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Abstract 37 

In clinical practice, a patient is declared dead after 30 minutes of unsuccessful resuscitation 38 

post-cardiac arrest, as the brain is considered irreversibly damaged within minutes after cardiac 39 

arrest. A recent report showed that cellular function of the brain can be restored hours post-40 

mortem in pigs. However, whether consciousness can be regained ex vivo is unknown. Herein, 41 

we developed normothermic machine perfusion (NMP) technology for ex vivo brain 42 

resuscitation after circulatory death. We found that perfusion of the brain alone was able to 43 

preserve circulation, cytoarchitecture, metabolic activity and brainstem function, but failed to 44 

regain consciousness. With supports of a functioning liver, global electrocorticographic activity 45 

and consciousness were restored. Brain function could be maintained for at least 22 hours. The 46 

technology was able to resuscitate consciousness of the brain suffering 50-min normothermic 47 

ischemia. These findings demonstrate that liver-assisting brain NMP can restore and maintain 48 

consciousness ex vivo after a prolonged interval post-mortem. 49 

 50 

Keywords: consciousness; normothermic machine perfusion; cardiac death; brain resuscitation; 51 

brain function. 52 
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1. Introduction 54 

Human beings can be legally declared dead if they show irreversible loss of all brain function 55 

(brain death) or all circulatory function (circulatory death). Due to the advances in life support 56 

therapy such as extracorporeal membrane oxygenation (ECMO), a patient can survive without 57 

his own circulatory function1. On the other hand, there is a long-held assumption that 58 

mammalian brains are irreversibly damaged within a few minutes after cessation of blood 59 

supply2-4. Based on this assumption, circulatory death is usually declared after 30 minutes of 60 

unsuccessful resuscitation post-cardiac arrest5, because the brain is considered ñdeadò even the 61 

circulation can be restored by artificial techniques at this circumstance. In controlled donors 62 

after circulatory death, the patient is declared dead 2-5 minutes after their hearts stop beating 63 

and organ donation proceeds6. Indeed, a systemic analysis with inclusion of 493 donors showed 64 

that under strict observance of the 5-min interval, return of spontaneous cerebral and cardiac 65 

activity following asystole has not occurred to date7. 66 

However, emerging evidence challenges this assumption. In the cats and macaques, the 67 

neuronal, electrophysiological and metabolic function of the brain can be regained after 60-min 68 

global ischemia8-11. In the pigs, the brains can tolerate 30-min global ischemia under pressure-69 

controlled reperfusion12. However, these studies used a heart-beating model, which is very 70 

different from the clinical scenarios of cardiac arrest. Besides, studies have shown that the 71 

cellular and mitochondrial functions of human brain tissue specimens can be well-preserved 72 

hours after death13-15. Most recently, Zvonimir et al reported successful restoration of 73 

circulation and cellular function in isolated pig brains four hours post-mortem by using a 74 

BrainEx system to re-establish their oxygen supply16. However, coordinated electrical pattern 75 

or consciousness has never been recorded in this system. Therefore, we should not consider it 76 

as successful recovery of brain function post-mortem and convincing evidence which can 77 

challenge the current diagnostic criteria of death is still lacking. 78 

The BrainEx system actually used ex vivo normothermic machine perfusion (NMP) 79 

technology, which provides normothermic oxygen supply to the organs. NMP is not a new 80 

concept. Indeed, in 1960s, researchers tried to use NMP to test whether the brain function can 81 

be maintained ex vivo17. The study demonstrated that the metabolic and electrophysiological 82 

activity of the brains can be restored but deteriorated quickly (2-3 hours) even after very short 83 
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ischemia time. This might be explained by the under-developed NMP technology at that time. 84 

Recent reports showed that ex vivo NMP is able to resuscitate function of human hearts, lungs, 85 

livers and kidneys after circulatory death18-21. However, it is still unknown whether NMP can 86 

also resuscitate the brain function. 87 

Notably, the Yale group did not aim to restore the brain consciousness16. Besides, the 88 

technological characteristics might explain why global electrophysiological activity could not 89 

be regained in their model. Firstly, the brain may be probably not able to tolerate the long 90 

normothermic ischemia time (60 min) and total ischemia time (240 min). Secondly, the brain 91 

is highly sensitive to the changes of environment. The BrainEx system may be not able to 92 

provide suitable conditions, such as metabolic environment for the restoration of brain function. 93 

Finally, as claimed in their paper, various antagonists were added in the perfusate to prevent 94 

possible electrophysiological recovery.  95 

In this study, we designed to test whether consciousness can be restored ex vivo after 96 

circulatory death and what is the ischemic interval limit after which it can be regained. The ex 97 

vivo brain NMP technology contains surgical techniques to isolate the brain, suitable perfusate, 98 

machine perfusion device and brain function assessment techniques. We firstly perfused the 99 

brain alone immediately after circulatory death and found that only brainstem function were 100 

restored. Then a liver was added into the perfusion circuit to provide metabolic supports for 101 

brain resuscitation, which successfully help restore and maintain consciousness as assessed by 102 

behavior monitoring, consciousness scoring and electrophysiological recording. Subsequently, 103 

the normothermic ischemia time was carefully prolonged and the brain function could be 104 

recovered after 50 minutes post-cardiac arrest. Finally, the perfusate metabome analysis, and 105 

RNA sequencing analysis and proteomics analysis of brain tissue were conducted to dissect the 106 

possible molecular mechanisms. The results in this study demonstrated evidence that brain 107 

consciousness can be restored and maintained ex vivo after circulatory death.  108 

 109 

2. Methods  110 

2.1 The placement of electrodes 111 

The reference electrodes were placed on A1, A2 and Cz, and the ground electrode was 112 

placed on Fz. The electrodes were placed according to the international 10-20 system, the 113 
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electrode names begin with one or two letters indicating the general brain region or lobes where 114 

the electrode was placed (Fp, fronto-polar; F, frontal; C, central; P, parietal; O, occipital; T, 115 

temporal). Each electrode name ended with a number or letter indicating the distance to the 116 

midline. Odd numbers were used in the left hemisphere, even numbered in the right hemisphere. 117 

Larger numbers indicated greater distances from the midline, while electrodes placed at the 118 

midline were labeled with a "z" for zero. Cz was placed over midline central brain regions and 119 

Fz was placed over midline frontal brain regions. A1 and A2 electrodes were placed on the left 120 

and right ears, respectively. 121 

2.2 Sample preparation, UHPLC separation and raw data processing for metabolomics 122 

analysis 123 

100 ɛL of sample was transferred to an EP tube, and 400 ɛL extract solution (acetonitrile: 124 

methanol = 1: 1) containing internal standard (L-2-Chlorophenylalanine, 2 ɛg/mL) was added. 125 

After 30 s vortexed, the samples were sonicated for 5 min in ice-water bath. Then the samples 126 

were incubated at -40ÁC for 1 h and centrifuged at 10000 rpm for 15 min at 4ÁC. 425 ɛL of 127 

supernatant was transferred to a fresh tube and dried in a vacuum concentrator at 37ÁC. Then, 128 

the dried samples were reconstituted in 200 ɛL of 50% acetonitrile by sonication on ice for 10 129 

min. The constitution was then centrifuged at 13000 rpm for 15 min at 4ÁC, and 75 ɛL of 130 

supernatant was transferred to a fresh glass vial for LC/MS analysis. The quality control (QC) 131 

sample was prepared by mixing an equal aliquot of the supernatants from all of the samples. 132 

