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Abstract

I'n clinical practice, a padfuiestc dreesssfewli aaée dod
po-strdi gc adrmrmdtmtnissidrerrdeMdeyr dliamaged within minute
arrest. A recent report showed that <cellul ar f
mortem in pigs. However, whext hierv awmknnaow m.u stheersesi
we devel oped nomnotpphefriiiBcjecorarcdhl e g y vbifreao n

resuscitation aWe ef owmnalrcfudhsaitoonp yo fd etalten .br ai n al

preserve circulation, cytoarchitecthwrne f améteabd
regadmsci.ouWintensssupports of a functioning |iver
andonsciwesaeaessstored. Brain function could be

technology was able to resusgim@nenoomstheunmne

i schemia. These fineaismsdgs tdergo rbgtari ant eNMPh ata nl irwee
consciexsakvser a prol emngadcem.nt er val post
Keywocamlssci ousness; nor mot hermic mashsaoaiet paer 6 o

brain functi on.
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liIntroducti on

Human bennpedéelgad ¢y dead ifl oheyofshawl ibraver
(brain adelatchi)r courl(acti orrcyu | falDrocetyitamretahd) advances i n
t her amye xssucahc membraak oxygenation (ECMO), a pat
his own circlul @nortyhef uontchteironthaend dl, atslsaimet i en at
mammal i an ibrrraeivnesr sarbd y damaged within a few mi
sup®l yBased on this assumption, circulatory de
unsuccessfoud o-&tersdiis& @ dhtetciause t he ifidberaadvie ni $ heonsii
circulation can be restored by camtirfoil ¢dieal dtomotl
after circutheopgtdeacddihdmnsi2ndwetced saraef ter their he

anadrgan dona%linodne epdr,0ocae esdysst emi ¢ anal ysis with i

t h

ac

at under stri-mtnobseevaakcespéhttderedus cerebr
tivity fohaswnoty asystoéd to dat e
Howewvener gvngence challenges this assumption.

uronal ,olebtgictnebphgti c fbumeitii cmnofbetnmiemgai ned

obal ®ilsclhne mmihae pi gs, trhien bglad masl ciasnc R eorhiea au red
ntroll et rHovweeveaurs,i otnhe s eb esattuidnige smoudseeld, aw hh ecéhr
i fferent from the <clinical scenamtbat ot hear d

' lul ar and mitochornairn atli §sunects paisé soef n sheudmeam
urs af*ter Modsetat hece et | yaelp oZrvtoend ms uccessf ul re
rculation and cellular funcimoaonemnbiysawlsatngd

ai nEx sgsta&bnl itoh rteh®®i rHoowewegeean e koppr tdii malt emlat t

consciousness has never been recorded in th
successful recov-moryt eeh adrrdi oorfwinrcdii mgn ewisd
all engeditahgercacauttiece nat of | dlieac hi mng. s

The Brai nEx sysdx mniawanoahéymiucsemsachi ne perf
chnol ogy, which provides normothermic oxyger
ncept. I ndeed, in 1960s, reseaiohdéwusncti oadch
mai exaV.ifad study demonstrated that the met:

tivity of the WMreadaiemrsd adan3elro(u2es)t oese@arbtauftt er
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i schemia time. This midgehtelboe eadx pPNNMEPIi 1t eect himyo | tolgey
Recent repoeks WdMPowsdabhetto resuscitate funct
l'ivers and kidney® aHoweverlifcul atsrgtidehtbnkno
also resuscitate the brain function.

Notabl vy, the Yale group did n®t Bdsr dteos,r etshte

technol ogical characteristics might explain wh
be regained in their model. Firstly, the brai
nor mot hermic i schemia ta mei nfe6 O( 2ndiOn )miann)d. tSoetcaol n

i s highly sensitinvérboomdke BchangGgs sgbtem may

provide suitable conditions, such as metabolic
Finallyvy, as opkaimedrionoushantagani sts were adde
possible electrophysiological recovery.

I n this study, we designed to exstwifwlet her
circulatory death and what is the iscdemic int
viboain NMP technology contains surgical techn
machine perfusion devicdeamai guasn Wentirenl g:
brain alone i mmediately after <circulatory deat
restored. Then a |liver was added into the perf

brain resusci tfauliloyn,h esMhpi crhe sstuocrcee sasnd mai nt ai n

behavior monitoring, consciousness scoring and
the normothermic ischemia time was <carefully
recoverb5e0d nma fntug iersd ipaocstarrest . Finally, the perf

RNA sequencing analysis and proteomics anal ysi
possi ble molecul ar mechani sms. The besiulhts in

consciousness can bex refstteorr eai racnudl artad rnyt ad enaetdh .

2Met hods
2.1 The placement of electrodes
The reference electrodes were placed on A1,

pl aced on Fz. The aclcoctdi e & owd-thée gingdteeamh,atti foa
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el ectrode names begin with one or two | etters |
the elwactploadeed -pofF@myr ;frFontfaogont al ; C, central;
temporaonah) el Ect reoddiet maamenemider or | etter indice
midline. @ec mnsmlern i t he | efetd nhenhies ph egrha, heewd s
Larger numébgereatienrdi ciasteances from the midline,
mi dlwienee | abel ed wi tws apl"azc"e df oorv ezrermoi.d |Gzne centr
Fava pl aced over midline fr ontwale bprlahibheedf eogni ons .
and resgbéspeativel y.
2.2 Sample preparation, UHPLC separation and r
anal ysi s

