WinE 2 e 5,

129 — 128 85 @ Wistar R HEME Z > b (Charles
River Japan Inc.)Z 7z, ~XU 2 (/F « ~X%Y
V1000, FFEHLIK) 1000 UZ ISR E L, 104
#1Z | xylazine hydrochloride 10 mg/kg (Sigma-Aldrich
CO.) & ketamine hydrochloride (Ev#H 7 % 5 — /v
50, =T A4 T77 v 7)) 90 mgkeg® BERERNIRE LT
FREEL -, B - Bl COEAERYVHEL, BEb
12K # L 7z Krebs-Henseleit buffer (NaCl 116 mM,
KCI 4.7 mM, MgS0, 1.2 mM, CaCl, 2.5 mM, NaHCOs
25 mM, KHyPO4 1.2 mM, glucose 11.1 mM)(BAF
KH-buffer & R )AL CLROHE 2 =
IEEE7, RBRIZH = 2 — L %A L, KH-buffer
Z AV TEIKIELI00 cmH,0, 37°CTT v 47y R
FEW L7, KH-bufferid, EBRBIARINORT T3
FETI5% 0, + 5% CO,DIRE N A% @EK L. pHE 7.4
IZHREE LT,

ELEICABBEKRERZLEI T v 7 X - N
N—=rEFAL, ERNT VAT 2 — 4% —(P-50,
Gould Inc)& 4 LT F % o R FLEREH(WS-641G,
Nihon Kohden)iZ#2%c L. EERAE(LVDP), E=
PEARRHIE(LVEDP), O AS(HR) 2 & % EBRBISA D>
ORET E CEBMICESE LZ, A —r ORI,
TR O £ EIR AR B E(LVEDP)A30-5 mmHg
W25 Lo Lk,

3. Hb/ha e & 22 Rk/ Nk O KH-buffer~ D88 - %

Rk

ZOEB GHEFOREEDTHLIBRZDT,

ERICAWRE - HRIEOREE L % OHbIEE D
HETLIRT D,

(1) HbV 30fE 7 REEIK - HbIEE0.33 g/dL

(2) HbV 1005 # FRIFE IR - HbIRE0.10 g/dL
G)ZEER/MEE 305 A FRARVE K  HbIREE0.33 g/dLiz
YT 3

(4) ZEER/NEAR100F5 ARG EBIR - HbiRE0.10 g/dL
IZHEET 5

O LTHER L-Hb/NEE & 2k Nk o

39

KH-buffer & E#1337°CIZAMIR L | 95% O, + 5% CO,
DG H A 2 1R LR Lo B ERICH W,

4. EBROT T ha—)
ZOEEBMHEOREDTHLIBREZDT,

LUFICEmE 3 5,

(1) controlf (n=6) :

control#EJiE & #1300 MIfT - 7o t412, #ER &1L

S TR M (ischemia) & &L L, &I % 304 F#k

e Lo R BT 2300 T o 77,

(2) ZEER/NER0.10 g/dLEE (n=7) : LA FEV-aff

(3) ZEER/IMIE£0.33 g/dLEE (n=7) : LA FEV-bEE

(4) HbV 0.10 g/dLEE (n=7) : LA FHbV-ak#

(5) HbV 0.33 g/dLEE (n=6) : LA THbV-bEE

2047 ] D control #E ¥t B 1% | #E T Rk & 22 BR /M {4
TR D 2 WIZHO VA RBERIZ T v i 2 (R
CHEWRETIO MR Lc, TO®REDIZER %
B L, xR L RSICEM3055-FRE 305 D
BEITo7,

5. ERERK T HOULIROLEE

b7 a ha— o TEREREZIT- 72
DL, BERKETRIC, REERTHHLE
Wollenberger clamp% VN CEBERE L=, KEZE
FPT. ZOFERBOBEE>S, 5 LERK
BREEZRYERWZE, SBRROASKEILEE AW
THINP<HRL, LTOEREZITH £ T—80CIZ
RE LT,

6. LI HEED> O Delucose & glycogen DHhH & HI7E :

DEAELRE 2> & D glucose & glycogen Dl H & I &
%, Keppler and Decker® FIEQWZHE> TLAT D &
AT o7,

B U 7o DIBALARAIS0 mgZ AR L., SREE(viw)
0.6 M perchloric acid solution % /il 2 THK#& Tz
homogenize L 72, Z ?®homogenate ® —Ef # £ - T
glycogen D Ml FE IZ AV 72, 7% - 7= homogenate i3




