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Reactive pericytes trigger glial activation and late-onset hypersusceptibility

to seizure after traumatic brain injury in mice
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Abstract

Traumatic brain injury (TBI) develops late posttraumatic epilepsy (LPTE) characterized by long and
unexpected latencies until the onset of seizure. LPTE is drug-resistant in at least one-third of patients and the
mechanism of onset of LPTE is unknown. Therefore, there is a clear need for novel therapeutic strategies to prevent
the onset of seizure after TBI. We hypothesized that LPTE occur due to TBI-induced the dysfunction of the
neurovascular unit (NVU) constituted by cell types such as pericytes and glial cells (astrocytes and microglia) . In
this study, we focused on the pericyte reactivity in mice subjected to brain injury using controlled cortical impact
(CCI) to understand how TBI causes the uncoordinated crosstalk in the NVU and develops the altered neuronal
excitability.

Impaired glutamate uptake and the lowered expression levels of glutamate transporter (Excitatory amino acid
transporter: EAAT) in astrocytes are involved in the development of neuronal hyperexcitability in TBI. Brain
pericytes located on the capillaries are surrounded by astrocytic endfeet expressing EAAT. Although this anatomical
observation raises the possibility that brain pericytes are associated with the function of astrocytic glutamate
transporter EAAT, the effects of pericytes on it have not been examined. In the second chapter of this article, we aim
at investigating if the altered astrocytic glutamate uptake activity in CCI mice are caused by the reactive pericytes.

In the histological analyses, platelet-derived growth factor receptor (PDGFR) [ expression in pericytes were
significantly increased from early phase (1 h to 4 days) after CCI. The expressions of Iba1 and GFAP as markers
of microglia and astrocyte, respectively, were increased from 4 to 28 days after CCI. EAAT 2 expression were
significantly decreased at 28 days after CCI. The severities of seizure induced by pilocarpine were gradually
increased with a significant difference at 28 days after CCI. These findings suggest that the increased PDGFR[
expression in pericytes precedes microglial activation, the lowered glutamate uptake activity in astrocytes and
neuronal hyperexcitability after CCI. Then, CCI mice were treated with an inhibitor of PDGFRf signaling pathway,
imatinib, for 5 days after CCI. Imatinib apparently lowered seizure susceptibility to pilocarpine, suppressed
microglial activation and improved the decreased EAAT 2 expressions at postoperative day 28 . While the reactive

pericytes is implicated in the downregulation of EAAT 2 expression in astrocytes, the activity of glutamate uptake



via EAAT 2 in cultured astrocytes were upregulated when brain pericytes were cocultured with astrocytes under the
physiological conditions. These findings raise the possibility that the reactive pericytes in CCI mice directly
downregulate the glutamate uptake activity in astrocyte.

In conclusion, our findings suggest that brain pericytes with the rapidly increased PDGFR[} expressions might
drive TBI-induced microglial activation and downregulated glutamate uptake in astrocytes, leading to neuronal
hyperexcitability and the onset of LPTE. The functional crosstalk between pericytes and glial cells should be
considered as a possible hallmark for the regulation of neuronal excitability under the pathological conditions such
as TBI.
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HEPECSTBL/6T ~ 7 A (684, KT 18—23 g, Charles River Laboratory Japan, Yokohama) #* f#H L 72,
SHEAME O B4 1F controlled cortical impact (CCI) D FE:% Fv»TAT 5 72 [15]. Controlled pneumatic
impactor (AMS 201, AmScien Instruments, Richmond, VA, USA) Z i L, ZAMMBAEZNIIR DM (BEO0.5
mm, #HE3.0+0.02m/s, 1 737 MEEGFERH 120 ms) TEFE3 mm O flat-tip  FT B4, BEHSME (CCT
B #5272
2. MR~ b

CCI~ w7 AL DVER L 72T (bregma 2> 547 -1.8 mm ~ -2.3 mm) % SRR LA geto |t U 7o K
YJF % Tris-buffered saline TA7FR L 720.2% Triton-X 100 (Sigma Aldrich, St. Louis, MO, USA) A TS L,
Ty X T EfTol. ZTOBRNVUBEAMIIRTH A~ H 4 F, 3707 7BXT7 A ad A b
DAL BIET 572012, SO~ —H—% 27 A x FRRNIZRART 2 —kPuk (HTUPDGFRP $itfk:
i) A R ﬁlbali‘ﬂﬁk 1370 s )7 BLUBIGFAPHUA: 7 A but A ) WL 7z, BH, —
WPUR % L L 7-I48) %, BZ-X710 microscope (Keyence, Osaka) % FIV>T@I%E L 72, 55 dentate gyrus
BLUCAI ZEUHSHEBIIBIT L&~ — N — % X7 H D5 &% BZ-X Analyzer software (Keyence)
e HWTER L7z,
3. CCIfAfif~ 7 A D pilocarpine FFE 1 W h AMRZPEIZ B3 5 il