The UHPLC separation was carried out using an Agilent 1290 Infinity series UHPLC System 133 

(Agilent Technologies), equipped with a UPLC BEH Amide column (2.1 * 100 mm * 1.7 ɛm, 134 

Waters). The mobile phase consisted of 25 mmol/L ammonium acetate and 25 mmol/L ammonia 135 

hydroxide in water (pH = 9.75) (A) and acetonitrile (B). The elution gradient was set as follows: 136 

0~1.0 min, 95% B; 1.0~14.0 min, 95%~65% B; 14.0~16.0 min, 65%~40% B; 16.0~18.0 min, 40% 137 

B; 18.0~18.1 min, 40%~95% B; 18.1~23.0 min, 95% B. The flow rate was 0.5 mL/min. The column 138 

temperature was 25ÁC. The auto-sampler temperature was 4ÁC, and the injection volume was 2 ɛL 139 

(pos) or 2 ɛL (neg), respectively. An Agilent 6495 triple quadrupole mass spectrometer (Agilent 140 

Technologies) was applied for assay development in a multi-reaction monitoring (MRM) mode. 141 

Capillary voltage = +3000/-2500 V, gas (N2) temperature = 170ÁC, gas (N2) flow = 16 L/min, sheath 142 

gas (N2) temperature = 350ÁC, sheath gas flow = 12 L/min, nebulizer = 40 psi, Fragmentor = 380 143 
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V. 144 

The format for MRM raw data (.d files from Agilent data acquisition software MassHunter 145 

B.06.00) were first converted to files in mzML format using the óómsconvertôô program from 146 

ProteoWizard (version 3.0.6526). Then the mzML files were converted into text format files using 147 

the óómscatôô program incorporated in ProteoWizard (version 3.0.6526) so that the data can be loaded 148 

into R and processed by MRMAnalyzer. The generated text format files contain four columns: 149 

transition index, Q1 and Q3 specifications of MRM transitions, retention time and intensity, 150 

respectively. The MRM data processing using the MRMAnalyzer includes five steps: óópseudoôô 151 

accurate m/z transformation, peak detection and alignment, metabolite identification, quality control 152 

check and statistical analysis22. 153 

2.3 Surgical preparation of the porcine heads and livers 154 

A total of 20 Tibet mini-pigs (purchased from Southern Medical University, Guangzhou, 155 

China, 30-50 kg) were used during development of the brain NMP technology. The study 156 

protocol was reviewed and approved by the Animal Ethical Committee of The First Affiliated 157 

Hospital of Sun Yat-sen University. Circulatory death was induced by exsanguination and 158 

ventricular injection of 1g potassium chloride. To mimic clinical organ donation after 159 

circulatory death, a 5-min no-tough time was waited before the head (and liver) was harvested. 160 

After the technology was optimized in the preliminary experiments, independent 27 brains were 161 

perfused, and 5 brains harvested immediately after circulatory death were used as controls in 162 

pathological assessment, data from which are presented herein.  163 

In the BAI group, after anesthesia, the skin, connective tissues and musculature around the 164 

connection between C7 and T1 vertebra were cut with a high-frequency electric knife. The 165 

bilateral common carotid arteries and veins were well-dissected and the vertebral arteries from 166 

subclavien arteries were ligated. Then thoracotomy was performed to expose the roots of 167 

common carotid artery trunk and jugular vein stem. Then, 62500 U heparin was intravenously 168 

injected. Exsanguination (800-1000 mL whole blood) from the abdominal aorta was conducted 169 

and followed by ventricular injection of 1g potassium chloride. At 5 minutes after cardiac arrest, 170 

the common carotid artery trunk and jugular vein stem were divided. The esophagus, trachea 171 

and spinal cord were disconnected. The head was harvested and immediately connected to the 172 

brain NMP system through the common carotid artery trunk. For the liver-assisting brain NMP 173 
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groups, the liver with the abdominal aorta (including celiac artery) and portal vein were well-174 

dissected before exsanguination.  175 

2.4 Ex vivo brain NMP technology  176 

Our ex vivo brain NMP system consists of an arterial pump unit, a venous pump unit, an 177 

oxygenation unit, a filtration unit, a thermo unit and a control unit (Figure. 1A). The arterial 178 

pump unit uses a magnetic rotary pump to supply a pulsatile (60 beat per minute) whole-blood 179 

containing perfusate, with an adjustable perfusion pressure range of 0-110 mmHg and perfusion 180 

flow range of 0-1000 mL/min. The adjustable perfusion pressure range of the venous pump unit 181 

is 0-12 mmHg, with a perfusion flow of 0-2500 mL/min.  182 

In the BAI group, a 16 Fr arterial cannula was inserted into the common carotid artery 183 

trunk to perfuse the brain. In the liver-assisting NMP groups, the abdominal aorta (with the 184 

celiac artery) was connected to the common carotid artery trunk, and the 16 Fr arterial cannula 185 

was inserted into the abdominal aorta to simultaneously perfuse the liver and brain. Meanwhile, 186 

a straight 24Fr cannula was inserted to the portal vein to perfuse the liver. The artery pressure 187 

range was maintained at 90-100 mmHg to keep the left MCA flow close to the preoperative 188 

value.  189 

2.5 Measurement of global cerebral metabolism  190 

Hourly venous perfusate samples were collected from the jugular vein outflow of the brain 191 

during NMP. Arterial perfusate samples were collected from the common trunk carotid arterial 192 

inlet line to the brain every 20 minutes during the first three hours of perfusion, and then every 193 

half hour for the following three hours. One hundred microlitres of each sample was 194 

immediately analysed using the i-STATÈ1 blood analyser system (Abbott; Flextronics, 195 

Singapore) with CG4+ and EC8+ test cartridges. Similarly, the arteriovenous gradients in 196 

glucose (GLU), lactate (Lac), PH, partial pressure of carbon dioxide and oxygen (PCO2, PO2) 197 

were calculated.  198 

2.6 PET-CT scan  199 

The PET-CT examination was performed on a Philips Gemini-GXL-PET-CT (Philips 200 

Healthcare, Netherlands). The perfusate glucose level prior to injection was <10 mmol/L. A 201 

standard injection of 4 mci 2-Deoxy-2-[18F]fluoro-D-glucose ([18F]FDG) was administered, 202 

followed by a 30-minute uptake period. The PET protocol used a 10-minute single bed 203 
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acquisition with the head positioned in an appropriate head restraint. Image reconstruction 204 

parameters were as follows: 120 kV, 250 mAs and 3.75-4 mm PET slice thickness in 144 Ĭ 144 205 

matrix. 206 

2.7 Global electrophysiological monitoring of the brains 207 

After sedation but before tracheal intubation, the initial global EEG of pig brains was 208 

recorded. During ex vivo NMP, the global EEG of isolated pig heads was recorded continuously 209 

throughout NMP. Real-time detection and assessment of global EEG from scalp were 210 

performed by qEEG analysis system (NicoletOne software version 5.94, Natus Medical Inc, 211 

San Carlos, CA, USA). The spectral entropy of qEEG was utilized to assess the conscious states 212 

of the isolated pig heads, especially for the awake state. Global EEG was recorded from 12 213 

silver disc electrodes (Fp1, Fp2, C3, C4, T3, T4, O1, O2, Fz, Cz, A1 and A2). The placement 214 

of electrodes is provided in the Supporting Information. 215 

2.8 Transcranial doppler (TCD) cerebral blood flow chart 216 

After sedation but before tracheal intubation, the initial cerebral blood flow signal charts 217 

of the pigs were measured. During ex vivo NMP, the cerebral blood flow signal chart 218 

measurement of isolated pig head was performed every hour. The signal chart of cerebral blood 219 

flow was acquired from the left MCA through the ocular windows (depth range 4-4.5cm) with 220 