2000Xg, 4CTISHEELDBEL., TOLEER L
- CKHCO; %R L iE& L THFIL . KCIO A LR L
7% O L% glucose DPEIZ AWz, BLOSBEL
7=tk DIEEIZ0.1 M NaOHIRIE & I 2 TR S &,
BCAECTEARE %#1T > 72, Glucose DI E IX.
ATP/NADP % 2 & & L T . glucose-6-phosphate-
dehydrogenase & hexokinase & fl V» TH 95 TIT -
72 GlycogeniZamyloglycosidase Tglycogen % glucose
W25 R L7214, glucoselfll i€ & [R4R 29T > 72, Glucose
&, glycogenBEDO EL L b SN B EREY
720 O E(ug/mg-protein)& L THE LTz,

7. UE#AKE D> & Dsubcellular fraction DYER :

Ll LR > B D subcellular fraction @ /E8L 1 |
Camps et al. D FIEQIIHE> TUT DO L 1247 -7,
R U7 DI RI50 mg 2 FEE L. 10/ E(/w)
D Hbuffer (25 mM Hepes, 250 mM sucrose, 4 mM
EDTA, pH 7.4)% il 2 TOK# T iZhomogenize L 7=,
Homogenate % 600 X g, 4°C T104 = LB L7=(E
E1ERED, EFEITE51210,000Xg, 4°CTI04
R DBt L 7= (E1E2 & & Dcrude mitochondria
4318), Crude mitochondriaZy El}Zmitochondriafi& H
buffer (210 mM mannitol, 70 mM sucrose, 1 mM
EDTA, 10 mM Hepes, pH 7.5, 1% Triton X-100) T4
WL, BREEZAET S ET-80CIRE L.

EiE21X. & 512150,000 X g, 4°C C2EFRIE L
Bt L. EiEidcytosol 0l & LT, BERIEMEZAIE T
HET—80CIHKE LIz, £72, LERDEOMH

Hibuffer (21 L microsomesyE & L CEERIEMEZ
BIET 5 ET—80CIZRE LT,

ENTDEOH HbufferlE X E o B0 E
1.0 Fibuffer (0.9 M sucrose, 50 mM Tris-HCI,1 mM
EDTA, 25 mM KCI, pH 7.5)D EIZEFMIC EE L,
1,800 X g, 4°C TR LSBEL7Z, 25 LTIL
BrL7-b ik, oHEE L T40% glycerol, 50 mM
Tris-HCI, 5 mM MgCl,, 0.1 mM EDTA, pH 8.0%
bufferiZ ¥ X & —80CIZRE LT, EFBEOEH
BEORIEL, BCAIETIT- 7,

8. Subcellular fraction D f§ AEEF IS M DRIE :

Cytosol 4, (crude) mitochondrial 53 [, microsome
4318 @ Hexokinasel& 4 |4 Easterby and Saleheen Qadri
D IFIEEWZTE - THRIZE L 72, Cytosol 23 (DPyruvate
kinase. Lactic dehydrogenase D{E#EIZ. TN EFh
Gardenas® J5¥5(5). Lee et al. D HIEGWZ1E-> THIE
L7z, Hexokinasel&ThiL, HAIRR], BUEEED
7= ®NADPH® A X B (NADPH ng/min/ug-protein)
& LT, Pyruvate kinase{& t# & Lactate dehydrogenase
TEPEE, BALRFRE, BAEAESHZ Y ONADHOH
42 B (ug/min/pg-protein) & L TR L7z,

9. T— X OFE & HEH N
ETOREEBIZONVT, EERBECTHELZFE
B (mean) & AZERZ(SD) R EHE Uiz, BEetHLEIT,
FREBEBIZSWVWT, EERBEOTATOT —4
ZEWT, xTREEE (contro) D EHMEIZXTT 5 F D

Table 1. Langendorff #EE U7= LT @ glucose & glycogen B HE

EEREEA &l
. control B EV-a B EV-b B HbV-a B% HbV-b B
it o B L
RUERR & BAL n==6 n=7 n=7 n=7 n==6
f&g;sgfpmtem) 145+23 171+ 1.6 16.7 2.4 18.9£4.6 * 187+ 1.1%
(g;,lt}grcr’xgg?;rotein) 75+4.6 8.0+62 122+82 12063 12.6 £10.6