WL AREFESE pilocarpine (2R3 2 &Sz TE X, CCTAM 7, 14, 21 B X U28 H HIZEF L 720 0.9%
NaCl (Otuka Pharmaceutical Factory, Inc., Tokushima) (ZiAf# L 72 (=) scopolamine methyl nitrate (1 mg / kg,
i.p., Sigma Aldrich, MO, USA) % ¥ 7 A 2% 5 L 720 304 %, 0.9% NaCl | ¥ fi# L 7= pilocarpine
hydrochloride (250,290, 350 mg/kg, i.p., Sigma Aldrich) % 5- L, mm/ﬂ‘{’mﬁf Ji£ % 9077 I Rl L 726
T WILAFEIEEAE 1L, — %% 7 Racine scale [16] % —#RCZE L 72 5 TRl L 72
4. Imatinib £¢ 5

1) 4 14 b O PDGFRB ¥ 7 F Vifitk % & $ % 729512, PDGFR F- 1 ¥ ¥ ¥ F — ¥ [HE#] imatinib
(200 mg/kg, p.o., Wako) %, CCIEM 4 H (0HH) 25 CClémit4 HHE T GH5HM), 12B:HMET1
H2 B HS L7ze HL, 0H HIZCCIEM O 12 BB pT & 2 BE AT I8 5 L 720 Vehicle |2 (¥ distilled
water & ] L7z Imatinib #$¢5- L 7-CCI~ 7 A &2 H\WC, %28 HHIZBIT 2 7)) THIROE AL
B & Upilocarpine 5 17\ LA 1 % 3 L 72,
5 WXV Y A PBEXOT 2 ey A bOIKERIER

v MHEER <) 4 b (Human brain vessel pericytes, ScienCell Research Laboratories, Carlsbad, CA, USA)
BLO FHERT7 A oA &+ (Normal human astrocytes, Lonza, Basel, Switzerland) % L7z, )
4 ME, poly-L-lysine (Sigma Aldrich) THifE & 41724 >4 — } (ThinCert™ - 24 well, Greiner bio-one,
Kremsmiinster, Austria) (22.5 X 10* cells/well TH#fE L7z, 7 A b A b, poly-L-lysine TI—7 1 >~
7 &7z 24-well 7L — M2 10 X 10* cells/well THRAE L 720 ML 2B HIZA<D YA M2 &EH A 2 —
MR, 7RIS M eET4-well 7L — MCEEIL, 7 A MO b o AR T 72 R SR



#£ 7= (pericyte coculture) o AHHEHEE LC, 7 A b4 MHE—K38 R 2 E# L 72 (astrocyte monoculture)
6. 7AFa¥ A Mk} 5 3H-L-glutamate D HL 1) A A Ik

R MR A Rtk YA N EWREEBI PR L7 XA bu¥- 4 M %, assay buffer (125
mM NaCl, 3 mM KCI, 2 mM CacCl,, 1.25 mM NaH,PO,, 23 mM NaHCO3, 10 mM glucose and 2 mM MgSOy,,
buffered to pH 7.4,37 C) T2m¥HE L7z Z D%, 3H-L-glutamate (PerkinElmer, Waltham, MA, USA, 0.5
uCi/mL, 10.2 nM) % & ¢r assay buffer (37 C) ZRML, CO, M ¥ FaX—%— (37TC) NT1,2, 58X
05 A Y Fax—arliz, frFax—Tarfg TL—beKEIZES, K&L/ZPBST3H
YEiF9 5 Z & T3H-L-glutamate DY) :AA & 81 S w72, il 2 8 S5 728, 0.3 mol/L NaOH % 200
LML, COp A ¥ Fax—4 —NT2HMHEL 2o MBERKE Y > FL—2 22577 (Pico-
Fluor™ Plus, PerkinElmer) (2 AL, {HIZE& FNL NG, Whks > FL—Ta a7y — (LSA
2910 TR, PerkinElmer) % FI\>Cilll%€ L7zo %72, Na ' -free assay buffer iX, assay buffer H ¢ NaCl % %€ )V
? choline chloride (Wako) (Z{EH#$ % Z LI2 & D FHE L 72, 3H-L-glutamate DIV AARTHHEIL, S xS
Z\Z L, cell/medium ratio (uL/mg protein) & LT L 7z,

*H-radioactivities in the cells
(disintegration per minute (dpm)/mg protein)

Cell/medium ratio (uL/mg protein) =
} *H-radioactivities in assay buffer (dpm/uL))