100 oof sample was transeleexedactod aol EPi bmb ¢ a
met hanol = 1: 1) a&rod2Caiil mir g hiemegd ramladln vwsatsa nadd d e d .
After 3&dstlveorsaemples were-waorirc dtaed . f dheh mihe
were incaulhoed lath and centrifuge@ a4&R500000 r pi
supernataatrwdstoransfesh tube andCdrTlkaen, n a
the dried samples shewndé bSOCoRsrioOmi ¢dile DO son
mi n. The constitution was then Cceanali fofged at
supernatant was transferred to a fresh glass vi
sampl e was prepared by mixing an equal aliquot
The UHPLC separation was <carriedesutUHPECngyahek
(Agilent Technol ogi es), equi pped wi th.cm, UPLC BE
Waters). The mobile phase consisted of 25 mmol /L
hydroxi deoHN. YAy eand acetohibnilgea@Bepnt Thasebket
0~1.0 min, 95% B,; 1.0~14.0 min, 95%~65% B; 14. 0~
B; 18.0~18.1 min, 40%~95% B; 18.1~23.0 min, 95%
temperatiCreThweasanp8eer aemiCe amed ithj ecti ogk vol ume v
(pos)sLofne&g), Arshegicltenwtel §495 triple quadrupol e
Technol ogies) was appliedr éact iacrs amo rietverd iorpgne O MR
Capill ary+38B0AgV¥, dgaempEeNALt ugds F(WOBW = 16 L/ min,

gasy) (Nemper&tus@deatB5@9as flow = 12 L/ min, nebul i
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The format for MRM raw data (.d files from Agi
B. 06.00) were first converted to files in mzML
ProteoWi zard (version 3.0.6526). florematt Hd | mzsML sfi
the 66mscatdd program incorporated in ProteoWizar
into R and processed by MRMAnalyzer. The gener a
transition index, 1l MRIM tQ3anspeddiofnisg atrieotnesnta on
respectivel y. The MRM data processing using the
accurate m/z transformation, peak detection and ¢
check tdmd isctdd analysis
2.3 Surgical preparatamd lofvemhse porcine head

A t ot alli beftp iZzipnuir chaSedt iemom Medi c@ua ngnz hvoeur,s i
Chi n&,0 XQ) wer e alsepmednutr i onfg tdhreesr bTrhaei ns tNUMIPy t e c
protocol was reviewed and approved by the Anim
Hospital -soefn SdunniCvveartsuiltayt.or y de atxts awagsainndatd uoad
ventriocjuéartri pont asfsi i cTrol omii mdiec clinical organ

circul at omiyndeagt ,t iamé was waited before the h

After the technology was optimized in the prel.]
perfasddb brains harvested i mmediately after ¢
pat hol ogi cal assessment, data from which are p

I n the BfAtlergramnugsskilae,s icao n it ehamtuis\c el htaipuaniede ¢ heen d
connectdeem GORtandwdrtatvewi ¢fhreequrency el ectric Kk
bil ateral c¢omnaonnd cwaerrostdwdes |sla dttdwed retse biread farrane r
subclavien artdemitbesr weoeomy gvadedypypdser mbd r oo
common carotid arteryThhe6o2nSk0 Oa nUud hjewgaw lianr waesi n nst
i nj extsathguE 8@®D006nmL whaloem klhceceo dagh dwars ncad n cawa tte d
anfdo!l | owed abry ivngretprbigcausis i u At c & | ofr ticathte edsr aae s t
the common carojfudvkeanersy emr weéd cxamijdaduwsadhe dhe
and spinal cord werabtdirseshmededieadt elThec bhrmec twe

brain NMP system t hrough.Fohre tdmemiosu écrag olhri ai rarl
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groups, the liver with the abdominal aorta (in
di ssectexs dred wirreat i on
2 . E4x WwirvadNMPR echnol ogy

Ouex vhorvaiMPBsystem coast esrtisalpal puwaesnpo wsnigump unit
oxygenation unit, a filtrati(Foing.ukyel it e ar ttehreirano
pump unit uses a magnetaitdq boecgpean yn upheadpeotood s up pl
containi nwi tpeed@fnustaatel e per fo4d lrOomHem e spairrfeu giamm ¢
fl ow ofalghed/ mi n. The adjustable perfusion press.
i sl1mHgvi tgeraf usio®a5 nD/omi n .

I n the BAIG rgrarutpegr iaal cannbhébmomwmscamstirdedr t
trunk pertbhbuaienh ot heames i st igmnmgsuhMP abdomi nal aort a
celiac artery) was connect edt It eFrdttee rcioanmimocna ncnaurl
waisnserted intottehenudh dpoergidnuaslleyatohretVMet a vwwhi aed br
a straight 24Bredcdmmnulhae wagt alThaeitre rtyo pprersfswse
ranwgaanai netda9#®it0O®MmHg t o I|keNe@Af tbw cl ose to the pr
val ue
2.5 Measurement of gl obal cerebral met abol i sm

Hourly venous perfusate sampl dd4 owe rteh ec dblrlag mt

during ANMPeri al per fldseatte ds d mplme &€ hwea rceoemmoan!l t r u
inlet |Iline to the brain every 20 minutes durin
hal f hour for the following three hour s. One

i mmedi ately &ahalTyAT&d wdiorogl anal yser system (
Singapor e) with CG4+ Sanmd |BC8y,t ¢dtca daiaetrietrsi diy e
glucose (GLU), lactate (Lac), PH, Cpg2a,i02RB a l pres
were calcul ated.

2.6 -PBTan

ThBPETT examiangaér oor med on -SXEEITIT{ PRi IGiems ni

Heal t hcar e, Noeetr hf egrblaatineelsge¥ i oT he o i nj eclt i &dn was -
standar d img2Detoikdgifr] O f-rg@lr oc 6BleFMGas admini ster ec

foll owedmibnyutae 3J@ptake period. -nMihreutRETs ipnrgoteo cloe
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acquisition with the head positioned in an ap

parameters were as fol MomsPET26!| kVe I21B4MchASsaNn

matri Xx.
2.7 Global el ectrophysi sl ogi cal monitoring of
Af tseerdat i on rbauwth emdf ornet utbati on, bhawanssi t i al (

recobdedrgNMPot he gl obal IEEsddacf riesolrateeld cping i n
t hroughoutRteillivil®P det ecti on and assessment of gl
performed by QEEG analysis $y9ddem N@Niuso IMetdOrcea
San Carlos, CA, USAf) .gHBEG@ iWwgiszoctdr dlo arstsresmpy t he
of the isos] atede gihawihkadstr at e. Gl obal EEG was
silver di sc electrodes (Fp1l, Fp2T heC3p!l aCcle meTn3t,
of el ectrodesSupsp oprrtoivn gd eldn fi onr mahtei o n
2.8 Transcr@nC@redopal ebl ood fl ow chart