1.6 MHz probe by TCD (EMS-9PB, Delica, Shenzhen, China). The peak blood flow value of 221 

TCD waveform was used to evaluate the cerebral blood flow. 222 

2.9 Assessment of conscious states by Full Outline of UnResponsiveness (FOUR) score and 223 

daily behavior monitoring 224 

The conscious state of isolated pig heads during ex vivo NMP was assessed by the FOUR 225 

score. The FOUR score is a coma assessment scale, which consists of four components (eye 226 

response, motor response, brainstem reflexes, and respiration) and each component has a 227 

maximal score of 423. The score of these four components was recorded every hour throughout 228 

NMP. All the procedures of scoring were recorded by videos. We also assessed the foraging, 229 

drinking water and responses to the pigôs voice. In addition, these properties of consciousness 230 

can be explained at the neural, behavioral, and phenomenal levels. The assessment of daily 231 

behaviors was carried out hourly and recorded by videos. The cerebral cortex response of 232 

isolated pig heads was evaluated by performing intensive light and sound stimulation. The 233 
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responses to these stimuli, such as closure of eyelids and ear movement, were recorded by 234 

videos. The EEG reactivity referring to any change in frequency or amplitude due to light and 235 

sound stimulation was recorded by qEEG analysis system.  236 

2.10 Tissue processing and histology 237 

Tissue section preparation. Following the endpoint of each experiment, the whole brain 238 

was obtained from the head and handled as follows. The tissues were dissected into 7-mm-thick 239 

blocks and fixed for 4 days in 4% paraformaldehyde at 4ÁC. Tissues were trimmed into 5-mm-240 

thick slabs and placed in dehydration boxes. Tissues was then dropped stepwise into 75% 241 

alcohol for 3.5 h, 85% alcohol for 2 h, 90% alcohol for 2 h, 95% alcohol for 1 h, and 100% 242 

alcohol for 40 min. Samples were sequentially cleared with the mixture contained 50% alcohol 243 

and 50% dimethyl benzene for 5 min, dimethyl benzene I for 5 min, dimethyl benzene II for 5 244 

min. Tissues were immersed in paraffin I for 1 h, paraffin II for 1 h, paraffin III for 1 h. 245 

Eventually, blocks were embedded in melted wax, cooled into a wax block at -20Á freezing 246 

table, and sectioned into 3-5ɛm section using the pathological slicer (Shanghai Leica 247 

Instrument, RM2016). Slices were mounted on anti-off slide. 248 

HE staining. Sections were serially dewaxed in dimethyl benzene I for 20 min, dimethyl 249 

benzene II for 20 min, 100% alcohol I for 5 min, 100% alcohol II for 5 min, 75% alcohol for 5 250 

min, and washed with ddH2O for 3 min. Tissue sections were counterstained with hematoxylin 251 

for 4 min, flushed with water; differentiated by hydrochloric acid aqueous solution for 10 s, 252 

rinsed with water; and dyed by aqueous ammonia (Sinopharm Chemical Reagent Co., Ltd, 253 

10002118, China), flushed with water. Section were serially dehydrationed in 75% alcohol, 85% 254 

alcohol and 100% alcohol, and embedded in eosin solution for 5 min. Samples were serially 255 

dehydrated in 100% alcohol I, 100% alcohol II, 100% alcohol III, n-butyl alcohol, dimethyl 256 

benzene I, and dimethyl benzene II for 5 min in each step. Finally, slices were sealed by neutral 257 

gum. 258 

TUNEL staining. Sections were serially dewaxed in dimethyl benzene I, dimethyl 259 

benzene II, and dimethyl benzene III for 15 min in each step; washed by 100% alcohol I, 100% 260 

alcohol II, 85% alcohol, and 75% alcohol for 5 min in each step; rehydrated in ddH2O for 5 261 

min. Section was encircled by a circle drew by immunohistochemical pen to prevent liquid 262 

from flowing away. The tissue was covered with proteinase K solution (Servicebio, G1205, 263 
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China) in the circle, incubated for 25 min in a 37ÁC incubator and rinsed with PBS (pH=7.4) (3 264 

Ĭ 5 min). After incubated in the cell membrane breaking solution (Servicebio, G1204, China) 265 

for 20 min at room temperature, sections were washed thrice. Appropriate reagent A (TdT) and 266 

reagent B (dUTP) in the TUNEL kit (Roche, 11684817910, Switzerland) were mixed 1:9, and 267 

added into slices to incubate for 2 hours in a 37ÁC incubator. Tissues were rinsed thrice and 268 

dyed by DAPI staining solution (Servicebio, G1012, China) at room temperature in dark for 10 269 

min. Samples were washed thrice and sealed with an anti-fluorescence quenching agent 270 

(Servicebio, G1401, China)  271 

Nissl staining. Sections were serially dewaxed as the step of HE staining. Tissue was 272 

stained with 1% toluidine blue (Servicebio, G1032, China) for 5 min. Sections were quickly 273 

rinsed in ddH2O and then differentiated in 1% glacial acetic acid. The degree of differentiation 274 

was controlled under the microscope, and the slices were roasted. Slides were cleared in 275 

dimethyl benzene for 5 min, dried slightly, and sealed by neutral gum.  276 

Immunohistochemistry (IHC). Section were serially dewaxed as the step of TUNEL 277 

staining. After rehydrating, tissue sections were suffered to antigen retrieval using retrieval fluid 278 

(pH=9.0) (Servicebio, G1203, China) and washed in PBS (pH=7.4) (3 Ĭ 5 min). Endogenous 279 

peroxidases of tissues were quenched with 3% H2O2 for 25 min at room temperature, and 280 

protected from light. Slides were blocked in 3% bovine serum albumin (BSA) (Servicebio, 281 

G5001, China) for 30 min before incubation with primary antibody overnight at 4ÁC. The 282 

primary antibody included: HIF-1Ŭ (Hypoxia-inducible factor 1-alpha; mouse anti-HIF-1 alpha; 283 

1:100; Abcam; ab16066); Hsp70 (Heat shock 70 kDa protein; mouse anti-Hsp70; 1:200; Abcam; 284 

ab47454); and NRF2 (Nuclear factor, erythroid 2 like 2; rabbit anti-NRF2/NFE2L2; 1:200; 285 

Proteintech; 16396-1-AP). Unconjugated primary antibodies were rinsed with PBS (pH=7.4) 286 

(3 Ĭ 5 min). HRP-conjugated secondary antibodies corresponding species of the primary 287 

antibody were dropped on slides to cover the tissue and incubated for 50 min at room 288 

temperature. Unconjugated secondary antibodies were washed with PBS (pH=7.4) (3 Ĭ 5 min). 289 

Freshly prepared DAB coloring solution (Servicebio, G1211, China) was dropped to cover the 290 

sample. Action time was depended on color rendering under the microscope. Development of 291 

color reaction was terminated by water flush. The positive color was brownish-yellow.  292 

