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[Abstract] Background The "secondary brain insult" including ischemia, hypoxia and edema
after primary traumatic brain injury (TBI) may deteriorate the brain damages and greatly influence the
prognosis. As a selective vulnerable region, the hippocampus is especially sensitive to ischemia, hypoxia or
edema and yields irreversible sequelae. Aquaporin 1 (AQP1) has been reported to be related to cerebral
edema, but the expression and role of AQPIl in hippocampal edema after TBI have seldomly been
investigated. In this study, we established BALB/c mouse closed craniocerebral injury models and
investigated the changes of AQP1 expression in hippocampus of mouse models after TBI, thereby discussing
its effects on relevant pathophysiological processes. Methods Seventy-five BALB/c mice were used to
establish experimental closed TBI models with a free-falling weight drop device, and the equal numbers of
mice were subject to sham operation and categorized as sham group. The neurological function of each
mouse in either TBI group or sham group was scored at different time points (1, 6, 24 and 72 h) after TBI

or sham operation, and brain edema formation of the mice in both groups was also evaluated accordingly at
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6, 24 and 72 h. The apoptotic hippocampal cells were stained in situ and detected using TdT-mediated
dUTP - biotin nick end labeling (TUNEL) method at different time points (6, 24 and 72 h), then AQP1
expression in hippocampus was also correspondingly detected using immunohistochemistry and Western
blotting. All the data were finally compared with those in sham operation group and analyzed. Results
Experimental TBI models were successfully established and confirmed by the neurological function score
and hippocampal edema evaluation. Six hours after craniocerebral injury, the apoptotic cells increased
significantly in the hippocampus of mice in TBI group compared with those in sham group [(44.26 =
15.18)% vs (8.61 + 8.25)% , t = - 9.676, P = 0.002]. The apoptotic rate increased gradually with the
prolonging of time and was highest at 72 h [(61.62 + 26.55)% vs (10.17 = 6.08)%: ¢t = - 5.018, P = 0.015].
Determined at different time points by immunohistochemistry and Western blotting assays, the AQPI
expression in mouse hippocampus was constantly higher in TBI group than in sham group (P < 0.05), and
reached the peak at 24 h (0.69 £0.32 vs 0.15+0.07, t =-4.335, P=0.023 and 0.46+0.19 vs 0.14+0.04, t =
-4.113, P = 0.004, respectively). Conclusions The up-regulation of AQP1 in mouse hippocampus after
TBI perhaps participates in edema formation and delayed apoptosis of hippocampus, and AQP1 may be a

new therapeutic target to protect hippocampus from secondary injury after TBI.
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Table 1. Comparison of cerebral water contents in left hippocampus at different time points after
TBI between 2 groups (x £s, %)

Group N 6h 24 h 72 h F value P value
Sham group 4 77.23+0.46 77.51+0.35 77.48 £0.51 0.483 0.632
TBI group 4 79.44 +0.36 81.28 +0.20 80.73+0.34 37.595 0.000
t value -12.069 -49.978 -10.602
P value 0.001 0.000 0.002
TBI. traumatic brain injury, {5 . The same as tables below
F2 BAA S ERT AR/ BAS R LG 8] £ DA 28 00 08 T2 He A (3 £, %)
Table 2. Comparison of apoptotic rate of mouse hippocampal cells at different time points between
2 groups (x s, %)
Group N 6h 24 h 72 h F value P value
Sham group 4 8.61+ 8.25 7.55+ 9.54 10.17+ 6.08 0.106 0.900
TBI group 4 44.26 £15.18 53.35+22.67 61.62+26.55 0.624 0.557
t value -9.676 -3.308 -5.018
P value 0.002 0.000 0.015

Bl1 St BB A A BN R G 72 hilg S g oe Tk S AU E R (A (TUNELYE) %200 1a PR/

(1b)

RIS 72 Wil SHAEW R T  1b BARE/N RS IS 72 b S U T b 2 oo B H W1 R
Figure 1  Optical microscopy findings on the average apoptotic rate of hippocampal cells 72 h after TBI and sham operation.
Immunohistochemical staining (TUNEL) x 200 Apoptotic cells were rarely seen in sham group (Panel la). Apoptotic cells increased

obviously in TBI group (Panel 1b).
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Table 3. Comparison of AQP1 expression in mouse hippocampus at different time points between
2 groups (x £s, OD value)

Group N 6h 24 h 72 h F value P value
Sham group 4 0.14+0.03 0.15+0.07 0.14+0.04 0.087 0.917
TBI group 4 0.25+0.06 0.69 +0.32 0.51+0.22 3.825 0.063
t value -4.184 -4.335 -3.900
P value 0.025 0.023 0.030

B2 Ot BB A A A /N G AQPT RX B IR HLUMEF R E(SP ZTE) %200 2a BRFRI/NEMS
J5 72 hifE TS AQP1 RIS AERFAE BT 2b MR/ GG 72 b AQP1 R IK KT 25 T

Figure 2 The AQP1 expression of hippocampus was observed under optical microscope 72 h after TBI and sham operation.