Af tseerdat i on rlacthelaé¢ f,o me uibraittiioml cer ebs al Dbl ooc
oft hpisgve rme a s uDuverdierxg WiMMPo t he cerebr al bl ood f 1 ¢
measurement of i sol agwdr pilffhrdereadgwak pbafbr e d
flow was acdeM@Adt imromgh htehe ocul-dr 5wmhdwws h(d
1. MHz probe b9YPBADZEGBEMShenzhen, China). The pe
TCD waveform was used to evaluate the cerebral
2.9 Assessment boulclon@uti loiurse safat@msResponsi venes
daily bmomdwioari ng

The conscicows as tead vgriegaf gildVeRdba s a s stelFeO®R by
scor e. The FOUR score i s a coma assessment scs:
response, mot or response, brainstem reflexes,
maxi mal 44Tthhe esodre of these feuergompanebhhsowsg:
NMP Al | t hsofprsaceakentggerwded Wey !l a9 deesossed t he for a
drinkingreapendamidgds | noidldels e ipmgperties of col
can be explained at the neuralasskebmendr alf, da
behaviors owdseurclayraed redboaedecrbpr ali deost ex r

i sol at edwas ge vhxlawdat ed by perf orst inmuli alithenrsi v e
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respsamshee se , stsiumbhbimeryee ldfds and ear movement, \
videos. The EEGnhgeacyi ohawgeei erdfuree quoe niciyg hotr aar
sound stimulation was recorded by qQEEG anal ysi
2.10 Tissue processing and histology

Ti ssue sect iFoonl |porwe pnagr atthieonendpoi nt of each e
was obtained from theThtwsiadeanwehandimseHdieaek efdoi h
bl ocks andayfshnxd& par affodmal dehyde atmmAC. Tiss
thick slabs and pl alciesds uiers dvealsy drhaetni odir obpopxeeds . s t
al cohol for 3.5 M,% 89 % ochlodo foolr f2o0rh ,2 9h6,% 9%l coh
alcohol for 40 min. Samples were sequentially

and 50% di met hyl benzene for 5 min, di met hyl b

mi n. Ti ssuerssewerien iprenr af fi n | for 1 h, par aff
Eventually, bl ocks were embedded -2i0MA meleteezd nwa »
tabl e, and sbectseatidon na®indg the pathological
Il nsttumM2016) . Sliceasf weslei inmunted on ant.i

HE st aSencitnigons were serially dewaxed in di met
benzene || for 20 min, 100% al cohol | for 5 mi
min, and wa®heédr wBt mi ddHTi ssue sections were ¢

f odrmi n , flushed withhmdartceah!| odriifcf eaceind | adq leao sy s
rinsed wand dwdedkrby aqueous ammoni@o.(,Silhtodp,harr-r
1000 2CIhli8n,a) , flushed with water. Section were s
al cam@bDO0 % a,| caonnddé d deeods iinn sol utSampmweéoe Semially
dehydr 209 daliddi0O®| al ddholl100 %|nbluctoyhl o ldil methloy |

benzene |, and di methyl benzewerséeh!| ®edr by miewtir
gum.

TUNEL asnSegti ons were serially dewaxed in d
benzene 1|1, and di metnhylachhersz empe Iwlals hfealr by 5 1mi0
al cohol 1, 85% alcohol, and 75% aiiOcdlal 5f or !

mi Bectwiasn encircl ed brymuarodii rsd¢loeth@ mnepveeantty genmgui d

from fl owihreg twasssyceover ed ws$ o lhu(tSremnve ic2e@ps 0o, K G1
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China)thenciubalted f ori n2c5u bnairtiorris emdadw3 T AC PBS ( p H=
I 5 Afitngcubiah beee | | médmda laiareg(tSeornv i 2eDpi Ghi 16Gd)
for 20t mionom temperature, pprcoponat eaereagashed
reagent B TUNEKBQRoc heé6Bd385WDh1lAlerweineal : &®n d

adedd ng$ oitcoerscubate for 2 hoTirssuems awer7éACr ii msaid at
dyed byt ®ARI ngSenViute®BhincChi@B@om temperature in
mi.rscampl es wer e wassehaelde dt hwifiticheo aaensdaent @@ enquenchi
(Servi cddedfli 6hi 1B4)

Ni s sl Sted ismwmng. ser i alsl yt hdedHviEatxeepda iof i n g . Ti ssu
stained with 1% toluidine blue (Servicebio, G1
rinsedOiand dtHhen di fferentiated in 1% gl aci al ;
was controlled wunder the microscope, and the
di met hyl b e ndzreineed faoird gshdarilyred by neutr al gum.

Il mmunohi st ptH&micsti oyn were serial TYUNEHlewaxed
staining. After rehydrating, tissue sections wi
(pH=9.0) (Servicebio, G1203,( 3Chli n5a)miann)d. wEansdhoegd
peroxidases of tissue&Gfwerabgmencecmpdarnadouhe 3%
protected from | ight. SIlides were blocked in
G5001, China) for 30 min before incdbati on wi
primaryi acti:db-8igHy p oixn duci blad pfhamcotucsté-Ha ai ip h a
1: 1AWg am;1 606 6H(shherddt s hock; 7handla pg®00 dibrc a m;
ab474580RdFF2Ncl ear factor; eaphlREDAF B2, 122 0]0i ke 2
ProteileB3B8&MUnconj ugataend i proidmaersy were rinsed wi:t
(3 1 5 wmtionn)j.ugkRRd secondary antibodies corre:
anti body were dropped on slides to cover t he
temperature. Unconjesyaweerde sveasomedda rwi tamtRBS d(ip H-
Freshly prepared DAB coloring solution (Servic
sample. Action time was depended on color rend
color reacti by waserefmusat edhe -ypeolsliodgw.ve col or

Ti ssue sections were counterstained with h e
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di fferentiated by hematoxylin difdrdedhyedthyn
the hematokyfundb(Bervicebio, G1340, China), f

bl ue. Section were serially dehydrated in 75%
benzene |, and di methyl benzewersé&hl! feduwtbryalmi n i
gum.

