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Table 1. Beam walking scoring system

score behavior
7 balances with steady posture; paws on the top of beam
(2 minor foot slips* or less)
6 balances with steady posture; paws on the top of beam
(more than 3 minor foot slips*)
5 grasps sides of beam and/or has shaky movement
4 one or more major foot slips# off beam
3 attempts to balance on the beam but falls off
2 drapes over beam and/or hangs on beam and falls off
1 falls off beam with no attempt to balance or hang on
* minor foot slip: preserved body elevation and balance
# major foot slip: nearly falls off beam
(=R
Rotarod

2 HE® b b —=2 7 TH|ZE L7 rotarod FOWKE 86 +/- 20 (E¥J +/- SD) BT, £4D
i) T OIMERMEI ST 25ME £ 7213 sham FIL 1 - 3 - 7 + 14 - 28 A H O & AIEIZ %
LEIGE L VBBEOYYEE 7 Z 7 (Figure 1) 1T UG L7z, AEIOIME L ~L T HERH)
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Figure 1. Rotarod test
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Beam walking
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Figure 2. Beam walking
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Beam balance
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Figure 3. Beam balance
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Figure 4. Beam balance latency ratio (injured/sham)

-1 1 3 5 7 14 28
day post-injury




EXR:5

HEHE)EE /)35 Tld, beam balance (Z DA IIMEIZ K 5 EEEE 258 2 O A TRV [EE & R
iz, LorL72e23 5, beam walking OEENEDS & FREIE Lo 1 % T, €U RADKEK
B2 IO RR8 DB CIRA E R (p=0.02) RENEFNRD bTc, AFEBRO K 5 R#EE D4t
5 EBRORE R B EAERIME % O FLE G EF I IS O B 2 PED 72 Wy T AW FHIRE T 13 &
L Z N REE T,

F 7z, MG OEBEE L ZOIRFEIEEE R T AR fluid-percussion injury OFEE A LD
50 < B D, BEERIME < KIMO JFFTFEE D58 controlled impact injury €7 /L HW S 372 XD
FEBBRETH D & Bbii,



3. HAFEAMET. @ microglia OIEMALIZ DU T

B 24 BEREILIN O 2WERIZ 351 % microglia OIEMALZ BRI THREF LIz & 2 A, M5
#% 5 /3 Clx BBB Ofif#E 4 7~k 3 HRP Bt neuron 2303 MU S 47228 0X42 Bhtk microglia

TR N2 o7, 1K HE Tk HRP B neuron 23[Rl CAL, CA4 & #ifl|od %Jﬁlﬁl 1)
O 572, Resting microglia IZ{5 M L 2T, “bushy type”?fS MR D WS\ PR IZFE D 6
AL, "amoeboid type” 23 [FEMlDO CA1, CA4 & WO HRENZFRD Hivlz, £72. "rod type”»® HRP
Bhtt neuron (ZiTHE L TRl H L7z, 6 I CIE, HRP B5t% neuron 138 Hiv7e < 72 0 il
FS TR O B L7 "bushy type” microglia [ resting type (2R > TU 223, “amoeboid
type” microglia IZ LV FH LI AR LIEMILEINTWD b0 L bz, 24 K5tk CTid. HRP 5
M neuron DFRWD &I 7= KIKEE OFPHIZ hsp72 5 neuron 2338 B 5 X 512720 | [EIEBAL
A R VAR o TWeb D EBbhs, TGRSO SV T, IfToR

B 1. BRh OF L “Acute microglial activation and the neuronal response in the rat

hippocampus after mild traumatic brain injury”’|Z/-r98 Y TH 5,

MEFL 1725 7 H B £ ToOfZMES microglia DIEMHALZEIZ DUV TIE, EFEE T2 4% /37 =V
AT NT B REHWEREE L, microglia D&% HL 0X42, 7 A a4 D&% H GFAP
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Summary

In this study, we have examined the effects of FK506 on delayed neuronal cell
death in the thalamus after experimental traumatic brain injury. Rats received
an intravenous injection of 1.0 mg/kg of FK506 or vehicle or daily intraperitoneal
injections for 7 days after injury. Neuronal cell loss and enhanced
immunoreactivity of OX42 were evaluated in the laterodorsal (D) nucleus of the
thalamus. The number of survived neuronal cells in single treated rats was
significantly larger than vehicle treated rats 7 and 14 days postinjury. In contrast,
the number of survived neuronal cells in daily treated rats did not differ from
that in vehicle treated rats. The number of OX42 positive microglia in daily
FK506 treated rats was significantly fewer than that in vehicle treated rats, but
that was similar between vehicle and single treated rats. These findings
indicated that FK506, when administered immediately after the injury, limited
neuronal cell death in LD nucleus in traumatic brain injury in rats. They also
suggested that microglial activation might play an important role on neuronal

survival after brain injury.

