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Abstract

Background: A gerbil model of ischemia and reperfusion (IR) injury in the forebrain has been developed for studies on mechanisms,
prevention and therapeutic strategies of IR injury in the forebrain. Pycnogenol® (PYC), a standardized extract of Frenchmaritime pine tree
(Pinus pinaster Aiton) has been exploited as an additive for dietary supplement. In the present study, we investigated the neuroprotective
effects of post-treatment with PYC and its therapeutic mechanisms in gerbils. Methods: The gerbils were given sham and IR operation
and intraperitoneally injected with vehicle and Pycnogenol® (25, 50 and 100 mg/kg, respectively) immediately, at 24 hours and 48 hours
after sham and IR operation. Through 8-arm radial maze test and passive avoidance test, each spatial memory and short-term memory
function was assessed. To examine the neuroprotection of Pycnogenol®, we conducted cresyl violet staining, immunohistochemistry for
neuronal nuclei, and Fluoro-Jade B histofluorescence. Moreover, we carried out immunohistochemistry for immunoglobulin G (IgG) to
investigate blood-brain barrier (BBB) leakage and interleukin-1β (IL-1β) to examine change in pro-inflammatory cytokine. Results: We
found that IR-induced memory deficits were significantly ameliorated when 100 mg/kg Pycnogenol® was treated. In addition, treatment
with 100 mg/kg Pycnogenol®, not 25 mg/kg nor 50 mg/kg, conferred neuroprotective effect against IR injury. For its mechanisms, we
found that 100 mg/kg Pycnogenol® significantly reduced BBB leakage and inhibited the expression of IL-1β. Conclusions: Therapeutic
treatment (post-treatment) with Pycnogenol® after IR effectively attenuated ischemic brain injury in gerbils. Based on these results, we
suggest that PYC can be employed as an important material for ischemic drugs.
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1. Introduction

A brief interruption of blood supply to brains brings
ischemia-reperfusion (IR) injury in the specifically vulnera-
ble subregions of the brain including the hippocampus [1,2].
Mongolian gerbils (Meriones unguiculatus) have been de-
veloped for a model of transient forebrain ischemia to study
neuronal damage and protection or therapy, their mecha-
nisms in the forebrain induced by IR injury in the forebrain
has been developed for studies on mechanisms, prevention
and therapeutic strategies of IR injury in the forebrain [3–
5]. The gerbil anatomically has an incomplete Willis’ cir-

cle which has no the posterior communicating arteries [6,7].
This anatomical characteristic gives us to easily develop IR
injury in the forebrain by ligation of two common carotid
arteries (not two vertebral arteries) in gerbils which survive
a long time without brainstem failure [8,9]. It is known
that, in gerbils, transient forebrain ischemia for fiveminutes
leads to irreversible loss (death) of pyramidal cells (princi-
pal neurons) located in subfield Cornu Ammonis (CA) 1 of
the hippocampus at four to five days after IR [10,11]. Accu-
mulating data have demonstrated diverse phenomena in IR-
induced neural injury including blood-brain barrier (BBB)
breakdown and neuroinflammatory response [12–14].
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Extracts derived from plants have been considered
as the potential materials of multi-targeting agents for the
remedy of neurological diseases such as cerebral ischemia
[15,16]. For example, extract from pine bark has been re-
ported to have neuroprotective effects against experimen-
tal brain insults. As in vivo experiments, extract from
Korean red pine (Pinus densiflora) bark and Pycnogenol®
(PYC), a natural plant extract from French maritime pine
(Pinus pinaster Aiton) bark protects hippocampal pyrami-
dal neurons following IR injury in gerbils [15,17]. As
in vitro experiments, PineXol®, a natural plant extract
from Pinus densiflora bark, shows a neuroprotective effect
against H2O2-induced oxidative cell death in neuronal PC-
12 cells [18], and PYC has a neuroprotective effect against
glutamate-induced excitotoxic cell death in HT-4 neuronal
cells [19].

It has been demonstrated that PYC considerably pro-
tects hippocampal pyramidal neurons from IR injury in ger-
bils via its antioxidative efficacy [17]. However, the effects
of PYC against IR-induced BBB leakage and neuroinflam-
mation have not been examined yet. Therefore, the main
purpose of the present study was to investigate whether
PYC protected or attenuated IR injury-induced BBB leak-
age and neuroinflammation.