Immunofl uo(leeencens were serially dewaxed a

Ti sswere suffered to antigen8r0et r(i evra@l0, Zueshiinog, rG
Chi na) and was hed i n PB® mig lptHs 7 mwée ) ea(t3edl wbt hv
aut of | uor e s caegnecnet gfuoern ch emirnu nanni dn w ansalt &d&r imd s h
were blocked in 3% BSA for 30 min before incub:
The primary ahBAbo@lkonheeéndgd eaddt acpituenr bmoMdeicul e 1;
|l balG0;1:Abcam; ab5076); GFAP (Gl i-GRAF0OT:i |l |l ary
Si gma; G3893) ; GAD1 ( Gl ut aGralle; dle:claOrOb;o xR/& [ sy sl
AF2086) ; and NRGN ( MNRUWSr; o glr:alnQiOn;; Rs&De espy satnetms ; A
nucl weairssedwd t h . DABIsweee washed thri-tleuandssented
guenchi.ng agent

Mi croscopy and | magdedEpr ofclaNeEL 8 g | wéemening
vi eweamn bpryi ght N | cKrQIRBRCd-.d (PeS E J@édpgauni)p pe d mavg it hg a
sys{ BmMKD3U3.) | HCWwanad visualized using QlhCe fluor
XSE204 China) Casd Vi KIWRTECH3D Pannor ami ¢ MI DI ,
respectivel y.

Hi st ol ogi c aln dd agtuaa nat i ahld ycsaigsi cansi ng the 101 or
as described previ ofluusNEL), INfiGsrssdmai legrGAp@dat & iom

NRGN, GFAP )awedel BAAndardi zed to equivalent T
summari zed by a blinded participant for the in
if exceeding the | owest intensity | evel, not
incating mechanical injubyiotledetltsal RwadomsEee

the figures as dedscorbijbeecdt se awelrieerc o umtteedr etsdi ng
l maged software (NI H).

2. 11 aMbeol omi cs anal ysigexofbiteoen.pdMF usate durin
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Perf saatpferesm t he arteri2anpboéoliudMRPafwdrnreae at
collected in theTB~AJ maive sdtAdBil resgthaampisntT h e
detailed protocol of sample preparation, UHPLC
i n Stuhpeporti ngTheaweadmendliyoned by means of Statist
(SAS I nstitute I nc., Versidecl9amgd &t aRi<stl.cy.
t hrdeeanensi onal data involving the peak number,
were fed to a SI MCA software package (v14.1; $
Sweden) for princi p&A) camdomenthogonahbkhV sipsr o( Bc
struidtiserces mi nat eéDAnhal EGAss i ORe & t haell adtias.t rTiobut i
obtain an enhanced | evel of group separation at
responsi bl eibaor supéBAfwaed OPLIS ed. This per mu
conducted to validate tibhbAhk, mbodleoadnng hgl dtaswas
showing the contribution of variables to diff
anal yesifirdgth principal component of variabl e i
obtained. Il f >P, <t bBbeO5theaedv &t Pable was defined
met abolite between the groups. UsingKBEG®R Kyoto
http:// www. genome. jp/ kegg), met abolic pat hways
were acquired.

2. RRRA seqguencing analysis

I n brief, isol at i-FoNA owa st outsaeld RONA TaRldz o(RNCRe a g €
the manufact urfer ®#ls RNAt wast ipemd or Aseedq . f ofrhesub s
pol yA+ mRNA was selected from the total RNA sar
The c¢cDNA |l ibrary productmRNuwsear W2 nleirart eerdy uBsri enpg
I'l'lumina andtéedeqgueéhauend nasiHH $eq X Ten. Library
were perfor medBiadt eSchhe nCGdreao &Chhiit 9gnr edidgh wer e ke
sequence analysis by the Il Il umina quality fildt@t
rpk M. GearelsO wnapped reads were considered as
package method was adopted to analyze the diff
2.13 PrabhabmbcCs

After dithiothreitol (DTT) added to reduced
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to al kyl ated, ice acetone was ad-#86d toléeampl es
centrifugation at 4 coll ected the protein pe
pell ets was ddLs storlyvpesdi nwi(tPhr o2n® gtai,o nMa(diins om0 ™M
ammoni um bi2daallmd maitten strongly daobr 8x aadet hegh
Tr ypdsiignesti on peptides desalted with Pierce C1¢
under the guidance oMS/i MSI|I wopiesx.i fi cation before

The peptides wer eL rseocsluvsepretn dfe d( swiltvhe n220 A: wat e
aci d) and alnianey zreanSyp M&Eny oh Can Or bitrap Fusi or
EASYaAd system (Thermo Scientific, oMA,eald®hA) . T
fraction, with MSZ115mas sanrde sMS/uMS orne soofl u5 0 n of
mo de .