Immunohistochemical staining (SP) x200 AQPI1 was expressed at uniformly low level in mouse hippocampus of sham group (Panel

2a). AQP1 expression increased significantly in mouse hippocampus of TBI group (Panel 2b).
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Table 4.
Western blotting assay (x £s, relative expression)

Comparison of AQP1 expression in mouse hippocampus at different time points between 2 groups by

Group N 6 h 24 h 72 h F value P value
Sham group 8 0.14+£0.02 0.14 +0.04 0.15+0.04 0.407 0.671
TBI group 8 0.21£0.11 0.46+0.19 0.35+0.17 5.243 0.014
¢ value -2.097 -4.113 -3.066
P value 0.074 0.004 0.018
Li b ik s a1 5 /N B S AQPT Rk E
TBI LT RES S T I R T T 2 AU b AR i O T A
Sham 6h 24h 72h . \ pe s .
- 7 A B AR L PRI, AQP L T AR Ay 5 1 4
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= E
= 42 m . i [1] Shahlaie K, Gurkoff GG, Lyeth BG, Muizelaar JP, Berman RF.
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AQP1,aquaporin 1, KB EM 1 B-actin, B-LBIE
B3  Western blotting i K 455 7 211 /)N Bl A3 J5 AN /] W 52
B[] 008 B AQP 1 R ik ARfb

Figure 3 The expression of AQP1 was quantified by
using Western blotting at different time points.

I VR A K P, AQPT A 3 IR HL A 4 F 20 i B
i AR AR R0 I N R R R AR L S 5 A I
10 7K Ji ) T sk R, DT 5 MR 2 T N b 5 G T 4
A58 05 0 R T 5 3 — o B o AR T B R o A v 4 41
I 5 A S R TP R O I N B A K IR - (VEGE)
S5 W IR LB L R P EE AN R B AQPT R
K 5 JC S A2 AN A B A S I A R i K i 28 R
20 AR S5 B A5 0 R b B aE— 2B i EE K b T AR
By | 7 NI N 0 S b ST AN 2 B B 1
PRI 5 AQP1 FiBHHAM —EL IR AQPI A RES
TR A3 J T A A o B A B A R, S
PR S R = S = Q3 L G SO (B E = R 7 i
Ff HE— A5 ORI LAGIE S o D0 50 G 0 495 J5 AQP1 2
AT A 2 2 AR 2K AL | ot - A R R
T4 L P R o B R Ak R P I 4 2 i | Bk A S TR
5 S0 20 AR U R A R R R — 2B R 8 iR K
Jif S Ak 5 I T e 28 00 By SRk S, 405 96 8 T,
105 ) 493 Ji A5 TS /N R T el 2 O R T SR B A R IR 1Y
JEA T AS W T 5

Neuroprotective effects of SNX-185 in an in vitro model of TBI
with a second insult. Restor Neurol Neurosci, 2013, 31:141-153.

[2] Stoica BA, Faden AL Cell death mechanisms and modulation in
traumatic brain injury. Neurotherapeutics, 2010, 7:3-12.

[3] Adelson PD, Srinivas R, Chang Y, Bell M, Kochanek PM.
Cerebrovascular response in children following severe traumatic
brain injury. Childs Nerv Syst, 2011, 27:1465-1476.

[4] Chen Y, Constantini S, Trembovler V, Weinstock M, Shohami
E. An experimental model of closed head injury in mice:
pathophysiology, histopathology, and cognitive deficits. ]
Neurotrauma, 1996, 13:557-568.

[5] Zhi DS, Zhang GB, Yan H. A review of fundamental and
clinical study on traumatic brain injury in last 10 vyears.
Zhongguo Xian Dai Shen Jing Ji Bing Za Zhi, 2010, 10:83-91.
[ Hk A, ke . =148, ol 6 05 56 Ailf 5 1 PR BIF 52 1 4 [l Ji.
H BB 22 B 2 A, 2010, 10:83-91.]