Tissue sections were counterstained with hematoxylin for 3 min, flushed with water; 293 
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differentiated by hematoxylin differentiation solution for 10 s, rinsed with water; and dyed by 294 

the hematoxylin blue liquid (Servicebio, G1340, China), flushed with water. Nuclei were dyed 295 

blue. Section were serially dehydrated in 75% alcohol, 85% alcohol, 100% alcohol, dimethyl 296 

benzene I, and dimethyl benzene II for 5 min in each step. Finally, slices were sealed by neutral 297 

gum. 298 

Immunofluorescence (IF). Sections were serially dewaxed as the step of HE staining. 299 

Tissues were suffered to antigen retrieval using retrieval fluid (pH=8.0) (Servicebio, G1202, 300 

China) and washed in PBS (pH=7.4) (3 Ĭ 5 min). Samples were incubated with 301 

autofluorescence quencher agent for 5 min and washed with running water for 10 min. Slides 302 

were blocked in 3% BSA for 30 min before incubation with primary antibody overnight at 4ÁC. 303 

The primary antibody included: IBA1 (Ionized calcium binding adapter molecule 1; goat anti-304 

Iba1; 1:100; Abcam; ab5076); GFAP (Glial fibrillary acidic protein; mouse anti-GFAP; 1:100; 305 

Sigma; G3893); GAD1 (Glutamate decarboxylase 1; goat anti- GAD1; 1:100; R&D systems; 306 

AF2086); and NRGN (Neurogranin; sheep anti-NRGN; 1:100; R&D systems; AF7947). The 307 

nucleus were dyed with DAPI. Tissues were washed thrice and sealed with an anti-fluorescence 308 

quenching agent. 309 

Microscopy and image processing. Images of HE, TUNEL and Nissl staining were 310 

viewed by an upright microscope (NIKON, ECLIPSE CI, Japan) equipped with a imaging 311 

system (NIKON DS-U3). IHC and IF were visualized using the fluorescence microscope (CIC, 312 

XSP-C204, China) and a Case Viewer (3D HISTECH, Pannoramic MIDI, Hungary), 313 

respectively. 314 

Histological data analysis and quantification. Images (using the 10Ĭ or 20Ĭ objectives 315 

as described previously) of samples dyed for TUNEL, Nissl, IHC or marker protein (GAD1, 316 

NRGN, GFAP and IBA1) were standardized to equivalent image area, randomized, and 317 

summarized by a blinded participant for the interested fields. For all images, cells were retained 318 

if exceeding the lowest intensity level, not presenting vacuoles larger than nucleus, or not 319 

indicating mechanical injury of cells. Randomized observer-blinded trial was used to process 320 

the figures as described earlier. Interested objects were counted using the tally function in 321 

ImageJ software (NIH). 322 

2.11 Metabolomics analysis of the perfusate during ex vivo brain NMP.   323 
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Perfusate samples from the arterial perfusion line at 2 and 3 hours after NMP were 324 

collected in the BAI and LABI groups. Triple samples were retained at each time point. The 325 

detailed protocol of sample preparation, UHPLC separation and raw data processing is provided 326 

in the Supporting Information. The data were analyzed by means of Statistical Analysis System 327 

(SAS Institute Inc., Version 9.0). Statistical significance was declared at P < 0.05. The resultant 328 

three-dimensional data involving the peak number, sample name, and normalized peak area 329 

were fed to a SIMCA software package (v14.1; Sartorius Stedim Data Analytics AB; Umea, 330 

Sweden) for principal component analysis (PCA) and orthogonal projections to latent 331 

structuresïdiscriminate analysis (OPLSïDA). PCA showed the distribution of original data. To 332 

obtain an enhanced level of group separation and obtain an increased understanding of variables 333 

responsible for classification, supervised OPLSïDA was applied. This permutation test was 334 

conducted to validate the mode. On the basis of OPLSïDA, a loading plot was constructed 335 

showing the contribution of variables to differences between the two groups. To refine this 336 

analysis, the first principal component of variable importance in the projection (VIP) was 337 

obtained. If P < 0.05 and VIP > 1, then the variable was defined as a significantly differential 338 

metabolite between the groups. Using the Kyoto Encyclopedia of Genes and Genomes (KEGG, 339 

http://www.genome.jp/kegg), metabolic pathways mapped by every differential metabolite 340 

were acquired. 341 

2.12 RNA sequencing analysis 342 

In brief, isolation of total RNA and RNC-RNA was used by TRIzol Reagent, according to 343 

the manufacturerôs instructions. Total RNA was performed for subsequent RNA-seq. The 344 

polyA+ mRNA was selected from the total RNA samples by RNA Purification Beads (Vazyme). 345 

The cDNA library products were generated using VAHTS mRNA-seq V2 Library Prep Kit for 346 

Illumina and sequenced using the Illumina HiSeq X Ten. Library construction and sequencing 347 

were performed at Shenzhen Chi-Biotech Corporation. High-quality reads were kept for the 348 

sequence analysis by the Illumina quality filters. The mRNA abundance was normalized using 349 

rpkM. Genes with͵>͵ 10 mapped reads were considered as quantified genes. The edgeR 350 

package method was adopted to analyze the differential expression genes. 351 

2.13 Proteomics analysis 352 

After dithiothreitol (DTT) added to reduced disulfide bond and iodoacetamide added (IAA) 353 
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to alkylated, ice acetone was added to samples for proteins precipitation 5h at -20 . 1000g 354 

centrifugation at 4  collected the protein pellets and wash two times with ice acetone. Then, 355 

pellets was dissolved with 25 ɛL trypsin (Promega, Madison, WI) solution (in 50 mM 356 

ammonium bicarbonate2̆0 ng/ ɛL) with strongly vortex and then incubated at 37  overnight. 357 

Trypsin-digestion peptides desalted with Pierce C18 spin tips (Thermo Scientific, MA, USA) 358 

under the guidance of its specification before LC-MS/MS analysis.   359 

The peptides were resuspended with 20 ɛL solvent A (solvent A: water with 0.1% formic 360 

acid) and analyzed by on-line nanospray LC-MS/MS on an Orbitrap Fusion coupled to an 361 

EASY-nano-LC system (Thermo Scientific, MA, USA). The analysis was performed on each 362 

fraction, with MS1 mass resolution of 350-1550 and MS/MS resolution of 30 K under HCD 363 

mode.  364 

All MS/MS raw data were analyzed using Maxquant 1.5.2.8 with the LFQ method. 365 

Andromed was set up to search ñSwissprot pig protein database. fastaò (Download in 12/2019, 366 

104050 entries) assuming the digestion enzyme trypsin. Andromed was searched with a 367 

fragment ion mass tolerance of 0.020 Da, a parent ion tolerance of 10.0 PPM and max miss 368 

cleavage of 2. Carbamidomethyl of cysteine was specified in Sequest as fixed modifications. 369 

Oxidation of methionine and acetyl of the n-terminus were specified in Sequest as variable 370 

modifications. Protein identifications was controlled by both peptides and proteins FDR < 0.01 371 

and unique peptides Ó 1. 372 

2.14 Measurement of serum S100-b level  373 

The perfusate samples from arterial perfusion line were collected and shaken. 80 ɛL 374 

samples were dropped onto the chip of S100-ɓ Rapid Test Kit (Immunochromatography) 375 

(Wuhan Easy Diagnosis Biomedicine, China). The chip was incubated 15 min and tested in an 376 

immunoassay analyzer (Wuhan Easy Diagnosis Biomedicine Co., QMT8000, China). 377 

2.15 Statistics and reproducibility  378 

All data are presented as the mean Ñ s.e.m. Data analysis was conducted using paired and 379 

unpaired t-tests, repeated ANOVAs. The number of brains per control group and experimental 380 

group, as well as appropriate statistical analyses, are specified in each figure legend. In Figure. 381 