Al MS/ MS raw data were analyzed using Maxc
Andromed was set up to searchDédWBwldespr @2/ B0d9p
104050 )@xndumiesg the digestion enzyme ‘trypsin.
fragment ion mass tolerance of 0.020 Da, a pal
cleavage of 2. Car bami domet hyls dfi xeys tmoidn | wag
Oxidation of met hi g@reirma narsd waeae et wlpeacfi filed nn
modi fications. Protein identifications was con
and uniqguwé.peptides
2. 14 Meas uerreume nlBllen0e | s

Thper f gampfereomi aptetrefrusi on | i ne swakBemLcol | ect e
sampl edr owgped onto -bRapicdhi pestf KILItOO( I mmunochr
(Wuhan Easy Diagnosis Biomedicine, Chinna). The
i mmunoassay analyzer (Wuhan Easy Diagnosis Bio
2.15 Stadtireprosuanbility

Al l data are pHNesenmedDatsa tdrealmesins was cond
unpattreesd st, repeated ANOVAs. The number of br ai
group, as well as apprpoepcriifaiteed sitna teiaBcthy wfiaiég uarnea Il
2 A, theaitewdt pai seddete used to compared the MC/

duratioopandtFgog®.Delamd F, tthestusnpwmdrmreduged t o
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the apoptotic Hdelplox aimpuGo tbted xswweamd nor mal group
bet ween BAI group RingdR & e¢h.et-toa i hiteawadt gpradi lspe.d eltre  u s e (
to compared the blood gas par ametleffisg &reea.ween a
Cte, nheiwests were used to compar@wn3ltohte Four
bbet ween BAI Bgrououp@nduRLiiAgn4gB eNavhPd C, ttheestusnpai r e
were used to compared the Neuronal <cell densit
(C) between nor mal group and the other group,
Fi g#sEeand F, ttheeweusnep avisreedd tto compared the GAD1
NRGN staining cells (F) in Cortex field betwee
BAI group and Fihe4gkeaned Ig,r oftupes t nnpvaeirreedi sted t o
the i mnuesé¢ént stains for microglia (I BA1) in |
bet ween nor mal group and the other group, or
Fi g#sikeand L, ttheestusnpweirreedusted to compasefiot he i
astrocytes (GFAP) in CA1 field (H) and Dentate
ot her group, or bet ween FBAJ4Nger.a thpe -auensptasi hreeedo €t h e
used to compared metabolites between BAI and L
All statistical analyses by SBS88 2data pEBSSI
were conducted using GraphPad 8 (GraphPad Soft:
Adobe Il lustrator €<€0.(0Adowaes Sysakiend arleadc gtha f i © d

di fference from the control
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3Resul ts
3.Qverview of etxe cbhrnaalno g\NyMPo f

OQuex vbhrvadiMBs ystem coarst ertisalpaf pwaenpo wnigump unit
oxygenation unit, a filtrat i(Foing aané& hte, fa otwh enrgmo
perfusate passes through the oxygenation unit
the filtration ahi.t viehned oxeyrdeunseetsi dra eRlibPtaimai nt a
of the wietrhf uesxaptedcy edadjr asfgics @ ntslme eabo |l i ear needs
t hber ai nfshe filtration unit filters out tiny Dbl
mai ntains the temperGt dhe ofpetrtae i mgr i ng &2rd aate
mo nisa mad atdhjpees tf p 58 & saBNUdeenp er at ur e .

The system circhasascedpmmmbobvee h( aodul satil e
and -phuwolnsatile portal vein line. The arteri al p
mmHg t100090nmHg in 10 minutes to achiewechosmé dd]|
t o ptrheeop@radtuieve The portal veiraAZ2pdhgf ot i on@ai prt @as N
a flow higher than 500 mL/ min.

The brai-pser ves edimee di ately or after wvarious
(WI'T) with or without combined perfusi-on of a
per faixsedisvae ooy vaesr & hlrear vest ed FogdB)eurlen tthheiisr
study, we designed six experimental groups: br
n = b5-pssibsveng brain immediatel y-adl$Psgrogpb(ah
30 MWiI @™ NMP groBpP @QkAaBWl, -ams s s ) ;ngl-VilvTaiNMMP50 mi n
group (SLOABgWIoup, -ars s3 s% ) ;n gVibvTaiNlMP6 @ r mién® ( L AB WI
group, nasséds3ti hg vlrlai MM 490r od gnO ( gABWp, n = 3) .

Duringl EMProencephalmogr dtrdrgefBfo@®) ewas t ri cal ac
ot he sblrrainlscr ani al DopprhemitthbeeCOD )f. Twoded owsle @) atso
analysis of t he ptegliudat adjgaasst mseurpppel oyineadnmd e
componehbhsracrani al pressure was measured by ¢
cervical spinal stump i nA os htbhoeL mdenrne i eoll | avra smeaid e
whetnhient racr ani al pmmaidos. u rAe deoXdge podie dw@Hnes ed

whenMCKd owl WWadm/wer than t heApdedD®@emfatTrvaemardad lu e
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Hydrochlorwade adafdedtiont he perfusate to reduce
3.Preservation of tiactuieviitny egmd tlyr aime tatb®mifcun
al one NMP

Firstly, we tested whether NMP of brain alon
group) was able to resuscnitni-teoaclhnsicmeusmes sN.N
preparationfenédaNlb@Biafi n¥l BuifnFi hiBe .grMhep TCD
detection showedathat ffhewpoéNx.hée dne/fst. MUThe wfals
was cl os®pto at heepdevel at the beginmowmmg of NM
perifouns even when nimodipine FwaskA)a s eTdh et og ednielraat|
structure of the whFoilgeSrher.ad@ma&t doays!| ipm easred vedsi(
st aidreimognstrated the tissue integridpemfassirent c
injuries in the cortex, thal amus, hi ppocampus,
compared to thé&ipgeBkt Hyreendo mtad oldse saynsd @lr actei dy
medi ated biotinyl ated UhB wsthal ddoég olpad me liicnge( T!
in the cortex and FigmRaeagmpuIhesesdatni dempnsét

brain circulation and tiesuWMPmtegrity were pr

We then investigated whet her r easdtoirwat ebltoloa
gl obal met abolic activity. The arterial and v
course of experiments. Cd%sitshenar twetihoueireo upsr

demonstrated consistent consumption of gl ucosce
product i@amdphfay sC@® 1| ogi cal Figm@Hen Redemabyes a(

reported that both the brains a#®fd whiuscchl ensi garte
explain the increasing | actate stegsslbesdatheg p
t hber ain, the arteriovenous gradients reflected
To evaluate the met abiotlen@nsad oinvicmgnpou@E el e br ai r
CT) scan was done andstsdamdverdd elmtDOKede & veableu ¢ b mu
(standard WptGadke WraGBitmNtdeam d Wpt0BKree vamhder act i
glucose nreitgadsped .i $meg¢e results confirmed that m
was egai needx dduiM¥on g

