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ABSTRACT Ampicillin, a B-lactam antibiotic, dose-dependently protects neurons
against ischemic brain injury. The present study was performed to investigate the
neuroprotective mechanism of ampicillin in a mouse model of transient global
forebrain ischemia. Male C57BL/6 mice were anesthetized with halothane and
subjected to bilateral common carotid artery occlusion for 40 min. Before transient
forebrain ischemia, ampicillin (200 mg/kg, intraperitoneally [i.p.]) or penicillin G
(6,000 U/kg or 20,000 U/kg, i.p.) was administered daily for 5 days. The pretreatment
with ampicillin but not with penicillin G significantly attenuated neuronal damage
in the hippocampal CA1 subfield. Mechanistically, the increased activity of matrix
metalloproteinases (MMPs) following forebrain ischemia was also attenuated by
ampicillin treatment. In addition, the ampicillin treatment reversed increased
immunoreactivities to glial fibrillary acidic protein and isolectin B4, markers of
astrocytes and microglia, respectively. Furthermore, the ampicillin treatment
significantly increased the level of glutamate transporter-1, and dihydrokainic
acid (DHK, 10 mg/kg, i.p.), an inhibitor of glutamate transporter-1 (GLT-1), reversed
the neuroprotective effect of ampicillin. Taken together, these data indicate that
ampicillin provides neuroprotection against ischemia-reperfusion brain injury,
possibly through inducing the GLT-1 protein and inhibiting the activity of MMP in the
mouse hippocampus.
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adenosine receptor attenuated ischemic insults [4,5]. In addition,
accumulating evidence indicates that modulation of the activity of

INTRODUCTION

Transient global forebrain ischemia induces delayed neuronal
death in the brain, especially in the hippocampus [1]. Neuronal
death following ischemia-reperfusion injury is mediated by
several mechanisms, including glutamate excitotoxicity, oxidative
stress, inflammation, and apoptosis [2,3]. As the transient release
of glutamate from synapses during ischemia and the early period
of reperfusion has been shown to trigger the cascade of neuronal
cell death, many studies have focused on identifying therapeutic
tools to effectively reduce the excitotoxicity of glutamate. For

the glial glutamate transporter (GLT-1) provides neuroprotection
against brain ischemic insults and even pilocarpine-induced
status epilepticus and Alzheimer’s disease [6-8].

Glutamate transporters, also known as excitatory amino
acid transporters (EAATs), modulate the concentration of
synaptic glutamate by clearing glutamate from the extracellular
space [9]. Thus far, five EAAT isoforms have been identified:
glutamate/aspartate transporter-1 (GLAST-1, EAAT1I), glutamate
transporter-1 (GLT-1, EAAT?2), excitatory amino acid carrier-1
(EAAC-1, EAAT3), EAAT4 and EAATS [10]. Interestingly, about

example, selective blockade of the NMDA receptor or the
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80% of glutamate transporters expressed in the hippocampus
were found to be GLT-1. Thus, most of the glutamate released
in the hippocampus is cleared by this subtype [11-13]. Although
GLT-1 has also been observed on neuronal axon terminals, it is
predominantly expressed in astrocytes and plays a crucial role in
glutamate uptake from the synaptic cleft. Thus, GLT-1 is believed
to ameliorate glutamate-mediated excitotoxicity [14]. Supporting
this idea, reduced activity of GLT-1 was reported in several kinds
of neurodegenerative diseases and pharmacological interventions,
such as ceftriaxone, successfully reduced neuronal cell death by
increasing GLT-1 expression [15-18].