2. Materials and Methods
2.1 Animals

The protocol of all experimental procedures was ap-
proved (approval no., KW-2000113-1) on 7th Feb. 2020
by the Ethics Committee of Kangwon National University
(Chuncheon, Gangwon, Korea). Animal handling stuck to
the “Guide for the Care and Use of Laboratory Animals”
[20]. In addition, all efforts were made to reduce pain in
the animals and minimize the numbers of the animals used.

Adult male gerbils at six months of age (body weight,
72–78 g) were used for this study. The gerbils were ob-
tained from the Experimental Animals Center of Kangwon
National University (Chuncheon, Republic of Korea). The
gerbils were housed in pathogen-free environment under
standard laboratory conditions (temperature, 23 ± 0.5 ◦C;
relative humidity, 55± 5%) on 12:12 hour light–dark cycle.

A total of 126 gerbils were blindly and randomly di-
vided into eight groups as follows: (1) sham IR plus (+)
vehicle group (Sham+vehicle group; n = 14) was subjected
to sham IR operation, treated with vehicle (saline), and
sacrificed at zero and 5 days after sham IR operation; (2)
IR+vehicle group (n = 21) was given IR operation, treated
with vehicle, and sacrificed at two and five days after IR
operation; (3), (4) and (5) sham+25, 50, and 100 mg/kg
PYC group (n = 14, respectively) was subjected to sham
IR operation, treated with 25, 50, and 100 mg/kg of PYC,
respectively, and sacrificed at zero and five days after IR;
(6) and (7) IR+25 and 50 mg/kg PYC group (n = 14 re-
spectively) was given IR operation, treated with 25 and 50
mg/kg of PYC, respectively, and sacrificed at five days af-

ter IR operation and (8) IR+100 mg/kg PYC group (n = 21)
was given IR operation, treated with 100 mg/kg PYC, and
sacrificed at two and five days after IR operation.

2.2 IR Injury Induction and PYC Administration
IR injury was induced in the forebrain containing the

hippocampus by occlusion of bilateral common carotid ar-
teries in accordance with previously described method [15].
In brief, all gerbils were anesthetized with 2–2.5% isoflu-
rane (657801261, Hana Pharm. Co., Ltd., Gyeonggi-Do,
Korea) using an inhaler. A middle incision was made in
the ventral surface of the neck, the common carotid arter-
ies were isolated from the carotid sheath and clamped with
aneurysm clips for fiveminutes, and the clips were removed
for reperfusion. Complete blockage and reperfusion of ar-
terial blood was observed by observing blood flow in the
central retinal arteries using HEINE K180 ophthalmoscope
(C-182.27.388, Heine Optotechnik, Herrsching, Germany).
For body temperature, normal temperature (37 ± 0.5 °C)
was controlled using thermometric blanket using TR-200
rectal temperature probe (21052-00, Fine Science Tools,
Inc., Foster City, CA, USA). The gerbils in all sham groups
received the same surgery without occluding the arteries.

PYC was purchased from Horphag Research Ltd.
(1049951, Horphag Research Ltd., Geneva, Switzerland),
and PYC (25, 50, and 100 mg/kg in saline, respectively) or
saline was intraperitoneally administrated immediately, at
one day and two days after IR, respectively (Fig. 1).

2.3 Radial Arm Maze Test (RAMT)
RAMT was conducted to examine change in spatial

learning memory following IR injury at designated times
(Fig. 1) according to published protocols [6,21]. In short, a
central octagonal plate consisting of a non-transparent acryl
board (diameter, 20 cm) with eight radial arms (5 cm wide;
9 cm high, and 35 cm long) (60150, Stoelting Co., Wood
Dale, IL, USA). The gerbils were trained three times for
three days (once a day) prior to IR (Fig. 1). The substantive
test was conducted once a day for five days from one day
after IR (Fig. 1). In detail, Pellet feed (RodFeed, DBL Co
Ltd., Chungbuk, Korea) was put at the end of each arm,
and the gerbil was placed onto the central platform. The
trial (test) was wrapped up when the gerbil consumed the
feed. The numbers of errors were calculated for re-entering
the arms that had already been entered.