A previyowshosnewd compl ete recovery of® pig brai
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during which theilmr awiiwbwheares beaitti atgedt he f ul

ot her thanptrkesebrvedh. waa the current model, S

corneal reflldxghand eddpeixl,| asreyr WiMPODe Besi deésdut ihe

heads showed spontaneous respiration and its

pCQO evel in thelDperHauvwewer ,( vtihdee oEESG moni toring

kind of organized gl obaHi gg@Hee.t ai thbughti kkeyyl o

awake. Obvi ougpeedamakdo h®ltadd easrHdi act ea s al resis

(Fig®Ce.occurred, which are in consllstTerce witl

findi ngs esxugiyMBdBoS krhaeitn al one i s abl e®ntobuéstor

iftfat bsresehseceousness

3.B3 wviewwsd oration ®ofadcdansicoinouwsfneass i ver i n the N
Hepatic encephal opathy or even hepatic coma

sufferdtngge nldi?vewWe dhgpaskesi zed that global el

resteoxr ewi tdout the supports of a functioning |

pig was perfused atpasgemi { bABhegfihlkrapdhdoBetihenalk

procedures, the WI T ofNOt.\Wfenpr wasasl|l ongéehi shgnou

BAI gr olp.ng PM=®.)a677The |ivers continued to prod

indicatiwegr € hfuf Undde thistircongtance, the EEG monitoring recorded

frequenta waves and waves F i g 8A),é&oth of which representteco ns @ica w v i ty of

t he % lmportastly, theex vivoperfused heads presented with activities associated with

high-order brain functions such as eyeball trackfogpgingand response to recorded pig voice

(video &). TheF u | | Qutline of UnsReeswhichmisused o assessthe( FOUR)

conscious stat®, was much higher in the LABI versus BAI group {SMP: 8.22 0.7 versus

420 0.2, P<0.00% 5h-NMP: 8.80 04 versus4.8a 1.7, P #.0462) (Fi g WB€)eThe

maximum FOUR score achieved 13 in the LABI grodja © IS2,) suggesting an almost

conscious wake status of teevivoperfused brain. During the preliminary stage of establishing

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

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

was tootired to continue. Collectively, these data showedt¢hatn s ci oaesnbesrestor e

ex byvoombined brain and | iver NMP.
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3.Rlegained brain function 50 minutes after car

The prienvisdwsy showed that @rhien pdlgob#&laiins cmeimi
and a verxy writewomeyntr eported that cel |l uhhoaurr f unct.i
compl ete +dhooumhemiaar m( I stcdhemi aolpd uss Bhemi a) wi t |
consciousn®ssTor acsrtdetdhe | ongest nor mot her mi a
consciousnessex aninvbpi gestohedbrain W T was ex
(LAB3D), 50 mi A5ult)e s 6(0L AnB WBWt)e, s a(nNLdAABRWIO -mi nut es
240) i n tuhdey.c ulrthree mbtr asth consci ousness coul d be
aft-8r hBdueaxs WNPo as evi denceH ghBhA)eEEBOURC®case
(Fi gBA)e .andb edhaaiylwo dBg oi 15 t h30 LArBoAMIp. When the br ai
5émn WI T, consciousnessdrwasalddowmgédn theodarinm f o rntehe
presented with brainstem funcyteiloiedrsel af bBedcase
stimwhyati nt ens i heesnioivehit @ ssgrdodn Nt e oui(wei ddpo S
The EEG reachti\hiedstyei mmuel fifer eaghmenpd y t ude was recor
guant EE@QEEE&S) ana(FygiBB.essystoeamr ast, neither org
activity nor brainstem refiméexn omoRdWi GTpren the
3A,Tab8e . These results suggest that wunder prope
after ungxpeatcteedadlomposarrest.
3.15mproved circul ation and redasséedtnagreprabubnl}
al one NMP

I't is of great i mportance t o axdweEstaarnat itcre
of consciouehesBbBe KAddetioncreased the MCA fl ow
presbuged)é¢. and substantially dele(lABld weres upser |
BAIBi JBFe. which is a bi®¥mateeesodirmhlewebl é df1L0O
not i ncreaseprall oomiggTewi whhi cchhemi ght bei expbdfai ned
prosginh.heWd ssubsequently assessled ewh eetchteiro ntsh eirr
cytoarchntegtutglof brain regions which are hi
such as the neocortex,3hTipgbdBsctaaripruisn gt addedmomesrt & |
obvi aaudholpogi cal changes of cel |l shrinkage, n

expansionhippooampahl! anidn ceheb8lRil aa@Bjeb.abl
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contpywyrsd miedualo mpd ulmgd | vbiotdh elsar ge atedt miucdleliy |

e X uberearnvtesi flihbked B | grdap cytoocfricédrtextutdal amus

hi ppocampusanke ai el dlekBaind L SEWIcweprceo mpar abl e

tohosenonmaheFiod $59).8esi de s, no significant incr

in the hippocampus was d&cgmeQattd® dsi WhEhese tw

prol ongedf, wwhéeaesme hi ppocampusantthearleabneu sl ubmg ¢ abmea

| ooseamdarhe evacluadnadeal | s,deieplkaegdear, npiyrkenaossei ds

apotpitaand ecr otsi €( gw# JEl.t OF afmidguH)e.. I nterestingly,

cytoarchi t epcrteusreer vweads iwte Ithhea i DABWIt Ri g®Bhesci ousne
We furthserdasdhe n e u rNissl sthining. iTlaebreslults tshowed y

comparable densitgf live neurors in both CAlfield and dentate gyrusetweenthe Normal

andLABI/LABWI -30 groups. In contragthere was decreased density of live neurons in the

CAlfield in theBAI group(F i g 4,A & C). Immundluorescentanalysisfor the inhibitory

neuronal marker glutamate decarboxylasgGRAD1) revealedpreserved cell density in the

cortexof the BAI, LABI and LABWI30 groupgF i g 4D wep paenrfeli g 4B). &otably,

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

density in the cortex of the BAI group, but preserved cell density in the other dfoupg u r e .