Recently, we reported that ampicillin played a functional role in
chemical preconditioning [19]. Although its mechanism of action
was not clear, ampicillin pretreatment protected hippocampal
neurons against severe ischemic insults [19]. Ampicillin is a
well-known B-lactam antibiotic. Interestingly, in common with
ceftriaxone, ampicillin was reported to induce the expression of
GLT-1 in vitro [20]. Considering the recent evidence supporting
the role of GLT-1 in neurodegenerative diseases and its potential
as a therapeutic candidate, it is important to elucidate the me-
chanistic link between B-lactam antibiotics and neuronal pro-
tection in ischemic insults. The present study explored the neu-
roprotective capacity of ampicillin and its mechanism of action in
global forebrain ischemia in mice.

METHODS

Animals and induction of transient global forebrain
ischemia

All animal procedures were approved by the Ethics Committee
of the Catholic University of Korea and were carried out in
accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals (NIH Publications No. 80-
23). Male C57BL/6 mice (Koatec, Kyungki-do, Korea), weighing
20~25 g, were kept in cages under light-controlled conditions
(lights on from 08:00 to 20:00 h), with access to food and water
ad libitum. The induction of global forebrain ischemia was
performed as described previously [21]. Briefly, the bilateral
common carotid arteries were occluded for 40 min. Then,
animals satisfying the inclusion criterion of regional cerebral
blood flow of less than 15% of the baseline during bilateral
carotid artery occlusion were selected for the experiments. Rectal
temperature was maintained at 37.5+0.5°C by using a heating pad
during the surgery. In sham-manipulated animals, the bilateral
common carotid arteries were not occluded and only isolated
from the adjacent vagus nerve. After perfusion, animals satisfying
the exclusion criterion of a posterior communicating artery less
than one-third of the diameter of the basilar artery were selected
for further processing and data analysis.
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Drug treatment schedule

Ampicillin (200 mg/kg/day, Yungjin Pharmaceutical Co. Ltd,
Hwa Sung, Korea) and penicillin G sodium salt (6,000 U/kg or
20,000 U/kg, Sigma Chemical Co., MO, U.S.A.) were dissolved
in normal saline and administered intraperitoneally (i.p.) for 5
days. Forebrain ischemia was induced as described earlier 24 h
after the last injection [19]. To elucidate the molecular mechanism
of ampicillin, dihydrokainic acid (DHK) (10 mg/kg, Tocris,
Missouri, U.S.A.), a GLT-1 inhibitor [22], was administrated i.p.
30 min before the onset of ischemia. In the control animals, saline
was administered instead of ampicillin or penicillin G, at the
same volume and time schedule.

Cresyl violet staining and analysis of hippocampal
damage

Three days after transient forebrain ischemia, the animals
were transcardially perfused with 4% paraformaldehyde in
0.1 M phosphate buffer for 30 min, followed by 1.5 ml of latex
solution to evaluate the plasticity of the posterior communicating
artery. After the mice had been cooled on ice for 1 day, the brains
were isolated and photographed with a digital camera (EOS
300D, Canon, Tokyo, Japan). The brains were then postfixed
in 4% paraformaldehyde for 24 h and cut using a cryotome (20
um thickness) after cryoprotection with 30% sucrose in 0.1 M
phosphate buffer.

For cresyl violet staining, the sections were mounted on gelatin-
coated slides and allowed to air-dry overnight. The mounted
sections were rehydrated in a graded series of alcohol and
distilled water and submerged in 0.1% cresyl violet solution for
10 min. The sections were rinsed in 70% ethanol and dehydrated
in graded series of ethanol, immersed in xylene, mounted with
Canada balsam (Kanto Chemical Co., Tokyo, Japan), and cover
slipped.

The severity of the ischemic neuronal damage in the medial
CAL1 area of the hippocampus was evaluated by an examiner
blinded to the study groups. The severity was semiquantitatively
assessed according to the method described previously [21,23].
Ischemic neuronal damage was measured on the following scale:
no ischemic neuronal damage, grade 0; less than 30% ischemic
neuronal damage, grade 1; 31-64% ischemic neuronal damage,
grade 2; 65~100% ischemic neuronal damage, grade 3.