2.4 Passive Avoidance Test (PAT)
To evaluate IR-induced change in short-term memory,

PAT was performed at designated times (Fig. 1) according
to previous methods [22,23] with somemodification. Gem-
ini Avoidance System (GEM 392, San Diego Instruments
Inc., San Diego, CA, USA) was used. This apparatus con-
sists of dark and light rooms that were divided by vertical
door. The test had two sessions (training and testing ses-
sions). For training session, at one day before IR (Fig. 1),
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Fig. 1. Experimental timeline RAMT was daily conducted for three days before and for five days after IR induction. PAT was
carried out at one day before and five days after sham and IR, respectively. Gerbils were given IR injury for five minutes and, thereafter,
they were respectively treated with vehicle (saline), 25, 50 and 100 mg/kg PYC immediately, at one day and two days after sham and IR.

the gerbil was placed in the light room with its back to-
wards the dark room, allowed to freely explore both rooms
for three minutes, and the dark room was electrified for five
minutes. If the mouse stepped into the dark compartment, it
would receive a mild foot shock. Testing session was per-
formed five days after IR (Fig. 1). The gerbil was placed
to the light room and allowed to explore for five minutes,
and the latency time (seconds) to enter the dark room was
recorded within three minutes.

2.5 Tissue Preparation for Histopathology
Histopathological sections were prepared at zero, two,

and five days after IR. In brief, as described in a pub-
lished paper by [15], the gerbils were given deep anes-
thesia by intraperitoneal injection of pentobarbital sodium
(200 mg/kg; 644912121, JW pharm. Co., Ltd., Seoul, Ko-
rea). The gerbils were rinsed transcardially with 0.1 M
phosphate-buffered saline (PBS, pH 7.4) and fixed imme-
diately with 100 mL of 4% paraformaldehyde (in 0.1 M
PB, pH 7.4). The gerbils were decapitated and their brains
were removed from the skulls. The brains were then placed
in the same fixative overnight and stored overnight in 0.1
M phosphate buffer (PB, pH 7.4) containing 25% sucrose
and 0.002% CaCl2 to prevent the brain from cryosection.
Thereafter the brains were cut into 30-µm thickness of coro-
nal planes using a sliding microtome (SM2020 R, Leica,
Nussloch, Germany) equipped with a freezing stage (BFS-
40MP, Physitemp Instruments Inc., Clifton, NJ, USA).

2.6 Cresyl Violet (CV) Staining
CV staining was performed to evaluate change in cel-

lular distribution and morphology in the hippocampus af-

ter IR according to a previous study [15] with some mod-
ification. In short, the sections intended for CV staining
were first mounted on gelatin-coated microscope slides, air
dried at room temperature and incubated overnight in 95%
ethanol at 56 ◦C. The sections were then rinsed in distilled
water (DW) and immersed in the solution of CV acetate
(10510-54-0, Sigma-Aldrich Inc., St-Louis, MO, USA) dis-
solved at 0.1% in DW for three minutes at room tempera-
ture. Thereafter the stained sections were briefly washed
followed by decolorized in 50% ethanol for three min-
utes, dehydrated through 70%, 80%, 90%, 95% and 100%
ethanol, cleared in xylene and mounted with cover glasses.

The images of the CV-stained cells were taken using
BX53 microscope (BX53, Olympus, Tokyo, Japan), and
IR-induced change was examined.

2.7 Neuronal Nuclei (NeuN) Immunofluorescence and
Fluoro-Jade B (FJB) Histofluorescence

To evaluate the therapeutic neuroprotection by PYC
in the hippocampus after IR, NeuN (a marker for neurons)
immunofluorescence and FJB (a fluorescent marker for the
degeneration of neurons) histofluorescence were performed
according to a published method [15] with some modifica-
tion.

For NeuN immunofluorescence, the sections were in-
cubated in mouse anti-NeuN (diluted 1:1,100; MAB377;
Merck Millipore, Burlington, MA, USA) overnight at 4
◦C. After washing, the sections were incubated in Alexa
Fluor® 546-conjugated donkey anti-mouse immunoglobu-
lin G (IgG, diluted 1:500; A10036, Invitrogen, Waltham,
MA, USA) for two hours at room temperature. After wash-
ing, the sectionswere dehydrated, cleared and coverslipped.
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Table 1. Primary and secondary antibodies for immunohistochemistry.
Primary Antibodies Dilutions Suppliers
Rabbit anti-interleukin 1β (IL-1β) 1:1,000 Chemicon, Temecula, CA, USA
Rabbit anti-gerbil immunoglobulin G (IgG) 1:200 Abcam, Cambridge, UK