4D | o weenrfeli g 4H). 8Ve next assessed whetliee glial cells maintained their structural

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

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

the dentate gyrusf ®Al, LABI and LABWI-30 groupsF i g 4,G#1). In contrast, staining

for astrocytic marker (GFAP) revealed fragmented signals only in the LABMrains and

preserved astrocyte density in other groubs (g wy Jeto L). To dissect theotential

mechanisms,mmunohistochemisty analysis fibre hypoxiainduced markersHIF-1 JHSP70

and NRF2) was conducted. Staining of these markers in the clatesnstrate that the BAI

brains suffered obvious ischemianjuries compared to the normal contro{f i 1§ eS7).

Collectively, with the supports of a functioni

3.RFBegul ati on of perfusate metabome profile by t
The metabolism function of the liver is considered gwexequisite for normal brain

functior®®. The Ultra High Performance Liquid Chromatography coupled to tripladrupole
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Mass Spectrometry (UHPLQgQ-MS) metabolomics analysis documented different
metalmlome profiles between the BAI and LABI groupsi( g &8, Aea. nB). G| y cd enrei, n e
and threoniwa tnkede arbmdti ssni gni fi canfloy |l @diwfefdembgnt
met hane mal abaoshpeasrmi,at e and g uasamme el nmetea baordd s
prol i ne (fkd tgasBQelhe beatmap of hierarchical clustering analysis showed the
identified differentially expressed metabolites (screened by variable importance in the
projection > 1 and® < 0.05) € i g 4M)eThe level of twomhibitory neurotransmittergy
Aminobutyric acid and Glycine) increased, but the level of an excitatory neurotransmitter (L
Glutamic acid) decreased, during NMP in the BAI versus LABI brdinis @ 4N). én.addition,
the level of two aromatic amino acifls-Phenylalanine and-Lryptophan) elevated in the BAI
group, but with no significant difference in the level of detettethched chain amino aeid
between the two groupB (i g 4N).&hese findings are in consistence with vaddirified roles
of neurotransmitters and aromatic amino acids in the pathogenesis of hepatic encephalopathy
27 Interestingly, the roles of 26 out of 39 identified differentially expressed metabolites in brain
function have not been reported in the literature. The above results suggest the crucial role of
liver metabolic functionn brain resuscitation.
3.7 Different gene expression profiles in the LABI versus BAI brains

By comparing global gene expression profileing a whole genome gene array approach,
we identified a total of 128ifferentially expressed genes (DEGsp-regulation, 107 genes;
downregulation, 22 genes) in the cortex of brains aftélo6r NMPin LABI versus BAI
groupswith an altered expression level of more théiold at a statistical significance level of
P <0.01(Figure.5A). The DEGs could be divided into 5 major groups, includegulation
of synapse and axofl5 DEGSs),regulation of neurotransmitter@® DEGSs),neural system
process and developme@? DEGs),sensory perceptio(fR0 DEGs) andvound healing20
DEGS), sugg#ting that the liver directly affected the neural signal transduction, which is in
accordance with the EEG results. In tegulation of synapse and axgroup, a subgroup of
genes, includingPER1 PENK FAM196A GRIP2 ADORA2AF2R TAC1andNTRK2 were
involved in regulation of synaptic transmissiéigure.5B). Addition of a liver in the perfusion
circuit upregulated the expression of this group of genes exeRfP2when compared to the

BAI brains. Notably, GPER1 GRIP2 ADORA2A F2R and NTRK2were &so involved in


https://www.baidu.com/link?url=VoKOIY6u-vOKpVOYjkqWM2LJVjI-QLW-wYYh7FAibS1NIb9Dzy6PnFm34KKx1T71RF0m1PX_A1y4-GxZ_03Colj-Aolkic4TotM20lunxBO1es7ShxP8fQOtcCxMvMQuVM0_GJsFFlY93uTv-gZmz_&wd=&eqid=8f503fd00001b086000000065d7df085

586 regulation of neurotransmittel(Figure. 5C). Besides,the expression of several other

587  neurotransmitterelatedgenes RGS9 FGR AGT and RORA, were upregulated in the

588 LABI group. In terms oheural system process and developnitet liverassisting NMP up

589 regulated the expressiondTS NTN5 ARHGEF15VCAMY VIM, PPP1R1BandCRB2 but

590 downregulated the expression BUT9, STRIP1landNEURD6 (Figure.5D). Most of these

591 genes were related to the development of central nervous system. It is largely unknown that
592 how these genes may participate in the process of consciousness. Interestingly, a large number
593 of genes related to sensory perceptbrsight (GPER1 ARHGEF15 NTRK2 RGS9 FGR

594 NTS VIM, GNG11 GNG4 COL18AlandGPR8§, pain ADORA2A F2R TAClandLXN),

595 taste TCF7, GNG11 and GNG4, sound USP53, smell GNALD and heat I(XN) were

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

597 genes excepGNG4 and LXN were upregulated in the LABI brainssuggestingenhanced

598 sensory perception in this gqauFinally, a number of genes relatedvmund healingvere up

599 regulated in the LABI groupsF{gure. 5F), indicating that the liver provides additional

600 protection for the brains suffering from ischemia.

601  3.8Distinct proteomics profiles in the LABI versus BAl brains

602 We further explored the molecular mechaniamderling the protective effects of a

603  functioning liver on the brain by proteomics analysis. To visualize the protein expression
604 differences, we applied unsupervised hierarchical clustering analysfs) @tthe significant

605 proteins with meaftentered labefree quantification (LFQ) intensity transformed with log

606 function igure.5H). A total of 44 differentially expressed proteins were identified in the
607  cortex of brains in the LABI versus BAI groups. Notably, we observed a high percentage (18/33,
608 43.2%) of annotated proteins (GPS1, MCCC2, DNM2, GRM5, CADPS2, SLC6A11,
609 KCNMAL, CNTNAP2 KCNAB2, KCNA2, REEP1, GUD1, CUTA, GAD1, GNAZ, hint1,

610 Cldnll and ACTR10) related tegulation of synapse and axaén brain, glutamate andABA

611 are two majoneurotransmitters, which play excitat@gd inhibitory functions, respectively.