* p <0.05, vs control £ by Dunnett multiple comparison test



Table 2. Langendorff #iit U 7= .0 Subcellular fraction " DR REERTEN:

EBREBA LK

. . control §¥ EV-aff EV-b§ HbV-a B HbV-b #%
BUEER & B ) _ ! " -

n=6 n=17 n=7 n=7 n=6
Hexokinase (cytosol 57 ) 274+49 221451 23580 19.5+3.7 205486
(NADPH ng/min/pg-protein) ’ ’ T ’ ’ ’ ’ ’ ’
Hexokinase (mitochondriay 1) 174 + 48 176 + 51 161 £37 178 £ 26 173 = 44
(NADPH ng/min/pg-protein)
Hexokinase (microsomeZ ) 82.0£16.6 113.7£38.5 93.0£22.7 110.8 +30.3 91.0+ 142
(NADPH ng/min/pg-protein) ’ ) ’ ’ ’ ’ ’ ’ ’ ’
Pyruvate kinase (cytosol 57 ) 132033 1.03 + 0.41 105 % 0.40 0.93 +0.28 0.94+0.23
(NADH pg/min/pg-protein) ) ’ ’ ’ ’ ’ ’ ’ ’ ’
Lactate Dehydrogenase
(cytosol53 ) 3.64= 1.64 2.90 = 1.00 260+ 1.17 243091 273+ 153
(NADH pg/min/ug-protein)
DEBRBED B D H B 7 % Dannett £ H LB 1E T
REL., p<0.052HE & L1, D. Z&

C. MERHR
1. DR FEEE R Dglucose & glycogen® A &

% REREE O L Dglucose B & glycogen &
(1 g/mg-protein) % Table 1127~ L7z, HVaFf(HbiE &
0.10 g/dL)# & UHVbEE(HDbIER £0.33 g/dL) Tl £ #
TR OEKZEMLERNC102FER L, 30
S -BHETR30 AL E & i L7 1 Dglucose &1L, o3
MTILH D03, control BFEDE & i L THEBE DO EE
Ll olz, glycogenBIZ DWW T, BIEMEAIZTSH D
WO FEEIZR b ho 7243, Hb V-bEE TH
<RRBBERBALNTE,

2. Subcellular fraction - D fiEffE AEE R IEM

% EEHE O L ML D subcellular fractionlZ 33
& Lactate
dehydrogenase & M D Il E 5 % Table 2127R L7z,
BIE L7 EOBFEEHIZB VLT H HVO RIT A
biLiehoTz,

% Hexokinase . Pyruvate kinase

41

YL EICR L7 £ T, HbVIRK 2 KH-buffer CT#7
RUEEREY., ElzBLET 5a021045 MR
T5 &, BEREKIC, LEESET Oglucose BN
control B & el L CTEfBIZ 25 Z ENHBA L, L
ML, glycogeniR ¥ & HIE L~ iR REERIEMIZ o
WTIE, HbVOBRIZBRER SR oT, £iz, B
FERIHE() L7 & O IR D OFLERRE X,
HOoVIGIRIR Z T LI D TR DS & . B#ERE
R T, HhDREITKTE LR THRBE Sz,
gt R & U TRV Z R NAEEVRE IR T
BEALEINODOHMENBR NN T2 Ehb,
IO DORERITHOVIZ L o TEIZN DRSO
B, I har R T CORBEEZREET D &R
FRFE R OIEMEZ M3 2 ARtk 2 R L7,

E. &® .

7y MEHOEDO Z 7y A7 R T, HbV
ZHEM OERNZ 105 FER L. £ O%EMmGS)-
BHETRQGOMALE %5 U7 Ol ##k Fglucose.



glycogenii & & L5 HEIE Dsubcellular fraction® fEHE
REERTEMERE Lz, HbVIRIRMHDb & LT10 g/dL
#H%4) % Krebs-Henseleit buffer TR L 72 8% # (Hb
& LT0.33 g/dLAE Y L U0.10 g/dLAE ) Z #EE L
T EREE T, DA Dglucosel B 73 control
BB L TAEOEEL 2oz, TOMODIAR
TiX, HbVORRIZ R bR olz, ZHhbDORER
i, ERERE LR & &0 T, Hb VAL i/
DEFER MBI RIEA 2RI ARBERHD 2 &
ZRME LT,
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Use of Hemoglobin Vesicles During Cardiopulmonary
Bypass Priming Prevents Neurocognitive Decline in Rats