Secondary Antibodies Dilutions Suppliers
Biotinylated goat anti-rabbit IgG 1:250 Vector Laboratories Inc., Burlingame, CA, USA

For FJB histofluorescence was carried out to inves-
tigate the therapeutic neuroprotection by PYC in the hip-
pocampus after IR. FJB (AG325-30MG, EMD Millipore,
Burlington, MA, USA) solution was prepared by dissolv-
ing 0.0003% FJB in acetic acid. According to a published
method [15] with some modification, the sections were in-
cubated with 0.06% potassium permanganate for ten min-
utes at room temperature, washed with DW, and incubated
in the FJB solution for 20 minutes at room temperature. Af-
ter washing, the sections were warmed for the reaction and
completely dried. Thereafter, the sections were cleared and
coverslipped.

For the analysis of neuronal damage or death (loss),
five sections were selected with 140 µm interval at the cor-
responding levels of the gerbil brain [24]. According to a
published method [15], the digital images of the NeuN- and
FJB-stained cells were obtained using a fluorescencemicro-
scope using blue (450–490 nm) excitation light (for FJB-
stained cells) and green (510–560 nm) excitation light (for
NeuN-stained cell). Two blinded experimenters counted
the mean numbers of the cells were counted in the same
area using an image analyzing system (Optimas 6.5, Cy-
berMetrics, Scottsdale, AZ, USA).

2.8 Immunohistochemistry
IR-induced BBB leakage and interleukin-1β (IL-1β)

change in the hippocampus were analyzed by immunohis-
tochemistry (avidin-biotin complex (ABC) method). Ac-
cording to general method [17] with some modification,
the sections were washed and immersed in 0.3% H2O2

(in 0.1 M PBS, pH 7.4) for 20 minutes to block endoge-
nous peroxidase activity. Immediately, the sections were
washed and incubated in 5% goat or horse serum (in 0.1
M PBS, pH 7.4) for 30 minutes to block non-specific im-
munoreaction. Thereafter, the sections were immunore-
acted with primary antibodies (Table 1) for 24 hours at
4 °C. After washing, the sections were incubated in cor-
responding secondary antibody (Table 1). Then, the sec-
tions were incubated in ABC solution (diluted 1:250; PK-
6100, Vector Laboratories, Burlingame, CA, USA). The
immunoreaction in the sections was visualized with 3,3′-
diaminobenzidine tetrahydrochloride (0.06% DAB; 32750-
25G-F, Sigma-Aldrich Co, St Louis, MO, USA) in 0.1 M
PBS (100 mL) and 30% H2O2 (50 µL) for one minute. Fi-
nally, the sections were washed, dehydrated, cleared and
coverslipped.

The density of IgG and IL-1β immunoreactivity was
evaluated as follows. Five sections per gerbil were chosen,
and the images of the immunoreacted structures were cap-
tured in the same way as described above using the micro-
scope equipped with cellSens Standard software (version
1.4.1, Olympus, Tokyo, Japan). The density was compared
as a ratio of the relative optical density (ROD) using Im-
age J software (version 1.46; National Institutes of Health,
Bethesda, Rockville, MD, USA).

2.9 Statistical Analysis

SPSS software (version 15.0, SPSS Inc., Chicago, IL,
USA) was used for all statistical analyses. In addition, Kol-
mogorov and Smirnov test was applied to evaluate normal
distributions, and Bartlett test was used to calculate iden-
tical standard error of the mean (SEM). All presented data
were taken for the normality test. The statistical signifi-
cances of the mean between all experimental groups were
determined by two-way analysis of variance followed by
post hoc Tukey’s test for all pairwise multiple comparisons.
All presented data were displayed as the mean± SEM. Dif-
ferences were regarded as statistically significant at p <

0.05.

3. Results
3.1 Attenuation of Cognitive Impairment
3.1.1 Spatial Memory

Before IR, changes in the numbers of errors were sim-
ilar among all groups. This finding indicated that all ger-
bils had been pre-trained equally (Fig. 2A). In all of the
sham groups, patterns in the numbers of errors were time-
dependently decreased after sham IR and the numbers were
not significantly different between the groups (Fig. 2A). In
contrast, in the IR+vehicle, IR+25 mg/kg and IR+50 mg/kg
PYC groups, the numbers of errors were significantly high
after IR compared with those in the sham+vehicle group
(Fig. 2A). However, in the IR+100 mg/kg PYC group, the
numbers of errors were significantly low at three days after
IR compared with that in the IR+vehicle group and became
similar to those in the sham+vehicle group at four and five
days after IR (Fig. 2A).

