area covered by the tracer after N2. Two-way ANOVA with posthoc Sidak’s test.  n = 6 per group. 

(E) Time to peak analysis from (D) shows that CSF influx peaks around 5 min after N2 inhalation compared 
to control mice where influx continues in a time-dependent manner over the 15 min imaging period. 
Unpaired t-test. n = 6 per group. (F) To determine if CSF influx post-arrest was a global process or 

restricted to the cortex, we used dynamic contrast enhanced-3D MRI. The projection of the MR angiography 
was registered and superimposed onto the dynamic contrast enhanced data as a landmark and tracer influx 
was quantified as an enhancement ratio. (G) The fastest CSF influx occurred around proximal MCA (ROI 1) 

within 2 min and expanded to parenchyma, n = 5 mice. 
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Figure 3. Bilateral CSF influx is triggered by anoxic spreading depolarizations (SD) after cardiac 
arrest. (A) In order to visualize the SD, we performed transcranial optical imaging in mice that express 

GCaMP7 under the Glt-1 promoter. A fluorescent CSF tracer (BSA-594) was infused into the cisterna magna 
15 min prior to N2 inhalation. (B) Glt1-GCaMP mice had two Ca2+ events, a small peak during arrest 

followed by nonspreading depression and then the anoxic SD. We did not observe any seizures after the 
onset of N2 inhalation. The SD started bilaterally ~1.25 min after N2 inhalation in both somatosensory 

cortices following the trajectory of the middle cerebral artery. A second wave started later at the 
retrosplenial cortices. Pixel intensity in arbitrary units (AU), scale bar: 2 mm. (C) Normalized GCaMP 

fluorescence intensity (∆F/Fnorm) for all the mice included in the experiment (# mouse). (D) Normalized 
area covered by CSF tracer (influx area) for each individual mouse. Same color traces in (C) and (D) are 

from the same animal. (E) Onset time for the SD and CSF influx color-coded with (C-D). (F) Linear 
regression with 95% confidence intervals between the SD and CSF influx start times after N2 color-coded 
with (C-D). (G) Two-photon imaging of Glt1-GCaMP7 mice after intracisternal BSA-647 injection and i.v. 

dextran. CSF influx occurred following the SD-induced spreading ischemia (SI) ~4.5 minutes after N2 
inhalation. White dashed line denotes the leading edge of the SD. Scale bar: 50 µm. (H) Normalized GCaMP 
fluorescence intensity (∆F/Fnorm) and pial artery diameter change (% baseline), n = 3 mice. (I) Penetrating 

artery diameter and normalized CSF tracer fluorescence intensity (∆F/Fnorm), n = 6 arteries from 4 mice. 

178x120mm (300 x 300 DPI) 

Page 26 of 48

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901  Support (434) 964 4100

Brain
D

ow
nloaded from

 https://academ
ic.oup.com

/brain/advance-article/doi/10.1093/brain/aw
ab293/6377326 by D

TU
 Library user on 03 January 2022



 

Figure 4. Post-arrest edema depends on the available CSF volume. (A) CSF cisternographies were 
acquired using 3D-FIESTA imaging. CSF pools were segmented into ventricular and cisternal CSF (blue) such 
as in the cisterna magna (CM) and the lateral (LV), 3rd (3V), and 4th (4V) ventricles and perivascular (PVS) 

or subarachnoid CSF along the large cerebral arteries (red). CSF volume decreased after cardiac arrest 
(yellow arrows); note the large increase in PVS CSF ~3 min after N2 inhalation, most likely during the 

spreading depolarization. (B) Quantification of percent volume change of intracranial volume (includes CSF 
and PVS volume). (C) Percent change of ventricular and cisternal CSF volume after arrest. (D) Percent 

change in PVS CSF volume after N2 inhalation. The transient decrease in both CSF and PVS volume following 
the N2 start is most likely driven by vasodilation due to the hypoxia/hypoperfusion. This is also seen as an 
increase in intracranial pressure in Supplementary Fig. 2 which normalizes after arrest. (E) Brain volume 
increases as CSF volume decreases. All data is from n = 5 animals. (F) The volumetric increase in brain 

volume is proportional to the volume of CSF lost. (G) Removing CSF prior to cardiac arrest reduces cortical 
edema formation. To remove CSF, we performed a cisternotomy and aspirated CSF within the cisterna 

magna, then we removed the majority of subarachnoidal CSF via a complete craniectomy with durotomy. 
The craniectomized skull flap was returned to prevent the cortical tissue from dehydrating (CSF Drain). (H) 

Data is expressed as mean ± SEM ml of water per gram dry weight of cortex compared to cardiac arrest 
mice that did not receive CSF drainage (No Drain). Two-way ANOVA post hoc Sidak’s test, n = 5-8 mice per 

timepoint. (I) Brain water content was calculated after ambient air inhalation (Control) or 15 min after 
cardiac arrest with N2 in 2-, 4-, 6-, 10-, and 12-month-old animals. Two-way ANOVA with Sidak’s multiple 

comparison test, n = 5-10 per group. (J) Linear regression between brain water content increase (% 
change between mean from N2 and control in I) and age in months. Shaded area represents 95% confidence 

intervals.   
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Figure 5. Anoxic brain has a significant osmotic potential for swelling and CSF-bordering regions 
display the highest degree of edema. (A) Structural MR imaging after cardiac arrest (CA) shows the 

lateral and 3rd ventricles shrinking and disappearing 1h after N2 inhalation, depleting CSF. (B) Brain water 
content measurements after CA show a plateauing of edema formation up to 6h after. (C) Live brains were 
quickly placed in artificial CSF (aCSF) and serially weighed at several time points after CA. Scale bar: 2mm. 

(D-E) Osmotic model of edema formation based on the van’t Hoff principle. (F) Brain water content was 
measured as in (C) at serial timepoints at 4ºC, 27ºC or 37ºC. Repeated measures two-way ANOVA with 

Tukey’s multiple comparisons test. Exact P values reported for comparisons between 4ºC or 37ºC vs. 27ºC. 
(G) Fitted line from model in (E) for the data from (F). Residuals= 0.0078 (4ºC), 0.0245 (27ºC), 0.0134 
(37ºC). (H) Hematoxylin-eosin (H&E) staining from a mouse brain 30 min after N2 inhalation-induced 
cardiac arrest. Three areas were imaged and quantified: two from CSF contiguous regions (cortex and 

periventricular ependyma) and one far from subarachnoidal CSF (striatum). (I) Edema area was quantified 
from H&E section in (H), showing that more edema fluid accumulation is observed in cortex and in 

periventricular areas than in striatum. n = 5 mice. For cortical regions, 4 images were acquired for each 
mouse. One-way ANOVA with Tukey’s multiple comparisons test. (J) Human postmortem specimens show 

similar cortical perivascular and periventricular edema compared to striatum as is seen in rodents after 
acute cardiac arrest. (K) Edema area was quantified from H&E section in (J), n = 5 subjects, demographics 

included in Supplementary Table 1. One-way ANOVA with Tukey’s multiple comparisons test. 
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