Masataka Yamazaki, MD; Ryo Aeba, MD; Ryohei Yozu, MD; Koichi Kobayashi, MD

Background—Homologous blood use is considered to be the gold standard for cardiopulmonary bypass (CPB) priming in
infants despite exposure of the patient to potential cellular and humoral antigens. However, the use of hemoglobin
vesicles (HbVs), artificial oxygen carriers that encapsulate a concentrated hemoglobin solution within phospholipid
bilayer membranes. for CPB priming may prevent neurocognitive decline in infants. The goal of this study was to
determine whether HbV use offsets hemodilution caused by patient/priming volume-mismatched CPB and thereby
prevents the development of postoperative neurocognitive deficits.

Methods and Results—CPB was established in 28 male Sprague-Dawley rats (age, 14 to 16 weeks: weight. 450 grams)
after cannulation of the tail artery and right atrium. The animals were randomly assigned to 1 of 3 groups: sham surgery
(n=9), HbV (—) prime (n=10), or HbV (+) prime (n=9). CPB was conducted for 90 minutes at 200 mL/kg per minute.
The hematocrit during CPB was 10.0%1.2% in the HbV (+) prime group and 9.9%+1.3% in the HbV (—) prime group
(P=not significant). Learning and memory function were evaluated using 2 different maze tests (Maze-1 and Maze-2,
in which the arrival times to the target were measured on the first, third, fifth, and seventh postoperative days). Learning
and memory function were significantly better in the HbV (+) prime group than in the HbV (—) prime group (Maze-1,
P=0.012; Maze-2, P=0.042); there was no difference between the HbV (+) prime and the sham surgery group.

Conclusions—The use of HbV for CPB priming may serve as a substitute for homologous blood to prevent the
unacceptable hemodilution and contribute to maintenance of intact neurocognitive function. (Circulation. 2006;

114[suppl I]:1-220-1-225.)
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omologous blood use continues to be the gold stan-
dard for cardiopulmonary bypass (CPB) priming in
infants and neonates despite exposure of the patient to
potential cellular and humoral antigens. Neurologic mor-
bidity after CPB has become an increasing concern ever
since surgical mortality has decreased in infants undergo-
ing repairs of simple and complex congenital heart dis-
cases. CPB itself can cause neurologic morbidity because
CPB gives rise to a systemic inflammatory response that is
responsible for decreased cerebral blood flow and cerebral
dystunction. Although hemodilution during CPB increases
both early neurologic complications and late neurocogni-
tive performance. the use of homologous blood potentially
exaggerates the CPB-derived inflammatory response and
may contribute to post-CPB neurologic morbidity. Though
miniaturization of the CPB circuit has reduced priming
volume,!-? at the present time, however, it is still not low
enough to achieve an acceptable level of hemodilution in
very small patients.
Hemoglobin vesicles (HbVs) have been developed for use
as artificial oxygen carriers. HbV is a solution of purified Hb
that is encapsulated within a phospholipid bilayer membrane.

The oxygen-transporting ability of HbVs is comparable to
that of blood.* Hb-based oxygen carriers have many potential
advantages over homologous blood. First. HbV has no
cellular and humoral antigens, which eliminates the risks of
blood-type mismatch reaction and blood-transmittable infec-
tious disease. Second. HbVs, which have a particle diameter
of only 250 nm, are small enough to circulate through blood
microvessels that can become constricted during and after
CPB and through which red blood cells cannot pass. Third.
HbV is very stable and can be stored as a powder for a long
time.® Fourth, HbVs are captured by phagocytes in the
reticuloendothelial system and are metabolized within ~7
days, without iron or lipid deposition.® The only concern
posed by HbV for clinical use is its short half-life of only 35
hours in the circulating blood. However, its quick disappear-
ance from the circulation could be an advantage rather than a
disadvantage when using HbV as a CPB priming solution in
pediatric open heart surgery. because hemodilution occurs
only during and soon after CPB, which is usually <2 hours in
most cases.

Thus. using HbVs as the CPB priming solution instead of
a crystalloid solution or homologous red blood cells could
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improve the neurologic and neurocognitive outcomes in very
small patients undergoing open heart surgery. The purpose of
this investigation was to determine the effects of HbVs on
neurologic and neurocognitive function after CPB using a rat
model.

Materials and Methods

The authors had full access to the data and take full responsibility for
their integrity. All authors have read and agree to the manuscript as
written.