3.1.2 Learning Memory

At one day before IR, latency time was similar among
all groups. This finding indicated that all gerbils had under-
gone same training (Fig. 2B). In all of the sham groups, no
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significant differences in latency time were found at five
days after sham IR (Fig. 2B). On the other hand, in the
IR+vehicle, IR+25 mg/kg and IR+50 mg/kg PYC groups,
the latency time was significantly shortened compared with
the sham+vehicle group (Fig. 2B). However, in the IR+100
mg/kg group, the latency time was significantly lengthened
at five days after IR compared with the IR+vehicle group
(Fig. 2B).

Fig. 2. Behavioral changes assessed by RAMT and PAT. (A,B)
Mean numbers of errors by RAMT (A) for three days before
and five days after sham and IR and mean latency time by PAT
(B) at one day before and five days after sham and IR of the
sham+vehicle, sham+PYC (25, 50 and 100 mg/kg), IR+vehicle,
and IR+PYC (25, 50 and 100mg/kg) groups. In the IR+100mg/kg
PYC group, the numbers of errors are significantly reduced from
three days after IR and similar to the IR+vehicle group at four and
five days after IR. The latency time in the IR+100 mg/kg group
is similar to the sham+vehicle group at five days after IR. The
bars indicate the means ± SEM (n = 7, respectively; *p < 0.05
vs. sham+vehicle group, #p < 0.05 vs. corresponding time point
IR+vehicle group).

3.2 Neuroprotection
3.2.1 CV-Stained Cells

CV staining is used to stain Nissl substance in the cy-
toplasm of neurons. In all sham groups, CV-stained cells
were distinguished in all subregions CA 1–3 of the hip-
pocampus (Fig. 3A,C,E,G). In these groups, CV-stained
cells were intensively distributed in the stratum pyramidale
(SP) (Fig. 3a,c,e,g). On the other hand, in the IR+vehicle,
IR+25 mg/kg and IR+50 mg/kg PYC groups, CV stainabil-
ity was significantly weakened in SP of CA1, not in CA2/3,
at five days after IR (Fig. 3B,D,F).When the SP of CA1was
examined in detail, CV-stained cells were apparently dam-
aged (Fig. 3b,d,f). However, in the IR+100 mg/kg PYC
group, CV-stained cells of CA1 were not different from
those of the sham+vehicle group (Fig. 3H,h).

Based on the results of CV staining, we carried out
following items in sham and IR+100 mg/kg PYC groups.

Fig. 3. Microphotograph of CV staining. Changes in CV stain-
ing in the hippocampus and its CA1 of the sham or IR+vehicle
group (A,a,B,b), sham or IR+25 mg/kg PYC group (C,c,D,d),
sham or IR+50 mg/kg PYC group (E,e,F,f), and sham or IR+100
mg/kg PYC group (G,g,H,h) at five days after sham and IR. In the
IR+vehicle, +25 mg/kg and +50 mg/kg PYC groups, CV-stained
cells are almost damaged in the stratum pyramidale (SP, arrows)
of CA1. However, in the IR+100 mg/kg PYC group, CV-stained
cells of CA1 are not damaged. DG, dentate gyrus; SO, stratum
oriens; SR, stratum radiatum. Scale bars = 200 µm (1st and 3rd
columns) and 50 µm (2nd and 4th columns).

3.2.2 NeuN-Immunostained and FJB-stained Cells
NeuN protein is localized in nuclei and perinuclear cy-

toplasm ofmost of the neurons in the central nervous system
of mammals. FJB is known as a fluorescent marker for the
localization of neuronal degeneration during acute neuronal
distress.

In the sham+vehicle and sham+100 mg/kg PYC
groups, pyramidal neurons located in SP of CA1 were
well immunostained with NeuN (about 82 and 83 cells/250
µm2, respectively) at five days after sham operation
(Fig. 4Aa,Ac,4B). In these groups, no FJB-stained cells
were detected in CA1 SP (Fig. 4Ca,Cc).