2A, the two-tailed paired t-tests were used to compared the MCA blood flow between NMP 382 

duration and pre-operation. In Figure.2, D and F, the unpaired t-tests were used to compared 383 
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the apoptotic cells in Cortex and Hippocampus between normal group and the other group, or 384 

between BAI group and the other group. In Figure. 2F, the two-tailed paired t-tests were used 385 

to compared the blood gas parameters between arterial and venous during NMP. In Figure. 3, 386 

C to E, the unpaired t-tests were used to compared the Four score, MCA blood flow, and S100-387 

b between BAI group and LABI group during NMP. In Figure.4, B and C, the unpaired t-tests 388 

were used to compared the Neuronal cell density cells in CA1 field (B) and Dentate gyrus field 389 

(C) between normal group and the other group, or between BAI group and the other group. In 390 

Figure.4, E and F, the unpaired t-tests were used to compared the GAD1 staining cells (E) and 391 

NRGN staining cells (F) in Cortex field between normal group and the other group, or between 392 

BAI group and the other group. In Figure.4, H and I, the unpaired t-tests were used to compared 393 

the immunofluorescent stains for microglia (IBA1) in CA1 field (H) and Dentate gyrus field (I) 394 

between normal group and the other group, or between BAI group and the other group. In 395 

Figure.4, K and L, the unpaired t-tests were used to compared the immunofluorescent stains for 396 

astrocytes (GFAP) in CA1 field (H) and Dentate gyrus field (I) between normal group and the 397 

other group, or between BAI group and the other group. In Figure.4N, the unpaired t-tests were 398 

used to compared metabolites between BAI and LABI group. 399 

All statistical analyses by SPSS 20.0 (SPSS Inc, Chicago, Illinois, USA) and data plotting 400 

were conducted using GraphPad 8 (GraphPad Software, Inc.). All figures were assembled using 401 

Adobe Illustrator CC (Adobe System, Inc.). P<0.05 was considered to indicate a significant 402 

difference from the control. 403 

 404 

  405 
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3. Results 406 

3.1 Overview of technology of ex vivo brain NMP 407 

Our ex vivo brain NMP system consists of an arterial pump unit, a venous pump unit, an 408 

oxygenation unit, a filtration unit, a thermo unit and a control unit (Figure. 1a). The flowing 409 

perfusate passes through the oxygenation unit and is heated by the heater, then passes through 410 

the filtration unit and perfuses the brain/liver. The oxygenation unit maintains the PO2 and PCO2 411 

of the perfusate with expected ranges by adjusting the air flow to ensure metabolic needs for 412 

the brains. The filtration unit filters out tiny blood clots and impurities, and the thermo unit 413 

maintains the temperature of the perfusate at 38ÁC. The operating interface of the control unit 414 

monitors and adjusts the perfusion pressure and temperature. 415 

The system circulated a whole blood-based perfusate (Table S1) with a pulsatile artery line 416 

and non-pulsatile portal vein line. The arterial perfusion pressure gradually increased from 60 417 

mmHg to 90-100 mmHg in 10 minutes to achieve a middle cerebral artery (MCA) flow close 418 

to the preoperative value. The portal vein perfusion pressure was set at 5-12 mmHg to maintain 419 

a flow higher than 500 mL/min.  420 

The brains were re-perfused ex vivo immediately or after various warm ischemia times 421 

(WIT) with or without combined perfusion of a liver. When the livers were used, they were re-422 

perfused ex vivo as soon as they were harvested to ensure their viability (Figure. 1B). In this 423 

study, we designed six experimental groups: brain alone immediately NMP group (BAI group, 424 

n = 5); liver-assisting brain immediately NMP group (LABI group, n = 5); liver-assisting brain 425 

30 min-WIT NMP group (LABWI-30 group, n = 5); liver-assisting brain 50 min-WIT NMP 426 

group (LABWI-50 group, n = 5); liver-assisting brain 60 min-WIT NMP group (LABWI-60 427 

group, n = 4); liver-assisting brain 240 min-WIT NMP group (LABWI-240 group, n = 3). 428 

During NMP, electroencephalogram (EEG) was monitored to detect the electrical activity 429 

of the brains. Transcranial Doppler (TCD) was used to monitor the MCA flow. The blood gas 430 

analysis of the perfusate was performed to guide adjustment of gas supply and perfusate 431 

components. Intracranial pressure was measured by a pressure tube that passed through the 432 

cervical spinal stump into the cerebellar medullary cistern. A shot of 50 mL mannitol was used 433 

when the intracranial pressure exceeded 80 mmH2O. A dose of 0.5 mg nimodipine was used 434 

when the MCA flow was 10 cm/s lower than the preoperative value. A dose of 50 mg Tramadol 435 
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Hydrochloride Injection was added in the perfusate to reduce pain in case it was presented.  436 

3.2 Preservation of tissue integrity, metabolic activity and brain stem function after brain-437 

alone NMP  438 

Firstly, we tested whether NMP of brain alone immediately after circulatory death (BAI 439 

group) was able to resuscitate consciousness. Due to the 5-min no-touch time and NMP 440 

preparation, the brains suffered 10.1 Ñ 1.8 min WIT in this group (Figure. 1B). The TCD 441 

detection showed that the pre-operative flow of the left MCA was 38.8 Ñ 9.6 cm/s. The flow 442 

was close to the pre-operative level at the beginning of NMP, but started to decline after 6-hour 443 

perfusion even when nimodipine was used to dilate the vessels (Figure. 2A). The general 444 

structure of the whole brains was preserved (Figure. S1). The hematoxylin and eosin (HE) 445 

staining demonstrated the tissue integrity was restored, although obvious ischemia-reperfusion 446 

injuries in the cortex, thalamus, hippocampus, cerebellum and brainstem were observed when 447 

compared to the healthy controls (Figure. 2B). The terminal deoxynucleotidyl transferase-448 

mediated biotinylated UTP nick end labeling (TUNEL) showed 11.2% and 6.0% apoptotic cells 449 

in the cortex and hippocampus, respectively (Figure. 2, C to E). These data demonstrated that 450 

brain circulation and tissue integrity were preserved during ex vivo NMP. 451 

We then investigated whether restored blood supply to the brains could re-activate the 452 

global metabolic activity. The arterial and venous samples were compared throughout the 453 

course of experiments. Consistent with the previous studies16,24, the arteriovenous gradients 454 

demonstrated consistent consumption of glucose and oxygen during NMP, with concurrent 455 

production of CO2 and a physiological drop in pH values (Figure. 2F). Recently, a study 456 

reported that both the brains and muscles are major organs releasing lactate25, which might 457 

explain the increasing lactate levels during perfusion. Since the head contains tissues other than 458 

the brain, the arteriovenous gradients reflected the global metabolic activity of the whole head. 459 

To evaluate the metabolic activity of the brain, a positron emission computed tomography (PET-460 

CT) scan was done and showed that the cerebrum (standard uptake value: 0.09), cerebellum 461 