Preparation of HbY CPB Prime

HbVs were manufactured and provided by the Department of
Polymer Chemistry, Advanced Research Institute for Science and
Engineering, Waseda University (Tokyo, Japan). HbVs were pre-
pared under sterile conditions as previously reported.” Hb was
purified from outdated donated blood provided by the Hokkaido Red
Cross Blood Center (Sapporo, Japan) and the Japanese Red Cross
Society (Tokyo. Japan). HbVs were suspended in a physiological salt
solution at [Hb]=10 g/dL, sterilized with filters (Dismic, Toyo-
Roshi. Tokyo. Japan. pore size, 0.45 um), and deoxygenated with N,
bubbling for storage.’ Before use, the HbV suspension ([Hb]=10
g/dL, 8.6 mL) was mixed with a solution of human serum albumin
(1.4 mL: Nipro, Osaka, Japan) to adjust the albumin concentration in
the vesicle suspending medium to 5 g/dL. Under these conditions.
the colloid osmotic pressure of the suspension is ~20 mm Hg
(Wescor 4420 Colloid Osmometer; Wescor, Logan, Utah).” As a
result, the Hb concentration of the suspension was 8.6 g/dL.

Animal Medel and Preparation

SD rats were puchased from Sankyo labo service Corp (Tokyo.
Japan) The experimental protocol was approved by the Laboratory
Animal Care and Use Committee of Keio University School of
Medicine. It also complied with the Guide for the Care and Use of
Laboratory Animals.®

Twenty-eight male SD rats. aged 14 1016 weeks and weighing 450
grams, were housed in cages and provided with food and water ad
libitum in a temperature-controlled room with a 12-hour dark/light
cycle. The animals were anesthetized with 3.0% sevotlurane-mixed
air inhalation with a vaporizer. The rats were intubated (16-gauge
intravenous catheter) and mechanically ventilated. The ventilator
setting included FiO, of 0.21 and ventilatory rate of 70 cycles per
minute. Anesthesia was maintained with 1.5 to 2.0% sevoflurane.
Surgery was performed using aseptic technique.

CPB in the rat was performed using the surgical technigues
described by Grocott et al.” Heart rate and rectal temperature were
continuously monitored, and the rectal temperature was servo-
regulated at 37.5°C. After systemic heparinization using 300 IU, the
tail artery was cannulated with a 22-gauge angiocatheter. A 16-gauge
multi-pore angiocatheter was introduced into the right internal
jugular vein and advanced into the right atrium. A roller pump and
custom-made CPB oxygenator/circuit were used for all the
experiments.

The animals were randomly divided into the 3 experimental
groups (Figure 1): (1) the sham surgery group (n=9); (2) the HbV
(—) prime group (n=10): and (3) the HbV (+) prime group (n=9).
In the sham surgery group, the animals were cannulated but CPB was
not induced. In the other groups, the CPB circuit was primed with 60
mL of human serum albumin solution either with or without HbV
(the HbV (+) prime group and the HbV () prime group).

Normothermic CPB with a flow of 200 mL/kg per minute was
performed for 90 minutes. During CPB, 100% oxygen gas was
delivered to the oxygenator at 1.0 L/min. The animals were separated
from CPB without the use of any vasoactive agents. After removal of
the cannula, the animals were ventilated for another 30 minutes, at
which point all the blood that was left in the CPB circuit was
collected and centrifuged at 2000 rpm for 5 minutes, and then the
precipitates were returmned intravenously. Arterial blood samples
were collected after placement of the CPB cannulae (T-1), 45
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Group T-1 T-2 T-3
Sham surgery | Cannutation |
| CPB |er]
HbV (-} prime | Cannulation ]
] CPB | B8R ]
HbV (+) prime | Cannulation |

Figure 1. Experimental protocol. CPB indicates cardiopulmo-
nary bypass; BR, blood return; T-1, T2, and T3, time for arterial
blood sampling.

minutes after CPB initiation (T-2), as well as after CPB and CPB
blood return (T-3). A pH/blood gas analyzer (I-STAT: Fuso. Osaka,
Japan) was used to determine arterial PO,. PCO,, and pH.

After the animals recovered from the effects of the general
anesthetic. they were extubated and returned to their cages. The
animals were observed for 7 days. during which time they had free
access to water and food.