In the IR+vehicle group, NeuN-immunostained cells
were rarely observed (about 7 cells/250 µm2) in CA1 SP
at five days after IR (Fig. 4Ab,B). In this group, a num-
ber of FJB-stained cells (about 75 cells/250 µm2) were
detected in the CA1 SP (Fig. 4Cb,D). However, in the
IR+100 mg/kg PYC group at five days after IR, many
NeuN-immunostained cells (about 78 cells/250 µm2) were
found in CA1 SP (Fig. 4Ad,B). In this group, a few FJB-
stained cells (about 5 cells/250 µm2) were shown in the
CA1 SP (Fig. 4Cd,D).

3.3 Attenuation of BBB Leakage
In this study, we examined IgG immunoreactivity for

BBB leakage in CA1 after IR operation. In all sham groups,
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Fig. 4. NeuN immunofluorescence and FJB histofluorescence.
(A,C) NeuN immunofluorescence (A) and FJB histofluorescence
(C) in CA1 of the sham+vehicle (Aa,Ca) and sham+100 mg/kg
PYC (Ac,Cc), IR+vehicle (Ab,Cb), and IR+100 mg/kg PYC
(Ad,Cd) groups at five days after sham or IR operation. In the
IR+vehicle group, NeuN-immunostained cells are rarely detected
and many FJB-stained cells are shown in SP. However, in the
IR+100 mg/kg PYC group, many NeuN-immunostained cells and
a few FJB-stained cells are found in the SP. (B,D) Mean numbers
of NeuN-immunostained (B) and FJB-stained (D) cells in SP. The
bars indicate the means ± SEM (n = 7, respectively; *p < 0.05
vs. sham+vehicle group, #p < 0.05 vs. corresponding time point
IR+vehicle group).

IgG immunoreactivity was mainly detected in blood ves-
sels in CA1; it was hardly found in CA1 parenchyma
(Fig. 5Aa,Ad). In the IR+vehicle group, IgG immunore-
activity at two days after IR was in blood vessels (ROD:
about 980% versus sham+vehicle group) in CA1, and, at
five days after IR, a significantly increased IgG immunore-
activity was dominantly found in CA1 parenchyma (ROD:
about 3800% versus sham+vehicle group) (Fig. 5Ab,B). On
the other hand, in the IR+100 mg/kg PYC group, IgG im-
munoreactivity at two days after IR was significantly at-
tenuated (ROD: about 21% versus IR+vehicle group) as
compared with that at the corresponding time point of the
IR+vehicle group (Fig. 5Ae,B). At five days after IR, IgG
immunoreactivitywas also significantly lower (ROD: about
25% versus IR+vehicle group) than that at the correspond-
ing time point of the IR+vehicle group (Fig. 5Af,B).

3.4 Attenuation of Neuroinflammation

In this study, we examined IL-1β immunoreactivity
for neuroinflammation in CA1 after IR operation. IL-1β
immunoreactivity in all sham groups was fundamentally
shown in the SP of CA1 (Fig. 6Aa,Ad). In the IR+vehicle
group, IL-1β immunoreactivity in the SP was significantly
enhanced (ROD: 165% versus sham+vehicle group) at two

Fig. 5. IgG immunohistochemistry. (A) IgG Immunohisto-
chemistry in CA1 of the sham+vehicle (a), IR+vehicle (b,c),
sham+100 mg/kg PYC (d), IR+100 mg/kg PYC (e,f) at two and
five days after sham or IR operation. In the IR+vehicle group,
IgG immunoreactivity is significantly increased in parenchyma at
five days after IR, however, in the IR+100 mg/kg PYC group,
IgG immunoreactivity is significantly low when compared with
the IR+vehicle group. (B) ROD of IgG immunoreactive structure.
The bars indicate the means ± SEM (n = 7, respectively; ∗p <

0.05 vs. sham+vehicle group, #p < 0.05 vs. corresponding time
point IR+vehicle group and †p < 0.05 vs. pre-time point group).

days after IR (Fig. 6Ab,B). In this group, at five days af-
ter IR, IL-1β immunoreactivity in the SP was remarkably
reduced (ROD: about 30% versus sham+vehicle group)
(Fig. 6Ac,B). On the other hand, in the IR+100 mg/kg
PYC group, IL-1β immunoreactivity in the SP was sig-
nificantly low (ROD: about 110% versus sham+vehicle
group) at two days after IR as comparedwith the IR+vehicle
group (Fig. 6Ae,B), and, at five days after IR, IL-1β im-
munoreactivity in the SP was similar (ROD: 105% ver-
sus sham+vehicle group) to that found at two days after IR
(Fig. 6Af,B).