[6] Jiang JY. Advances in fundamental and clinical studies on
craniocerebral trauma. Zhongguo Xian Dai Shen Jing Ji Bing Za
Zhi, 2004, 4:135-138.[YTHE S8, f A @1 147 5 i 15 i 1A B7F 287 1k
Ji. [ B A A4, 2004, 4:135-138. ]

[7] Song J, Christian KM, Ming GL, Song H. Modification of
hippocampal circuitry by adult neurogenesis. Dev Neurobiol,
2012, 72:1032-1043.

[8] Mikelsaar AV, Siinter A, Mikelsaar R, Toomik P, Koiveer A,
Mikelsaar I, Juronen E. Epitope of titin a - band - specific
monoclonal antibody Titl 5 H1.1 is highly conserved in several
Fn3 domains of the titin molecule: centriole staining in human,
mouse and zebrafish cells. Cell Div, 2012, 7:21.

[9] Kim JE, Ryu HJ, Yeo SI, Seo CH, Lee BC, Choi IG, Kim DS,
Kang TC. Differential expressions of aquaporin subtypes in
astroglia in the hippocampus of chronic epileptic rats.
Neuroscience, 2009, 163:781-789.

[10] Rutkovskiy A, Mariero LH, Nygard S, Stenslgkken KO, Valen G,
Vaage J. Transient hyperosmolality modulates expression of cardiac
aquaporins. Biochem Biophys Res Commun, 2012, 425:70-75.

[11] Badaut J, Ashwal S, Obenaus A. Aquaporins in cerebrovascular
disease: a target for treatment of brain edema? Cerebrovasc Dis,

2011, 31:521-531.



o AR A 2R S 2014 4F 3 A SR 14 555 3 0]

Chin J Contemp Neurol Neurosurg, March 2014, Vol. 14, No. 3 . 251

[12]

[21]

[22]

Tran ND, Kim S, Vincent HK, Rodriguez A, Hinton DR,
Bullock MR, Young HF. Aquaporin-1-mediated cerebral edema

following traumatic brain effects of acidosis and

corticosteroid administration. J Neurosurg, 2010, 112:1095-1104.

injury:

Badaut J, Lasbennes F, Magistretti PJ, Regli L. Aquaporins in
physiology, and pathophysiology. J Cereb
Blood Flow Metab, 2002, 22:367-378.

Kim J, Jung Y. Increased aquaporin-1 and Na - K

brain: distribution,
T-2C1°
cotransporter 1 expression in choroid plexus leads to blood -
fluid
hippocampal CA1 cells in acute rat models of hyponatremia. J
Neurosci Res, 2012, 90:1437-1444.

Albert - Weissenberger C, Varrallyay C, Raslan F, Kleinschnitz
C, Sirén AL. An
pathomechanisms of traumatic brain injury in mice. Exp Transl
Stroke Med, 2012, 4:1-5.

Qiu B, Wang Y, Qin XF, Wu PF, Wang YJ. The expression
change of aquaporin 9 in hippocampus of mice after traumatic
brain injury. Jie Pou Xue Yan Jiu, 2012, 34:100-103.[ fhLif, T
B, OZIGE R, MK, Eam A A/ B T K i G -9
TR, A, 2012, 34:100-103.]

Chen J, Li Y, Wang L, Zhang Z, Lu D, Lu M, Chopp M.

Therapeutic  benefit of intravenous administration

cerebrospinal barrier  disruption and necrosis  of

experimental protocol for mimicking

of bone
marrow stromal cells after cerebral ischemia in rats. Stroke,
2001, 32:1005-1011.

Umschweif G, Alexandrovich AG, Trembovler V, Horowitz M,
Shohami

spontaneous recovery from traumatic brain injury and is a key

E. Hypoxia - inducible factor 1 is essential for

mediator of heat acclimation induced neuroprotection. J Cereb
Blood Flow Metab, 2013, 33:524-531.

Padayachy LC, Rohlwink U, Zwane E, Fieggen G, Peter JC, Figaji
AA. The frequency of cerebral ischemia/hypoxia in pediatric severe
traumatic brain injury. Childs Nerv Syst, 2012, 28:1911-1918.
Oya S, Yoshikawa G, Takai K, Tanaka JI, Higashiyama S, Saito
N, Kirino T, Kawahara N. Attenuation of Notch signaling
promotes the differentiation of neural progenitors into neurons
hippocampal CA1
158:683-692.

review of progress

in the region after ischemic injury.
Neuroscience, 2009,
Marmarou A. A
pathophysiology and
Focus, 2007, 22:E1.
Greve MW, Zink BJ. Pathophysiology of traumatic brain injury.