Neurologic and Neurocognitive Evaluation
Neurologic and neurocognitive outcomes were assessed by video-
recording all behaviors of the animals, which a physician blinded to
the groups reviewed collectively later.

Neurologic outcome was assessed on the days 1. 3, 5, and 7
after the operation using neurologic performance and functional
disability scores.!¢ The neurologic performance scale!! consisted
of a physical examination with points given for deficits. A normal
examination score was 0, and the worst score was 95. The
functional disability score was ranked from 1 to 5: score I (no
disability), able to run, explore the environment, and feed from
the trough; score 2 (mild disability), gait disturbances but able to
ambulate, explore the environment. and feed from the trough:
score 3 (moderate disability). unable to walk and required
bottle-feeding. but was alert and able to crawl; score 4 (severe
disability), not able to feed even with assistance and unable to
crawl: and score 5, death.

To evaluate neurocognitive outcome, 2 different kinds of
behavioral testing using maze tests (Maze-1 and Maze-2) were
performed on days 1, 3, 5. and 7 after the operation.!2 The Maze-1|
test is generally referred to as the Morris water maze test. Briefly,
the Morris water maze consisted of a 1.5-m-diameter. 50-cm—
deep water pool (27°C) with a submerged (3 cm below surface)
hidden platform in 1 quadrant. The time to locate the submerged
platform (defined as the latency) is measured to test for impair-
ment in visual-spatial learning and memory. The animals under-
went testing in the water maze with 4 trials per testing period.
Each of the trials began from a separate quadrant. Testing was
performed on days 1, 3, 5. and 7 after the operation. The Maze-2
test is of the type that actually has a maze-shaped pool of water
with 5.5 m of total pathway length and 11 junction points, where
the animals have to swim without rest until arriving at the sole
exit. The time from the departure point to the goal point was
measured in a similar way to that of Maze-1.

Histopathological Examination

After completion of the neurologic testing on day 7. the animals were
euthanized with 3.0% sevoflurane inhalation. The brains were
harvested and stored in 4% formalin. Paraffin-embedded brain
sections were then serially cut (5-pm-thick sections) and stained
with hematoxylin and eosin. A neuropathologist who was blinded to
group assignment counted the total number of necrotic cells in the
hippocampus (CA1-2) area.
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Physiologic Data in Each Group

T1 1-2 T-3
Sham HbV(-) HOV(+) Sham HbV(—) HbV(+) Sham HbV(—) HbV(+)
Surgery Prime Prime Surgery Prime Prime Surgery Prime Prime
Arterial pH 7.59+0.06 7.60x0.04 7.61x0.05 7.58+0.05 7.44+0.10* 7.50+0.10  7.55+0.03 7.36+0.07* 7.45x0.14
Arterial PCO,, mmHg 21.9+16 23.1+24 22429 21.2+19 24044 22.9+45 19.2+17 287+7.2t  27.2x7.9%
Arterial PO,, mm Hg 92.9+105 85.2+89 88.4+107 96.8+89 460.3+37.3* 4529+385* 954=*76 791137 79.8+19.7
Hematocrit, % 40.7x24 40.4%3.1 42.0x25 37.4x23 9.9+1.3" 10.0=1.2* 37.1+15 28.2+2.3 27.7+43

Values are mean *SD. n=9, sham surgery; n=10, HbV (~) prime; n=9, HbV (+) prime.

*P< 0.01 vs sham surgery; +P< 0.05 vs sham surgery.

PCO, indicates partial pressure of carbon dioxide; PO,, partial pressure of oxygen.

Statistical Analysis

All continuous numerical data were presented as means * SD.
Intergroup comparisons were made with 1-way analysis of variance.
When a significant F ratio was obtained, further analysis was
performed with Scheffe F post-hoc test. Nonparametric data were
analyzed using the Kruskal-Wallis test. Statistical significance was
assumed when P<<0.05.

Results
All rats survived the entire period of time needed to complete
the experimental protocol. The Tablé shows the baseline data
for the 3 groups at T-1, T-2, and T-3.