4. Discussion
It is well acknowledged that the hippocampus plays

pivotal roles in spatial navigation and short-term memory,
and these functional roles of the hippocampus are accom-
plished by trisynaptic circuitry of the principal neurons in
the dentate gyrus (granule cells), CA3 and CA1 (pyramidal
cells) [25–28]. In this sense, it has been reported that IR in-
jury in gerbil hippocampus brings loss/death of pyramidal
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Fig. 6. IL-1β immunohistochemistry. (A) IL-1β Immunohis-
tochemistry in CA1 of the sham+vehicle (a), IR+vehicle (b,c),
sham+100 mg/kg PYC (d), IR+100 mg/kg PYC (e,f) groups at
two and five days after IR. In the IR+vehicle group, IL-1β im-
munoreactivity is significantly increased in SP (asterisk) at two
days after IR and significantly reduced (arrows) at five days after
IR. However, in the IR+100 mg/kg PYC group, IL-1β immunore-
activity was not significantly changed when compared with the
sham+vehicle group (B) ROD of IL-1β immunoreactive structure.
The bars indicate themeans± SEM (n = 7, respectively; *p< 0.05
vs. sham+vehicle group, #p < 0.05 vs. corresponding time point
IR+vehicle group and †p < 0.05 vs. pre-time point group).

cells and functional deficits of spatial and learning mem-
ory are induced [29–32]. In addition, accumulated data
have demonstrated that neuroprotective materials amelio-
rate memory deficits in gerbils with IR injury in the fore-
brain including the hippocampus. For instance, therapeu-
tic treatment with extract from the root of Angelica gigas
Nakai (Umbelliferae family) containing decursin, which is
a coumarin derivative compound and regarded as a major
ingredient of Angelica gigas Nakai root extract, after cere-
bral IR injury in gerbils improved the IR-induced cognitive
deficits via tests of spatial memory (by 8-arm radial maze
test) and learning memory (by passive avoidance test) [22].
In our current experiment, the results of the behavioral tests
showed that treatment with 100 mg/kg PYC following IR
remarkably reduced the number of errors in Radial Arm
Maze Test (RAMT) (test for spatial memory function) and
shortened the latency time in Passive Avoidance Test (PAT)
(test for learning memory function) when compared with
those in the ischemic gerbils treated with vehicle.

Extracts from pine bark have been reported that they
have protective potential in experimental models of neuro-
logical diseases [15,17,18,33]. For example, a bark extract
derived from Korean red pine (Pinus densiflora) protects
neuronal PC-12 cells from hydrogen peroxide-induced cell
death via reducing oxidative stresses and inhibiting enzy-
matic activities of cholinesterases [18]. In amousemodel of
Parkinson’s disease induced by 6-hydroxydopamine, PYC
administration alleviates catalepsy and increased expres-
sion of anti-inflammatory gene which is related with nu-
clear factor erythroid-2-related factor 2 [33]. In particu-
lar, in a gerbil model of IR, pretreatment with PYC dis-
plays an excellent antioxidative efficacy and protects hip-
pocampal pyramidal neurons from IR injury [17]. It has
been evidenced that bark extracts from pine trees contain
diverse phenolic compounds (17, 18). Namely, Korean red
pine bark extract contains a great amount of flavonoid, gal-
lic acid and catechin [18], and PYC is consisted of 70 ±
5% standardized procyanidins as themajor ingredients [17].
Experimental data have demonstrated that phenolic com-
pounds have protective or therapeutic effects against IR in-
juries in brains and hearts [34–37]. Based on those papers,
PYC containing procyanidins may contribute to exerting
therapeutic effects against IR injury in gerbils.