Introduction

FK506 1s an immunosuppressant and 1s used clinically in organ
transplantation [1]. FK506 binds FK506-binding protein (FKBP12) and the
complex acts to selectively inhibit calcineurin, the calcium-calmodulin activated
protein phosphatase [2]. Recently, attention has been called to the
neuroprotective effect of immunosuppressants in the various brain injuries,
especially cerebral ischemia. Cyclosporin A, which is also an immunosuppressant
and a potent inhibitor of Ca2+-induced mitochondrial damage, brought the
protective effect to the axonal damage in traumatic brain injury[3-5]. Although
the search for neuroprotective effects of FK506 on the cerebral ischemia has been
extensively attempted [6-11], the effects of FK506 on the traumatic brain injury
has been rarely reported. We have developed a lateral fluid percussion brain
injury in the rat in which hemorrhage is minimal and typically restricted to the
external capsule. A similar injury has been reported by Sato et al [12]. These
investigators reported delayed neuronal cell death in the thalamus, which is
remote from the impact site. In this study, we have evaluated the effects of
FK506 to the neuronal damage in the thalamus after the lateral fluid percussion

brain injury in rats.



Materials and Methods
Surgical Preparation

Adult male Sprague-Dawley rats (n = 50), weighing 350 - 450 g, were
anesthetized with 4 % chloral hydrate (9 ml/kg, intraperitoneally) and prepared
for lateral fluid percussive brain injury (1.5 atm). In each animal, a catheter was
inserted into the left femoral artery to monitor blood pressure and analyze blood
gases. After incision of the temporal muscle, a circular craniectomy, 4 mm in
diameter, was made with a dental drill just above the left zygoma. A polyethylene
tube was placed against the intact dura, fixed securely to the skull with dental
acrylic cement, filled with isotonic saline, and then connected to a fluid
percussive device. Rats were divided into 2 groups according to the drug received.
In single-treatment group, the rats received an intravenous injection of 1.0 mg/kg
of FK506 [Fujisawa Pharmaceutical, Osaka, Japan] or vehicle once immediately
after the injury. In daily-treatment group, the rats received an intraperitoneal
injection of 1.0 mg/kg of FK506 or vehicle immediately after the injury and once a
day for 6 days after the injury. Normal body temperature (36.5 - 37.5°C) was
maintained with a heating pad at least 1 hr before and after the injury.

Animals were euthanized at 1 day (A: n = 10), 3 days (A: n =10), 7 days (A:n =
10, B: n=10) and 14 days (A: n=10) after injury and perfused with 100 ml of
heparinized saline and 400 ml of 4 % paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4 (PB). Brains were removed and stored in the same fixative for 24
hr and in 30% sucrose solution in 0.1 M PB for 48 hr. Thereafter brains were
rapidly frozen at - 30°C. Coronal sections, 10 mm in thickness, were cut using a
cryotome and mounted on PLL-coated slides. Coronal sections were selected at 3

mm caudal to bregma.

Immunolocalization of NeuN and OX42

After being rinsed in 0.05 M phosphate buffered saline, pH 7.4 (PBS), sections
were incubated in 0.3% H202 containing 0.01% NaN3 for 10 minutes to quench
any endogenous peroxidatic activity, then rinsed in PBS. Sections were incubated
in each of the following solutions for the time indicated: 2% goat serum/0.2%
Triton-X100/0.1% bovine serum albumin (GS/TX/BSA), 5 minutes; 10% goat
serum/0.2% Triton-X100/0.1% bovine serum albumin, 30 minutes; mouse
anti-NeuN monoclonal antibody (1:2000 in GS/TX/BSA; Chemicon International
Inc., CA) or mouse anti-OX42 monoclonal antibody (1:1000 in GS/TX/BSA;
Serotec Limited, Indianapolis, IN), 24 hr at 4°C; PBS, 3 x 5 min; horseradish
peroxidase conjugate anti-mouse IgG (1:200 in GS/TX/BSA; MBL, Nagoya,

Japan), 90 min; PBS, 3 x 5 min. The final reaction product was visualized using



0.05% 3,3-DAB as the chromogen in the presence of 0.02% H202. The
immunostained sections were then dehydrated in graded alcohols, cleared in

xylene, coverslipped, and viewed with a light microscope.