Mt Sinai J Med, 2009, 76:97-104.

in understanding the

treatment of brain edema. Neurosurg

[23]

[24]

[30]

Sahuquillo J, Vilalta A. Cooling the injured brain: how does
hypothermia influence the pathophysiology of
traumatic brain injury. Curr Pharm Des, 2007, 13:2310-2322.

Tto J, Marmarou A, Barzé P, Fatouros P, Corwin F. Characterization

moderate

of edema by diffusion-weighted imaging in experimental traumatic
brain injury. J Neurosurg, 1996, 84:97-103.

Unterberg AW, Stover J, Kress B, Kiening KL. Edema and
brain trauma. Neuroscience, 2004, 129:1021-1029.

Adeva MM, Souto G, Donapetry C, Portals M, Rodriguez A,

Lamas D. Brain edema in diseases of different etiology.
Neurochem Int, 2012, 61:166-174.
Badaut J.  Aquaglyceroporin 9 in  brain  pathologies.

Neuroscience, 2010, 168:1047-1057.

Liu H, Yang M, Qiu GP, Zhuo F, Yu WH, Sun SQ, Xiu Y.
Aquaporin 9 in rat brain after severe traumatic brain injury.
Arq Neuropsiquiatr, 2012, 70:214-220.

Badaut J, Brunet JF, Grollimund L, Hamou MF, Magistretti PJ,
Villemure JG, Regli

in  human

L. Aquaporin 1 and aquaporin 4 expression
brain after subarachnoid hemorrhage and in
peritumoral tissue. Acta Neurochir Suppl, 2003, 86:495-498.
Kim J, Jung Y. Different expressions of AQP1, AQP4, eNOS,
and VEGF proteins in non - ischemic
potential roles of AQP1 and eNOS in
hydrocephalic and vasogenic edema formation. Anat Cell Biol,
2011, 44:295-303.

Kobayashi H, Minami S, Itoh S, Shiraishi S, Yokoo H, Yanagita
T, Uezono Y, Mohri M, Wada A. Aquaporin subtypes in rat
cerebral microvessels. Neurosci Lett, 2001, 297:163-166.

Satoh J, Tabunoki H, Yamamura T, Arima K, Konno H. Human
astrocytes express aquaporin-1 and aquaporin-4 in vitro and in
vivo. Neuropathology, 2007, 27:245-256.

Suzuki R, Okuda M, Asai J, Nagashima G, Itokawa H,
Matsunaga A, Fujimoto T, Suzuki T. Astrocytes co - express

ischemic versus

cerebropathy in rats:

aquaporin-1, -4, and vascular endothelial growth factor in brain
edema tissue associated with brain contusion. Acta Neurochir
Suppl, 2006, 96:398-401.

Zelenina M. Regulation of brain aquaporins.
2010, 57:468-488.

Jablonski EM, Webb AN, Mcconnell NA, Riley MC, Hughes

FM Jr. Plasma membrane aquaporin activity can affect the rate

Neurochem Int,

of apoptosis but is inhibited after apoptotic volume decrease.
Am J Physiol Cell Physiol, 2004, 286:975-985.
(W H F 497:2014-01-03)

(hERRHBEE

BTN s

0 R 2 TP A

[M(Pas, Prs) 1378 52 A 45 23 A1 10 5E

20,

i

PR R AR R IK S A
HEPORE; S

4 H 95 % Al {5 X ]

Qv T A A 22 00 9 2% ) A 4 0 S A v ) ST 3 23 A7 U i — TR BEOR WT R T T 0T U5 12, LA B LR A i i

LIS BT ik SRR FE BT A 24 B A = 2y vk o IR B N S B
RN i R I O (I =T AP G2 M A 2 ) Y % T P 2 e A a2 B R D7 NS s I
WG AR5, R AT A B AR A . R I8 FE AR ML O HR 35 ™ U I A T O s

R PR+ 5 22 (3 + ) F 7R ML IR IE 25 73417 9 % 1 BTt
SR AR BOH B L (%) B3 (90) Fm T BOBERE , AR X 80t 1 L it 23 B S /DN T

B I G143 07 5 125 (0 BAR 24 B et i BAR(E, R AT RE 23 1 DD 1 P AE s 24 90 T R S 8O0 16 45 1 R 3 A 1
LR BRI, 4

- AR - On -

RETVREBXTRUERITATHTENERK

BERHE BRI 25 R
E%%@Eﬁﬁﬁiﬁ%ﬁﬁﬁﬁ%@?
W Jm 158

T AL 2 UL ] ,ﬁ,\ﬁﬁé%ﬁﬂ{ﬂ?ﬁﬁ%ﬂﬁfﬂk

SR JH e A2 B8R Y 4367 45 ) B