In this study, we found that treatment with 100 mg/kg
PYC after IR considerably inhibited leakage of IgG in
the hippocampal CA1 following IR. It is well accepted
that BBB separates the central nervous system (CNS)
from blood vessels by providing a highly selective semi-
permeability and maintains homeostasis in the CNS [21,22,
38,39]. It has been demonstrated that neural damages in
the CNS following IR might be caused by BBB breakdown
which is closely associated with increase of BBB perme-
ability and that blockage of such IR-induced BBB leakage
can contribute to exert neuroprotective effects [22,38]. For
example, a precedent study has reported that, in infarct le-
sion in the brain of a rat model of transient focal cerebral
ischemia, an extravasation of Evans blue dye was shown
in the parenchyma of infarct lesion after the ischemia and
that a reduction of the leakage of Evans blue dye and an at-
tenuation of the volume of the infarct lesion following the
ischemia were achieved by administration of Sac-1004, a
pseudo-sugar derivative of cholesterol [40]. Additionally,
it has been reported that invasion of IgG from blood vessels
into hippocampal parenchyma following IR in gerbils and
that post-treatments of extract from Angelica gigas Nakai
or decursin decreased the IR-induced IgG leakage and pro-
tected CA1 pyramidal neurons from IR injury [22].

Neuroinflammation is one of the well-known mech-
anisms of neuronal death following IR injury [15,33,41].
In general, inflammatory responses are triggered when im-
mune cells identify the antigen determinants of pathogens
[42]. Especially, in brains, inflammatory responses are in-
duced by resident microglia and/or immunocytes which im-
migrate from blood vessels through increased BBB per-
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meability following pathological conditions such as IR
[13,41]. However, the CNS is well known as an aseptic or-
gan, and IR-induced neuroinflammatory response does not
involve pathogens, thus this response is termed as “ster-
ile inflammation” [43,44]. In the sterile inflammation,
detrimental inflammatory processes are advanced by pro-
inflammatory cytokines [45]. Among the pro-inflammatory
cytokines, IL-1β is produced by M1 microglia, involved in
potentially harmful inflammatory responses and develops
diverse pathophysiological processes [46–48]. As demon-
strated by precedent studies, IL-1β affects neuronal death in
the CNS of animal models of IR [5,47,48]. For instance, a
previous study showed a reduced infarct volume in the cere-
bral cortex and striatum following transient focal cerebral
ischemia in IL-1β knockout mice [49]. In addition, we pre-
viously reported that treatment with risperidone, an atypical
antipsychotic, alleviated neuronal death in the anterior horn
of the lumbar part in ischemic spinal cord through inhibiting
the production of IL-1β in a rat model of cardiac arrest [50].
Moreover, a precedent study demonstrated that, in a gerbil
model of IR, pre-treatment with laminarin, a β-glucan type
of polysaccharide derived from marine Phaeophyta (brown
algae), protected hippocampal pyramidal neurons from IR
injury and suppressed IL-1β generation in the hippocam-
pal pyramidal neurons [5]. We, in this experiment, found
that treatment with 100 mg/kg PYC after IR significantly
reduced IL-1β immunoreactivity in CA1 pyramidal cells.
A number of studies have reported that neuroinflammatory
responses following IR injury are tightly connected to BBB
disruption. In particular, a previous study demonstrated that
IL-1β facilitates BBB disruption via through increasing as-
trocytic production of chemokines which can induce migra-
tion of immunocytes, and suppressing expression of sonic
hedgehog (SHH) playing an important role to maintain
BBB integrity [51]. In addition, it has been reported that,
in a rat model of middle cerebral artery occlusion-induced
transient focal cerebral ischemia, tumor necrosis factor α
(TNF-α), a pro-inflammatory cytokine, secreted byM1mi-
croglia following IR triggers down-regulation of occludin
which is a key factor of tight junction as a structural com-
ponent of BBB, and treatment with infliximab (anti-TNF-
α), a chimeric monoclonal antibody, significantly reduces
infarct volume accompanied by reduced BBB leakage [52].
5. Conclusions

In conclusion, our behavioral tests showed that post-
treatment with 100 mg/kg PYC after IR significantly at-
tenuated IR-induced memory deficits. In histopathologi-
cal examination, post-treatment 100 mg/kg PYC protected
hippocampal CA1 pyramidal cells from IR injury. Further-
more, PYC treatment significantly prevented BBB leakage
and suppressed IL-1β production following IR. Taken to-
gether, we suggest that, in follow-up study on developing
therapeutic strategies against IR injury in brains, PYC can
be employed as an important material for developing is-
chemic drugs.
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