Quantitative Assessment of NeuN and OX42

Quantitative analysis was performed on the immunohistochemical staining in
the thalamus of injured sites. Three coronal sections at the level of cortical
impact were examined in each animal. We countered NeulN positive nuclei with
perikarya and processes in a rectangle, 0.5 mm X 0.5 mm, positioned on the
laterodorsal (LD) thalamus nucleus region. We defined OX42 positive cells as the
cell bodies that were greater than 10 p m and quantified them within a

rectangular area (0.5 mm X 0.5 mm).

Statistical Analyses

Physiological Parameters: The arterial blood pressure was measured over
time in each group. Blood gases were measured before injury and in
approximately 10-15 minutes post injury. Physiological values were compared
between vehicle and drug-treated group using Student's t tests. Significance was
defined as P < 0.05.

Morphometry: Vehicle and drug treated groups were compared at each time

point using Mann-Whitney U test. Significance was defined as P < 0.05.

Results
Physiological parameters

There were no significant differences in pH and PaO2 preinjury as compared
to postinjury values (Table 1). PaCO2 significantly decreased postinjury in both
vehicle and FK506 treated groups. However, there were no significant differences
in PaCO2 between vehicle and FK506-treated groups (Table 1). Mean arterial
blood pressure (MABP) transiently increased immediately after injury in both
vehicle and FK506 treated groups compared with preinjury values (P<0.01) (Fig.
1). This transient elevation of MABP was accompanied by apnea lasting
approximately 20 sec in duration. MABP returned to preinjury levels by 5 min

postinjury in both vehicle and FK506 treated groups (Fig. 1).

General Morphology
This injury typically resulted in widespread thin subarachnoid hemorrhage.
Subarachnoid hemorrhage was noted not only adjacent to the site of impact, but

also along the surface of cerebellum and brainstem. Intraparenchymal



hemorrhage was restricted in the external capsule, in the cingulum and the
corpus callosum.

Number of neurons in LD nucleus (Fig. 2)

In vehicle treated group, the number of neuronal cells decreased maximally 7
days after injury. In single-treatment group, there was no significant difference
between vehicle and FK506 treated rats at 1 or 3 days after injury. However, the
number of survived neuronal cells in single-treatment rats was significantly
larger than vehicle treated group at 7 and 14 days postinjury (P=0.021 and
P=0.045, respectively). In contrast, the number of survived neuronal cells in daily
FK506 treated rats did not differ from that in vehicle treated rats.

Induction of OX42 in LD nucleus (Fig. 3 and 4)

In sham-operated animals, microglia typically exhibited a small cell body with
ramified cell body. These cells were immunostained with OX42 throughout the
brain. In the injured brain, some cells exhibited a more intensely immunostained
large cell body and a more dense arborization of processes.

In single treatment group, the number of OX42 positive microglia in LD
nucleus was similar at 7 days after injury between vehicle and FK506 treated
rats. In daily treatment group, the number of OX42 positive was significantly
less than that in vehicle treated rats (P=0.040).

Discussion

The lateral fluid percussion brain injury is reported to induced apoptosis[13]
and neuronal cell loss in the thalamus [12]. Decreasing cell number and
expressing of OX42 of microglia were maximal in LD nucleus 7 days after injury
in this model. FK506 significantly increased the survival neurons 7 and 14 days
after injury in the rats with single treatment of FK506 immediately after injury.

The neuroprotective effect is putatively mediated via the inhibition of
calcineurin by a complex of FK506 and FKBP12 in animal models of focal
cerebral ischemial6]. The precise role of calcineurin in the pathophysiology in
cerebral ischemia has remained unclear. Identifying the substrates for
neuroprotective actions of FK506 has been progressing.

The functions of FK506 besides the immunosuppressive effect have been also
investigated. FK506 inhibits nitric oxide (NO) production by preventing the
dephosphorylation of nitric oxide synthase (NOS)[14]. This effect seems to be
involved in the neuroprotective effect of FK506 in the model of focal cerebral
ischemia [14, 6]. FK506 also decreased the delayed neuronal cell death in



forebrain ischemia on gerbils[8, 10] and is suggested to act as a neuroprotective
agent via unknown pathways other than neuronal NOS inhibition[10].