The hematocrit was lower in the HbV (—) and HbV (+)
prime groups than in the sham surgery group at T-2
(P<0.01). The hematocrit at T-2 was 9.9+1.3% in the
HbV (—) prime group and 10.0+£1.2% in the HbV (+)
prime group (P=not significant). The arterial pH was
lower in the HbV (—) prime group than the sham surgery
group at T-2 and T-3 (P<0.01). The arterial Pco, was
higher in the HbV (—) and HbV (+) prime group than in
the sham surgery group at T-3 (P<0.05). At T-2, the
arterial Po, was >400 mm Hg in the HbV (—) prime and
HbV (+) prime groups, whereas that in the sham surgery
group was 96.88.9 mm Hg at T-2 (P<0.01).
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Figure 2. Neurologic performance scores after CPB on days 1,
3, 5, and 7 after the operation. Score O represents no neurologic
deficits and 95 represents brain death. n=9, sham surgery;
n=10, HbV (~) prime; n=9, HbV (+) prime. Neurologic perfor-
mance scores were not different among the 3 groups. NS indi-
cate not significant.

The neurologic examination showed no significant differ-
ences among the 3 groups with respect to performance and
disability scores (Figures 2 and 3), and none of the groups
showed any distinctly abnormal neurologic behaviors. All
animals were able to feed by themselves. ambulate. and freely
explore their surroundings.

Neurocognitive outcome is shown in Figures 4 and 5. The
HbV (—) prime group had longer maze latencies for both
maze tests compared with the other groups (Maze-I,
P=0.012; Maze-2, P=0.042), indicating significant neuro-
cognitive dysfunction after hemodilution. The maze latency
curves were similar in the HbV (+) prime and the sham
surgery groups. On day 1, the arrival times were similar
among the 3 groups. However, subsequently, the HbV (+)
prime and sham surgery groups had shorter arrival times than
the HbV (—) group (Maze-1, P<0.01; Maze-2, P<<0.01): the
differences between the HbV(+) prime and the sham surgery
groups were similar for all intervals.

Figure 6 represents the swimming speed of the rats. The
swimming speed was similar among the 3 groups and did not
show any chronological change from days 1 through 7 after
the operation (P=not significant), indicating that exercise
capacities were intact even in animals subjected to CPB.

i & Sham surgery
i @ HbV (-) prime
18 HbV (+) prime

p=NS

Functional disability scores
W

Days after operation

Figure 3. Functional disability scores after CPB on days 1, 3, 5,
and 7 after the operation. Score 7 indicates no disability; score
2, mild disability; score 3, moderate disability; score 4, severe
disability; score 5, death. n=9, sham surgery; n=10, HbV (-)
prime; n=9, HbV (+) prime. Functional disability scores were
not different among the 3 groups.
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Figure 4. Neurocognitive outcome was assessed on days 1, 3,
5, and 7 after CPB by visual-spatial learning with the maze test
(Maze-1). n=9, sham surgery; n=10, HbV (~) prime; n=9, HbV
(+) prime. Analyzing the group mean latency in repeated mea-

sures analysis of variance, the HbV () prime group had longer
latencies compared with the HbV (+) prime and the sham sur-

gery group {P=0.012), indicating significant neurocognitive dys-
function. HbV (+) prime group was similar to the sham surgery
group (P=NS).

On histology there was no difference among groups with
respect to the total number of necrotic hippocampal neuron
cells.

Discussion
For infants and neonates undergoing reparative and pallia-
tive surgery for simple and complex congenital heart
disease, CPB techniques and treatment strategies have
been rapidly evolving in the last decade. This has undoubt-
edly contributed to improved surgical outcomes. However,
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Figure 5. Neurocognitive outcome was assessed on days 1, 3,
5, and 7 after CPB by testing visual-spatial learning with the
maze tests (Maze-2). n=8, sham surgery; n=7, HbV (-) prime;
n=7, HbV (+) prime. Analyzing the group mean latency in
repeated measures analysis of variance, the HbV (-) prime
group had longer latencies compared with the HbV (+) prime
and the sham surgery group (P=0.042), indicating significant
neurocognitive dysfunction. HbV (+) prime group was similar to
the sham surgery group (P=NS).
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Figure 6. Water maze swimming speed was assessed in the
rats. (n=9, sham surgery; n=10, HbV (=) prime; n=9, HbV (+)
prime.) The swimming speed was similar among the 3 groups,
and did not show any chronological change from days 1
through 7 after the operation.