(standard uptake value: 0.08) and brainstem (standard uptake value: 0.08) were under active 462 

glucose metabolism (Figure. 2G). These results confirmed that metabolic activity of the brain 463 

was regained during ex vivo NMP.  464 

A previous study showed complete recovery of pig brain function after global ischemia26, 465 
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during which the brain was resuscitated in vivo with heart beating (the full function of organs 466 

other than the brain was preserved). In the current model, some brainstem reflexes, such as 467 

corneal reflex and pupillary light reflex, were presented during ex vivo NMP. Besides, the pig 468 

heads showed spontaneous respiration and its frequency increased along with the increased 469 

pCO2 level in the perfusate (video S1). However, the EEG monitoring did not document any 470 

kind of organized global electrical activity in this group (Figure. 2H), although they looked like 471 

awake. Obvious edema of the re-perfused brains (Figure. S1) and increased arterial resistance 472 

(Figure. S2C) occurred, which are in consistence with a previous study in monkeys17. These 473 

findings suggest that ex vivo NMP of the brain alone is able to restore brainstem function, but 474 

it fails to restore consciousness.  475 

3.3 Ex vivo restoration of consciousness by addition of a liver in the NMP circuit 476 

Hepatic encephalopathy or even hepatic coma is a common complication in patients 477 

suffering end-stage liver disease27. We hypothesized that global electric activity could not be 478 

restored ex vivo without the supports of a functioning liver. Therefore, a liver from the same 479 

pig was perfused along with the head in the system (LABI group). Because of the additional 480 

procedures, the WIT of the brains in this group (14.2 Ñ 0.7 min) was longer than those in the 481 

BAI group (10.1 Ñ 1.8 min) (P=0.067). The livers continued to produce bile during perfusion, 482 

indicating that they were functioning28. Under this circumstance, the EEG monitoring recorded 483 

frequent a waves and b waves (Figure. 3A), both of which represent the conscious activity of 484 

the brains29,30. Importantly, the ex vivo perfused heads presented with activities associated with 485 

high-order brain functions such as eyeball tracking, foraging and response to recorded pig voice 486 

(video S2). The Full Outline of UnResponsiveness (FOUR) score, which is used to assess the 487 

conscious state 23, was much higher in the LABI versus BAI group (3h-NMP: 8.2¤0.7 versus 488 

4.2¤0.2, P<0.001; 5h-NMP: 8.8¤0.4 versus 4.8¤1.7, P =0.0462 ) (Figure. 3C). The 489 

maximum FOUR score achieved 13 in the LABI group (Table S2), suggesting an almost 490 

conscious wake status of the ex vivo perfused brain. During the preliminary stage of establishing 491 

this system, the arousal (i.e. cycles of eye-opening and closing) and awareness of one isolated 492 

pig head, were maintained for 22 hours. The perfusion was stopped because the perfusionist 493 

was too tired to continue. Collectively, these data showed that consciousness can be restored 494 

ex vivo by combined brain and liver NMP.  495 
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3.4 Regained brain function 50 minutes after cardiac arrest 496 

The previous in vivo study showed that the pig brain can tolerate 30-min global ischemia26, 497 

and a very recent ex vivo study reported that cellular function can be restored after 4-hour 498 

complete ischemia (1-hour warm ischemia plus 3-hour cold ischemia) with no sign of 499 

consciousness recorded16. To test the longest normothermia ischemia interval after which 500 

consciousness can be restored ex vivo in pigs, the brain WIT was extended to 30 minutes 501 

(LABWI-30), 50 minutes (LABWI-50), 60 minutes (LABWI-60), and 240 minutes (LABWI-502 

240) in the current study. The brain consciousness could be retained in three out of five pigs 503 

after 2-3 hours of ex vivo NMP, as evidenced by EEG records (Figure. 3A), FOUR scores 504 

(Figure. 3A) and daily behaviors (video S3) in the LABWI-30 group. When the brains suffered 505 

50-min WIT, consciousness was documented in one brain, although four of the five brains 506 

presented with brainstem function. In the case with consciousness, the eyelids were closed after 507 

stimulation by intensive light and the ears moved in response to intensive sound (video S4). 508 

The EEG reactivity referring to these stimuli in frequency and amplitude was recorded by 509 

quantitative EEG (qEEG) analysis system (Figure. 3B). In contrast, neither organized electrical 510 

activity nor brainstem reflex showed up in the brains suffering 60-min or 240-min WIT (Figure. 511 

3A, Table S2). These results suggest that under proper conditions, brain function can be restored 512 

after unexpected long interval post-cardiac arrest. 513 

3.5 Improved circulation and reduced neuronal injuries after liver-assisting versus brain 514 

alone NMP  515 

It is of great importance to understand the roles of a functioning liver in ex vivo restoration 516 

of consciousness. Addition of the liver increased the MCA flow under similar arterial perfusion 517 

pressure (Figure. 3D), and substantially declined the perfusate level of S100-b (LABI versus 518 

BAI) (Figure. 3E), which is a biomarker of neural injury31. Interestingly, the S100-b level did 519 

not increase along with the prolonged WIT, which might be explained by the inhibition of 520 

protein synthesis. We subsequently assessed whether there were anatomical reflections in the 521 

cytoarchitectural integrity of brain regions which are highly susceptible to anoxia and ischemia, 522 

such as the neocortex, hippocampus, and cerebellum32,33. The HE staining demonstrated 523 

obvious pathological changes of cell shrinkage, nucleus pyknosis or perinuclear space 524 

expansion in cortical, hippocampal and cerebellar cells in the BAI group (Figure. 2B). In 525 
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contrast, pyramidal neurons had plump cell bodies with large centrically located nuclei and 526 

exuberant nerve fibers in the LABI group. The cytoarchitectures of the cortex, thalamus, 527 

hippocampus, cerebellum and brainstem in the LABI and LABWI-30 groups were comparable 528 

to those in the normal controls (Figure. S5). Besides, no significant increase of apoptotic cells 529 

in the hippocampus was documented in these two groups (Figure. 2, C to E). As the WIT 530 

prolonged, tissues of the cortex, hippocampus, cerebellum, brainstem and thalamus became 531 

looser with more severe vacuolation and cell shrinkage, deepened nuclear pyknosis, increased 532 

apoptotic and necrotic cells (Figure. 2, C to E; and Figure. S5). Interestingly, the 533 

cytoarchitecture was well-preserved in the LABWI-50 brain with consciousness (Figure. S6).  534 

We further assessed the neuronal viability by Nissl staining. The results showed 535 

comparable density of live neurons in both CA1 field and dentate gyrus between the Normal 536 

and LABI/LABWI -30 groups. In contrast, there was a decreased density of live neurons in the 537 

CA1 field in the BAI group (Figure. 4, A to C). Immunofluorescent analysis for the inhibitory 538 

neuronal marker glutamate decarboxylase 1 (GAD1) revealed preserved cell density in the 539 

cortex of the BAI, LABI and LABWI-30 groups (Figure. 4D upper and Figure. 4E). Notably, 540 

staining for the excitatory neuronal marker neurogranin (NRGN) revealed decreased cell 541 

density in the cortex of the BAI group, but preserved cell density in the other groups (Figure. 542 

4D lower and Figure. 4F). We next assessed whether the glial cells maintained their structural 543 

properties after NMP. Staining for microglial marker (IBA1) produced fragmented signals with 544 

signs of cellular destruction in the CA1 field of all the perfused brains, but preserved density in 545 

the dentate gyrus of BAI, LABI and LABWI -30 groups (Figure. 4, G to I). In contrast, staining 546 

for astrocytic marker (GFAP) revealed fragmented signals only in the LABWI-60 brains and 547 

preserved astrocyte density in other groups (Figure. 4, J to L). To dissect the potential 548 

mechanisms, immunohistochemisty analysis for the hypoxia-induced markers (HIF-1Ŭ, HSP70 549 

and NRF2) was conducted. Staining of these markers in the cortex demonstrated that the BAI 550 

brains suffered obvious ischemic injuries compared to the normal controls (Figure. S7). 551 