Fluid percussion brain injury provided the reduction in the cerebral blood flow
on injured hemisphere (CBF)[15-18]. Traumatic brain injury increased
constitutive NOS activity 5 min after injury and inducible NOS activity 3 days
after injury in the injured cortex[19, 20]. Furthermore the inhibitor of neuronal
and inducible NOS reduced in the area of cortical contusion[19, 20]. These
indicated that the posttraumatic cerebral ischemia and NO were involved in
secondary brain damage of traumatic brain injury. FK506 can cross the
blood-brain barrier and its content in brain tissue rises rapidly after intravenous
administration. FK506 concentration in brain tissue 1s sustained at a
neuroprotective level for 3 days[21]. Therefore, FK506 injected immediately after
injury might affect the traumatic neuronal damage mediated the NOS inhibition
at the early stage of brain damage in our model.

Meanwhile FK506 failed to prevent the neuronal cell loss in the rats received
daily treatment after injury. Although daily administration of FK506
significantly inhibited microglial activation 7 days after injury, there was no
significant  difference in microglial activation between vehicle and
single-treatment in this study. Our result suggested the interesting information
about the function of microglial activation.

Microglia are ubiquitously distributed in the central nervous system and
comprised up to 20% of the total glial cell population in the brain[22]. Microglia
acts as scavengers removing tissue debris under conditions of cell death. Previous
reports have demonstrated the close association between microglial activation
and degeneration of neural pathways in the experimental axotomy model [23, 24].
0X42 positive microglia increased in the thalamus, which was remote from the
impact site, after the fluid percussive injury and might also response injured
axonal pathways[25]. While the functional significance of microglial activation
remains unclear, microglia might exert both neurotoxic and neurotrophic effects.
The factors released from microglia might play a neurotoxic role in the various
brain injury; including superoxide[26], nitric oxide[27, 28], tumor necrosing
factor-a (TNF-a)[29] and tissue plasminogen activator (tPA)[30, 31].

In contrast, microglia can secrete neurotrophic and growth factors under the
various insults. Microglia secreted transforming growth factor-b (TGF-b)[32-34].
TGF-b suppressed glial scar formation and might support tissue repair in brain
injury[35]. Microglia produced insulin-like growth factor (IGF-1) in rats with
hypoxic-ischemic brain injury[36]. Microglia also released nerve growth factors
(NGF)[37, 38], neurotrophin-3[39], basic fibroblast growth factor (b FGF)[40] and



brain-derived neurotrophic factor (BDNF)[41] with or without various
stimulation in vitro. These studies collectively indicated that microglia might
offer the neuroprotective effects on the injured brain.

In our study, daily injection of FK506 for 6-days period might suppress
microglial reactivation and its neurotrophic effect after traumatic injury in this

model.
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Legends

Table 1

Blood gas analyses before and after traumatic brain injury

Fig. 1
Mean arterial blood pressure (MABP) in animals administered saline or FK5086.
Values are the mean * standard deviations.

Fig. 2

The number of neurons in the laterodorsal nucleus of the thalamus. The number
of NeuN labeled neurons in rats received single-treatment of FK506 is
significantly larger than that in vehicle treated animals at 7 and 14 days
postinjury. There is no significant difference in the number of neurons between
rats received daily-treatment of FK506 and vehicle treated animals at 7 days
postinjury. *P<0.05. Values are the mean *= standard deviations.

Fig. 3

Enhanced expression of the CR3 receptor in the laterodorsal nucleus of the
thalamus. There is no significant difference in OX42 positive microglia between
rats received single-treatment of FK506 and vehicle treated rats at 7 and 14 days
postinjury. The number of OX42 positive microglia significantly decreased in rats
received daily-treatment of FK506 compared with vehicle treated rats at 7 days
postinjury. *P<0.05. Values are the mean * standard deviations.

Fig.4

0X42 positive microglia in the laterodorsal nucleus of the thalamus at 7 days
after injury in saline treated (A, C) and FK506 treated (B, D) rats. The single
treatment (A, B) and the daily treatment (C, D). There is few difference in OX42
positive microglia between rats received single-treatment of FK506 and vehicle
treated rats (A, B). The number of OX42 positive microglia in rats received
daily-treatment of FK506 is fewer than that in vehicle treated rats (C,D). Scale
bar = 100 u m.
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1984 Y HETHZ L, IR L CT& 727 v b A fluid-percussion injury #ME/ER2E E
DEFHLA N B 2 I %2, 5O fluid-percussion injury FME/ERIEE I LI L%
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microglia DIEMALNEAFTIMEL ORI O /EFICEHE 2@ X 2 L TV 5 AJEEME N RIB X
iz,
Spreading depression DFEZEI L Tid, BB ST IME/ERCEEE CTIT R E DR AL
AT L < | {514 1T spreading depression % 2 Z 3 23D 72 < 72 O (IR DO Zh =R
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