CPB still results in an inflammatory systemic reaction,
which can. in turn, cause dysfunction in many end organs.
In the brain, CPB decreases cerebral endothelial func-
tion!*14 and blood flow, a phenomenon known as “no
reflow.” which appears to be highly linked to postoperati ve
neurologic morbidity.!s1¢

Thus, there is a dilemma in the use of homologous blood
for CPB priming in infants. The priming volume for
infants and neonates has been significantly decreased by
the miniaturization of commercially available CPB cir-
cuits, which include tubing, bubble filter. and oxygenator.?
This progress has decreased the ratio of CPB priming
volume to circulating blood volume. However. this has
helped only rather large infants who could have bloodless
priming without unacceptable hemodilution and/or cases
that require only a very short CPB duration. Otherwise.
homologous blood is mandatory to prevent unacceptable
hemodilution that leads to suboptimal oxygen supply. even
though there is exposure to potential cellular and humoral
antigens. In common with CPB, blood transfusion by itself
stimulates systemic inflammatory cytokine production.t7.1#
Thus, homologous blood use for CPB priming may also be
a risk to cerebral blood flow and function.!?

Artificial oxygen carriers could be a breakthrough that
helps solve this dilemma. In the past, Fluosol was used in
a pig CPB model to investigate its capability to augment
myocardial perfusion.202! However. a critical adverse
effect developed; there was an increased level of ionized
calcium that was associated with increased myocardial
contractility and anaerobic metabolism. Therefore, the
clinical use of Fluosol was aborted. Izumi. who is associ-
ated with our institute. has previously found that HbV has
an equivalent oxygen transporting capability to red blood
cells during CPB in a dog model.22 HbV has no side effect
of microvascular vasoconstriction. as commonly noted in
many other Hb-based oxygen carriers. This background
compelled us to perform the current study.
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The clinical use of HbV in CPB priming of infants and
neonate could ostensibly give rise to a variety of adverse
effects during the several days before the reticuloendothe-
lial system deals with the molecule. However. previous
studies using rats found that a bolus large-dose HbV
infusion was associated with minor and transient deterio-
ration in major organ function.®>* Furthermore. these
potential adverse effects could be minimized by using
modified ultrafiltration after CPB.2¢ which would eventu-
ally eliminate most of the HbV from the serum.

In our rat CPB model. the hematocrit during CPB was
=~ 10%, which in clinical practice should have been treated
by blood transfusion. The animals had a lower pH when
HbV was not added to the CPB priming solution. However.
given the hypocarbia policy with ventilation and CPB
during the entire period of anesthesia, the pH was main-
tained at =7.4 even in the HbV (—) prime group, and the
rats all survived during CPB and for 7 days after CPB
without any neurologic morbidity. On neurohistology 7
days after surgery, the findings were similar among all 3
groups. These results indicate that the rats in the HbV (—)
prime group were over-hemodiluted in terms of oxygen
supply, but this hemodilution was ‘*‘subclinical” when
surgical outcome was evaluated by gross observation and
by neurohistology. Our model may be highly sensitive in
detecting subtle injury of cerebral function. Learning and
memory function is one of the highest levels of cerebral
function and was evaluated by 2 maze tests. It may not be
surprising that mild deficits in oxygen supply during CPB
were only detected by impairment of neurocognitive func-
tion without any other findings.

Our model has several limitations with respect to ex-
trapolating to the human clinical setting. The age of the
animals was not matched to that of human neonates and
infants. CPB was established using peripheral access with
internal jugular venous and tail arterial return without
opening of the chest, induced cardiac arrest, hypothermia,
and circulatory arrest. All of these less invasive CPB
cannulation techniques may have contributed to the 100%
animal survival rate without neurologic morbidity and
allowed successful neurocognitive evaluation after CPB.
However, such an approach may not necessarily mimic the
procedures used for human infants and neonates undergo-
ing open heart surgery. Another concern is species differ-
ence. To prioritize the survival of the small animals we
abandoned serial measurement of intracerebral oxygen
tension and cerebral blood flow, as well as repeated blood
sampling for lactate extraction, inflammatory cytokine
concentrations, and serologic markers of brain injury,
which might have provided important information to
support our hypothesis. Finally, the current study lacked a
control group with homologous blood priming because of
technical issues involving blood-banking in rats.

Nevertheless, the results of the current study clearly
indicate that HbV can serve as a substitute for homologous
blood in CPB priming to prevent the unacceptable hemodi-
lution caused by a large difference between circulating
blood and CPB priming volume. The use of HbV for CPB
priming may even be potentially superior to homologous

blood priming with respect to the maintenance of intact
neurocognitive function. These data also provide a ratio-
nale for further studies investigating the effect of HbV on
cerebral oxygen metabolism and the inflammatory re-
sponse in a larger animal CPB model.
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