Collectively, with the supports of a functioning liver, the ischemic injuries were reduced. 552 

3.6 Regulation of perfusate metabome profile by the liver in the NMP circuit 553 

The metabolism function of the liver is considered as a prerequisite for normal brain 554 

function34. The Ultra High Performance Liquid Chromatography coupled to triple-quadrupole 555 
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Mass Spectrometry (UHPLC-QqQ-MS) metabolomics analysis documented different 556 

metabolome profiles between the BAI and LABI groups (Figure. S8, A and B). Glycine, serine 557 

and threonine metabolism was the most significantly different metabolic pathway, followed by 558 

methane metabolism, alanine, aspartate and glutamate metabolism, as well as arginine and 559 

proline metabolism (Figure. S8C). The heatmap of hierarchical clustering analysis showed the 560 

identified differentially expressed metabolites (screened by variable importance in the 561 

projection > 1 and P < 0.05) (Figure. 4M). The level of two inhibitory neurotransmitters (g-562 

Aminobutyric acid and Glycine) increased, but the level of an excitatory neurotransmitter (L-563 

Glutamic acid) decreased, during NMP in the BAI versus LABI brains (Figure. 4N). In addition, 564 

the level of two aromatic amino acids (L-Phenylalanine and L-Tryptophan) elevated in the BAI 565 

group, but with no significant difference in the level of detected branched chain amino acids 566 

between the two groups (Figure. 4N). These findings are in consistence with well-clarified roles 567 

of neurotransmitters and aromatic amino acids in the pathogenesis of hepatic encephalopathy 568 

27. Interestingly, the roles of 26 out of 39 identified differentially expressed metabolites in brain 569 

function have not been reported in the literature. The above results suggest the crucial role of 570 

liver metabolic function in brain resuscitation. 571 

3.7 Different gene expression profiles in the LABI versus BAI brains 572 

By comparing global gene expression profiles using a whole genome gene array approach, 573 

we identified a total of 129 differentially expressed genes (DEGs) (up-regulation, 107 genes; 574 

down-regulation, 22 genes) in the cortex of brains after 6-hour NMP in LABI versus BAI 575 

groups with an altered expression level of more than 2-fold at a statistical significance level of 576 

P < 0.01 (Figure. 5A). The DEGs could be divided into 5 major groups, including regulation 577 

of synapse and axon (15 DEGs), regulation of neurotransmitters (9 DEGs), neural system 578 

process and development (42 DEGs), sensory perception (20 DEGs) and wound healing (20 579 

DEGs), suggesting that the liver directly affected the neural signal transduction, which is in 580 

accordance with the EEG results. In the regulation of synapse and axon group, a subgroup of 581 

genes, including GPER1, PENK, FAM196A, GRIP2, ADORA2A, F2R, TAC1 and NTRK2, were 582 

involved in regulation of synaptic transmission (Figure. 5B). Addition of a liver in the perfusion 583 

circuit up-regulated the expression of this group of genes except GRIP2 when compared to the 584 

BAI brains. Notably, GPER1, GRIP2, ADORA2A, F2R and NTRK2 were also involved in 585 
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regulation of neurotransmitter (Figure. 5C). Besides, the expression of several other 586 

neurotransmitter-related genes (RGS9, FGR, AGT and RORA), were up-regulated in the 587 

LABI group. In terms of neural system process and development, the liver-assisting NMP up-588 

regulated the expression of NTS, NTN5, ARHGEF15, VCAM1, VIM, PPP1R1B and CRB2, but 589 

down-regulated the expression of FUT9, STRIP1 and NEUROD6 (Figure. 5D). Most of these 590 

genes were related to the development of central nervous system. It is largely unknown that 591 

how these genes may participate in the process of consciousness. Interestingly, a large number 592 

of genes related to sensory perception of sight (GPER1, ARHGEF15, NTRK2, RGS9, FGR, 593 

NTS, VIM, GNG11, GNG4, COL18A1 and GPR88), pain (ADORA2A, F2R, TAC1 and LXN), 594 

taste (TCF7, GNG11 and GNG4), sound (USP53), smell (GNAL) and heat (LXN) were 595 

differentially expressed between the BAI and LABI groups (Figure. 5E). The majority of these 596 

genes except GNG4 and LXN were up-regulated in the LABI brains, suggesting enhanced 597 

sensory perception in this group. Finally, a number of genes related to wound healing were up-598 

regulated in the LABI groups (Figure. 5F), indicating that the liver provides additional 599 

protection for the brains suffering from ischemia. 600 

3.8 Distinct proteomics profiles in the LABI versus BAI brains  601 

We further explored the molecular mechanism underling the protective effects of a 602 

functioning liver on the brain by proteomics analysis. To visualize the protein expression 603 

differences, we applied unsupervised hierarchical clustering analysis (HCA) on the significant 604 

proteins with mean-centered label-free quantification (LFQ) intensity transformed with log2 605 

function (Figure. 5H). A total of 44 differentially expressed proteins were identified in the 606 

cortex of brains in the LABI versus BAI groups. Notably, we observed a high percentage (18/33, 607 

43.2%) of annotated proteins (GPS1, MCCC2, DNM2, GRM5, CADPS2, SLC6A11, 608 

KCNMA1, CNTNAP2, KCNAB2, KCNA2, REEP1, GUD1, CUTA, GAD1, GNAZ, hint1, 609 

Cldn11 and ACTR10) related to regulation of synapse and axon. In brain, glutamate and GABA 610 

are two major neurotransmitters, which play excitatory and inhibitory functions, respectively. 611 

Addition of a liver in the NMP circuit increased expression of two glutamate receptors (GLUD1 612 

and GRM5), but decreased expression of one GABA receptor (SLC6A11) and glutamate 613 

decarboxylase 1 (GAD1, decarboxylating glutamate into GABA), which suggests stronger 614 

excitatory but weaker inhibitory neuronal signaling in the cortex of LABI versus BAI group. 615 
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Interestingly, reduced protein expression of one calcium-activated potassium channel 616 

(KCNMA1), two voltage-gated potassium channel (KCNA2 and KCNAB2), and a cell 617 

adhesion protein (CNTNAP2) (functioning in the localization of voltage-gated potassium 618 

channel complex), were found in the LABI versus BAI cortex. Studies have showed that these 619 

potassium channels are crucial for the action potential repolarization and neurotransmitter 620 

release35-38. Reduced activity leads to an increase in postsynaptic excitatory responses. 621 

Collectively, the proteomics analysis showed a clear enhanced excitatory neural signaling in 622 

the LABI versus BAI cortex.  623 

 624 

  625 
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4. Discussion 626 

The liver-assisting brain NMP model is established based on clinical practice. First of all, to 627 

simulate controlled donation after circulatory death6, exsanguination and ventricular injection 628 

of potassium chloride was used to induce cardiac arrest and the brain was harvested after 5-min 629 

no-touch time. Meanwhile, it has been showed that the core temperature largely affects the brain 630 

resuscitation32. The study reported full neurological recovery from profound (18.0°C) acute 631 

accidental hypothermia by active invasive rewarming technique. In the study reported by 632 

Vrselja et al, the brains were preserved on ice for three hours after 1-hour warm ischemia16. 633 