7. EAAT B I0LBE

EAAT2 3% dihydrokainic acid (DHK, 500 uM, Tocris, UK) % il L 72 [H]-L-glutamate &7 assay
buffer %, XU A b &R IO R L7 A bat A M2105 L L, [3H]-L-glutamate O
Y ARFEER AT o720 THFEIZIE, UCPH-101 O dimethyl sulfoxide & % \* (X DHK O & distilled
water & 7l L 72 [PH]-L-glutamate &7 assay buffer & f# [ L 72,
8. i~V YA FREFER S O/ER

A b (2.5 X 10* cells/well) % poly-L-lysine THE S 4172 A >4 — b (ThinCert™ - 24 well) (2%
TEL, W) A MRS CREL ., BH, e 72 ot A MEEEHED (AGM™
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bt A k& HvC3H-L-glutamate LY AAARFEER 21T o720 TA MY A MIXB 708 I VROILY
AFNZHF S % pericyte-CM D it FEARTE ) 73 508 2 Wt 3 % 7280, AGM™ astrocyte growth medium T2 6512
7 L 72 pericyte-CM (pericyte-CM (50%)) 3 & Oy L TV> 72 > pericyte-CM  (pericyte-CM (100%)) %,
TNENH—FFET A baH A MI72REHALHE L 72, Pericyte-CM % & & 72\ AGM™ astrocyte growth
medium D & (pericyte-CM (0%)) % T2 L 727 A hat- A b & xfiiE L L7z,
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Fig. 1 Time-dependent changes in (A) PDGFRp, (B) Ibal and (C) GFAP immunoreactivities
in the injured ipsilateral hippocampus after CCI.

2. CCIAfi#& D pilocarpine 57T W A RS2 HE OB FEVE ) UAE

TBI % OF#E S B I % R 0 ICFHI S 2 7280, 5127, 14, 2138 K 0728 HIZZAERIE T RED IV
N AFEZH pilocarpine & CCI Y 7 AZHG- L, [ FWILAGREE A% L 7-o Pilocarpine (2% 3 4 &2 i1
CClx BRI EA (BHMN T WNABMMBEOIRT) L, %28 HICBWTRDIERT LT L5,
TBI £ DR N BR A O Z B 141, i) 34 b o2 L (PDGFRB O ZN) B L U7 ) THilEO
EHEACICERIE L OB S NS 2 L3 - 72,
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Fig. 2 The severity of convulsive behavior in sham and CCI mice at
postoperative day 7, 14,21 and 28.

3. CCIRYWDIN~XY %4 F PDGFRP FEHWK»FE 3 5 I 70 7)) 7I%MEAL L pilocarpine g T

h ARZYE U

CCIEMFIZX$ 5 =) A b DS % #9572 PDGFRP > 7" F )V L% #| imatinib % CCI Efiif % 5
MicHG - Lize 20k, WMEHHEREOI 7 u 7 ) 7BL07 A O A bOFKIER~ — 5 — OFHINE
I & pilocarpine i FE 1T VAL A DEEE EFIZ0 T 2 IR A~ DOBGIZOWTHRE L 720 Y
A MIBIT % PDGFRP FHEIEINAFRD b 722 H# O 5 HE imatinib % CCIY 7 A5G4 5 &, =
Bt 28 HO X 70 277) 7 Ibal EHEOHN (Fig. 3 A) BL PITWNABREOH K (Fig. 3 B) 2VE =2
flsize —HT, BWiNL7a7 A a4 b GFAPFEM=EIZZLIZFED N5 72, $E- TPDGFRP
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Fig. 3 Effect of subchronic imatinib treatment in the early phase after CCI on (A) activated microglia in
the injured ipsilateral hippocampus and (B) the hypersusceptibility to a sub-threshold dose of
pilocarpine in CCI mice at postoperative day 28 .
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Fig.4 EAAT?2 immunoreactivities in the injured ipsilateral hippocampus after CCI. (A) Time-dependent
changes of EAAT 2 expression levels in hippocampus. (B) Effect of subchronic imatinib treatment
in the early phase after CCI on EAAT 2 expression at postoperative day 28 .
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Fig. 5 Brain pericytes increase the glutamate uptake in astrocytes via sodium-dependent glutamate
transporter EAAT2. (A) Time-course of [3H]-L-glutamate uptake in astrocytes cultured with
pericytes (pericyte coculture) or without pericytes (astrocyte monoculture). (B) Effect of Na*-
free condition on the glutamate uptake of astrocytes in astrocyte monoculture and pericyte coculture.
(C) Effect of DHK (500 pM ), a selective inhibitor of EAAT 2, on the glutamate uptake in astrocyte
monoculture and pericyte coculture. (D) Effect of pericyte-conditioned medium (CM) on the

glutamate uptake in astrocyte monoculture.
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