612  Addition of a lver in the NMP circuit increased expression of two glutamate receptors (GLUD1
613 and GRMb5), but decreased expression of one GABA receptor (SLC6A11) and glutamate
614 decarboxylase 1 (GAD1, decarboxylating glutamate into GABA), which suggests stronger

615 excitatorybut weaker inhibitory neuronal signaling in the cortex of LABI versus BAI group.


https://fanyi.so.com/?src=onebox# sense of sight
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Interestingly, reduced protein expression of one calaotivated potassium channel
(KCNMA1), two voltagegated potassium channel (KCNA2 and KCNAB2), and a cell
adhesion prain (CNTNAP2) (functioningin the localization of voltaggated potassium
channel complex were found in the LABI versus BAI cortex. Studies have showed that these
potassium channels are crucial the action potentialrepolarizationand neurotransmitter
releasé&®. Reduced activity leads tan increase in postsynaptic excitatory responses
Collectively, the proteomics analysis showed a clear enhanced excitatory neural signaling in

the LABI versus BAI cortex.
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4D scussion

The liverassisting brain NMP model is established based on clinical practice. First of all, to

simulate controlledlonation after circulatory dedtle x s a n g wninma nt oinhncjud catri o n
opotassi uwag huoed dteo i nduce cardiac amirnest and
ng ouch time. Meanwhile, it has been showed tha
r e s us éiTheastudy aported fill neurological recovery from profound (18.0C) acute

accidental hypothermidy active invasive rewarming technigue. the study reported by

Vrseljaet al, the brains were preserved on icetfoeehours afterl-hour warm ischemfé.

Besides, the Hemoputmased perfusate used did not contain any immune cells, which role out

the profound effects of immune response in ischemidusion injurie®. Therefore, their

results might oveestimate the brain tolerancefforolongea (4-hour) ischemia. n t he curr ent
s t utd nepresent the majority of clinical conditionsh e br ai ns only suffered
i schemia betfhoer ep eNMPu saantde waass ead wdrod .e TH eroaf @wred |
mi ght better simulate the <cliprealoeoihydi tiepos
mo d ¥%2§

To our knowl edge, t he st andeaxr dhiawwot hod beemms
reported. I n the ear MY *EEG@dwas asddthe deceant
consciouseessthHdow&w activity itseldf woul d nof
since such activity is always dete&ttéad ithipeo,]
study, i nst ead nosf firsoom atthien gs ktuhlel ,brwvae preserved

di sconnected the head from the body between C7

testing brainstem reflexes, ability to breath
Thereef owe cabmOWRcortehe a clinical scoring syst.
consci®uslmessresults suggested a almost fully

al though t he FoQURacshcioervee ciotusl dmanx i mum of 16 sco
| anguage communication and incomplete respirat
changes under sound and Il ight stimulus further
Theseedideaotce show that consci ouesxnevsisvocan be r

One of the important findings in this study is the critical role of a liver ineth&ivo



655 restoration of consciousness. This finding is in consistent with the presence ofceeraie

656 patients suffering primary graft ndanction postliver transplantation, which requires an

657 urgent retransplant for lifesaving!. We found that addition of a liver in the NMP circuit can

658 reduce the levels of inhibitory neurotransmitters and aromatic amino acids in the perfusate,
659  which is consistent with clinical observations in hepatic encephalddathyreover, the RNA

660 sequence anadis showed that the liverssisting NMP enhanced the expression of a number of
661 genes related to synapse formation and function, neurotransmitter, and sensory perception. The
662 proteomics analysis demonstrated that the majority of differentially expresdethpraere

663 involved in regulation of synapse activity and the excitatory neural signaling was stronger in
664 the LABI versus BAI groups.

665 Ex vivomaintenance of consciousness would raise important ethical consideration. In this
666  study, the pig brains were dissed under full anesthesia and procured after cardiac arrest. The
667 perfusions were discontinued aftehéur NMP, although our preliminary result showed that
668 the consciousness can be maintained for more than 22 hours. Painkiller was useskdivimg

669 brain NMP and no obvious sufferings (if we can interpret them correctly) was recorded in any
670 experiment. However, a standard ethical guideline should be outlined by the corresponding
671 stakeholders according the international regulations. Most importantlyftanypato use this

672 technology in resuscitating human bradvivoshould be forbidden before the corresponding
673 international regulations or laws are approved.

674 Undoubtedly, there are a number of limitations in this study. Firstly, we tried to use pigs
675 for food production instead of experimental animals. However, our institutional ethic
676 committee only considered ethical application using experimental animals and the lab did not
677 allow to conduct studies using animals for food production. Secondary, we didauphent a

678 full FOUR score in any experiment because it is almost impossible to get full score in an
679 isolated head or brain according the criteria. It is suggested that EEG activity with
680 responsiveness to transcranial magnetic stimulation (TMS) might ldtexnative to assess

681 consciousness in this circumstance. Finally, we showed that the$isisting NMP was able

682 to regulate the metabome profiles of perfusate, enhance gene and protein expression related to
683 synapse and neurotransmitter, and amelioiaphemic injuries. However, the detailed

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

In conclusion, w report thatex vivo liver-assisting brain NMP can restore brain
consciousngs afterficirculatory death in pigs. Without use of any central nervous system
stimulant, the maximum WIT after which the brain consciousness can be restored is about 50
minutes. After further development and optimization of the technology, the congaleteriia
time that the brain can endure might grelonged The knowledge from this and following
studies will probably help improve the technology of brain resuscitation, and update the current

diagnostic criteria of death.
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Figure. 3 A functioning liver is required for ex vivorestoration of brain consciousness.
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