Besides, the Hemopure-based perfusate used did not contain any immune cells, which role out 634 

the profound effects of immune response in ischemia-perfusion injuries16. Therefore, their 635 

results might over-estimate the brain tolerance to ñprolongedò (4-hour) ischemia. In the current 636 

study, to represent the majority of clinical conditions, the brains only suffered normothermic 637 

ischemia before NMP and the perfusate was a whole blood cell-based one. Therefore, the model 638 

might better simulate the clinical conditions when compared with the previously reported 639 

models16,25,26. 640 

To our knowledge, the standard method to assess consciousness ex vivo has not been 641 

reported. In the early studies and the recent report16,17,39, EEG was used to detect the signs of 642 

consciousness. However, the EEG activity itself would not reliably signal a conscious brain 643 

since such activity is always detected in people who are under general anaesthesia40. In this 644 

study, instead of isolating the brains from the skull, we preserved the brains in the skull and 645 

disconnected the head from the body between C7 and T1 vertebra, which makes it feasible for 646 

testing brainstem reflexes, ability to breathe, and particularly response to external stimuli. 647 

Therefore, we can use the FOUR score, a clinical scoring system to assess the state of 648 

consciousness23. The results suggested a almost fully conscious state in some experiments, 649 

although the FOUR score could not achieve its maximum of 16 score, due to the disability of 650 

language communication and incomplete respiration movement without the chest. The EEG 651 

changes under sound and light stimulus further supports the awake state of the perfused brains. 652 

These direct evidence show that consciousness can be restored and maintained ex vivo.  653 

One of the important findings in this study is the critical role of a liver in the ex vivo 654 
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restoration of consciousness. This finding is in consistent with the presence of severe coma in 655 

patients suffering primary graft non-function post-liver transplantation, which requires an 656 

urgent re-transplant for life-saving41. We found that addition of a liver in the NMP circuit can 657 

reduce the levels of inhibitory neurotransmitters and aromatic amino acids in the perfusate, 658 

which is consistent with clinical observations in hepatic encephalopathy27. Moreover, the RNA 659 

sequence analysis showed that the liver-assisting NMP enhanced the expression of a number of 660 

genes related to synapse formation and function, neurotransmitter, and sensory perception. The 661 

proteomics analysis demonstrated that the majority of differentially expressed proteins were 662 

involved in regulation of synapse activity and the excitatory neural signaling was stronger in 663 

the LABI versus BAI groups. 664 

Ex vivo maintenance of consciousness would raise important ethical consideration. In this 665 

study, the pig brains were dissected under full anesthesia and procured after cardiac arrest. The 666 

perfusions were discontinued after 6-hour NMP, although our preliminary result showed that 667 

the consciousness can be maintained for more than 22 hours. Painkiller was used during ex vivo 668 

brain NMP and no obvious sufferings (if we can interpret them correctly) was recorded in any 669 

experiment. However, a standard ethical guideline should be outlined by the corresponding 670 

stakeholders according the international regulations. Most importantly, any attempt to use this 671 

technology in resuscitating human brain ex vivo should be forbidden before the corresponding 672 

international regulations or laws are approved. 673 

Undoubtedly, there are a number of limitations in this study. Firstly, we tried to use pigs 674 

for food production instead of experimental animals. However, our institutional ethic 675 

committee only considered ethical application using experimental animals and the lab did not 676 

allow to conduct studies using animals for food production. Secondary, we did not document a 677 

full FOUR score in any experiment because it is almost impossible to get full score in an 678 

isolated head or brain according the criteria. It is suggested that EEG activity with 679 

responsiveness to transcranial magnetic stimulation (TMS) might be an alternative to assess 680 

consciousness in this circumstance. Finally, we showed that the liver-assisting NMP was able 681 

to regulate the metabome profiles of perfusate, enhance gene and protein expression related to 682 

synapse and neurotransmitter, and ameliorate ischemic injuries. However, the detailed 683 

molecular mechanism is still unclear due to the complexity of brain function and study design 684 
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of big animal experiments. 685 

In conclusion, we report that ex vivo liver-assisting brain NMP can restore brain 686 

consciousness after ñcirculatory deathò in pigs. Without use of any central nervous system 687 

stimulant, the maximum WIT after which the brain consciousness can be restored is about 50 688 

minutes. After further development and optimization of the technology, the complete ischemia 689 

time that the brain can endure might be prolonged. The knowledge from this and following 690 

studies will probably help improve the technology of brain resuscitation, and update the current 691 

diagnostic criteria of death.  692 

 693 
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Figures  814 

 815 

Figure. 1 The ex vivo brain normothermic machine perfusion (NMP) system and 816 

experimental workflow.  817 

(A) Simplified schematic of the open-circuit perfusion system. The porcine head was connected 818 

to the perfusion system via a pulsatile artery line. In addition, the liver was connected to the 819 

system through a common artery line and a non-pulsatile portal vein line. Ports for arterial and 820 

venous sampling are shown. In this system, electroencephalogram (EEG) was performed to 821 

detect the electrical activity in the brain. The left middle cerebral arterial flow were detected by 822 

transcranial doppler (TCD). (B) Schematic depicting the experimental workflow and conditions. 823 

WIT, warm ischaemia time; BAI, brain alone immediately NMP; LABI, liver-assisting brain 824 

immediately NMP; LABWI-30, liver-assisting brain 30 min-WIT NMP; LABWI-50, liver-825 

assisting brain 50 min-WIT NMP; LABWI-60, liver-assisting brain 60 min-WIT NMP; 826 

LABWI-240, liver-assisting brain 240min-WIT NMP. 827 
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 828 

Figure. 2 Ex vivo normothermic machine perfusion (NMP) of brain alone can maintain 829 

vascular circulation, tissue integrity and metabolic activity.  830 

(A) The transcranial doppler (TCD) demonstrating restoration of the middle cerebral arterial 831 

(MCA) flow by the ex vivo perfusion system in a representative brain. Mean Ñ s.e.m for 832 

statistics. Two-tailed paired t-test for each point. (B) Hematoxylin and eosin (HE) staining 833 
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(400Ĭ) of the cortex, thalamus, hippocampus, cerebellum, and brainstem after 6-hour NMP. (C) 834 

The terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling 835 

(TUNEL) (200Ĭ) demonstrating apoptotic cells (green). (D) and (E) Histograms displaying 836 

normalized percentage of TUNEL positive nuclei in the cortex and hippocampus. Two areas 837 

(200Ĭ) of each brain for counting. (F) Paired measurements of arterial and venous samples 838 

indicating the arteriovenous gradients from the ex vivo brain NMP system. Mean Ñ s.e.m for 839 

statistics. Two-tailed paired t-test for each point. (G) The positron emission computed 840 

tomography (PET-CT) scan showing active glucose metabolism of the whole brain. (H) The 841 

electroencephalogram (EEG) testing results showing respiration movement but no organized 842 

lobal electrical activity. *Indicates a significant difference. 843 
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 844 

Figure. 3 A functioning liver is required for  ex vivo restoration of brain consciousness.  845 

(A) The electroencephalogram (EEG) testing results showing distinct conscious state of the five 846 

groups. (B) The EEG results demonstrating responses of one brain suffering 50-min WIT to 847 

strong light (upper) and sound (lower) stimuli. (C) The Full Outline of UnResponsiveness 848 

(FOUR) score in the five groups (BAI vs LABI, t-test. 3h: p<0.001; 4h: p=0.025; 5h: p=0.046). 849 
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