Western blotting

To evaluate the expression level of the GLT-1 protein in the
hippocampus, A Western blot analysis was employed. First,
ampicillin was administered (100 mg/kg, twice a day for 5
days, i.p.). Hippocampi were then isolated 24 h after the last
injection. After homogenization in isolation buffer containing
10 mM triethanolamine, 250 mM sucrose, 1% sodium dodecyl
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sulfate (SDS), and a complete protease inhibitor cocktail (Roche,
Mannheim, Germany), the samples were centrifuged (13,000
rpm, 40 min), and the supernatant was collected. The protein
concentration was determined using a Bicinchoninic acid assay.
For gel electrophoresis, the samples (6 ug for each sample) were
denatured by heating at 95°C for 5 min and separated on a 8%
SDS gel. After transferring the proteins to nitrocellulose transfer
membranes, they were incubated in a blocking buffer [5% nonfat
milk with 0.1% Tween-20 in phosphate buffered saline (PBST)] for
1 h at room temperature and then incubated overnight with anti-
GLT-1 IgG (1:15000; Millipore, Billerica, MA, U.S.A.) or anti-beta-
tubulin IgG (1:200; Santa Cruz, California, U.S.A.). After washing
membranes for 10 min, five times with PBST, the membranes
were incubated for 1 h with peroxidase-conjugated anti-guinea
pig IgG (1:5000, Santa Cruz, California, U.S.A.) or peroxidase-
conjugated anti-mouse IgG (1:5000, Vector Laboratories,
California, U.S.A.). The signals were visualized with enhanced
chemiluminiscence detection reagents (SuperSignal West Femto
Maximum Sensitivity Substrate; Thermo Fisher Scientific,
Rockford, IL, U.S.A.). The band intensity was measured using
Multi Guage V2.2 LAS 3000 software (Fujifilm, Tokyo, Japan).

In situ zymography

In situ zymography was performed as described previously
[24]. To assess the activity of gelatinases, including matrix me-
talloproteinase-2 (MMP-2) and MMP-9, the mice were tran-
scardially perfused with ice-cold PBS (pH 7.4) 3 days after
ischemia (control group: n=6; ampicillin-pretreated group:
n=6). Thawed frozen, nonfixed coronal brain sections (20 um
thick) were incubated for 18 h at 37°C in a humid dark chamber
in reaction buffer containing 50 pg/ml of FITC-labeled DQ-
gelatin (Invitrogen Molecular Probes, Eugene, OR, U.S.A.) that
was quenched intramolecularly. The gelatin with a fluorescent
tag remained caged (no fluorescence) until the gelatin was
cleaved by gelatinase activity. Fresh brain slices (20 pm) from
each experimental group were incubated with reaction solution
containing FITC-labeled gelatin (Invitrogen Molecular Probes,
Eugene, OR, U.S.A)).

Immunohistochemistry

For immunohistochemistry, the sections were washed with
PBS. After normal serum blocking for 1 h, the sections were
incubated with anti-glial fibrillary acidic protein (GFAP) IgG
(1:200; Chemicon, Billerca, MA, U.S.A.) or anti-isolectin-B4
IgG (1:200; Vector Laboratories, Burlingame, CA, U.S.A.)
overnight. After several washes, the sections were incubated with
peroxidase-conjugated IgG (Jackson Immunoresearch, West
Grove, PA, U.S.A)) for 2 h, and diaminobenzidine and hydrogen
peroxide were used to visualize the signal.
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Statistical analysis

Quantitative measurements of the neuronal damage were
analyzed by an y test. The Western blot data for evaluating the
GLT-1 protein expression level were analyzed using a t-test with
GraphPad Prism (GraphPad Software, San Diego, CA, U.S.A). A
p-value of <0.05 was considered significant.

RESULTS
Effect of the ampicillin pretreatment

In our previous study, ampicillin showed neuroprotective
effects against transient forebrain ischemia in the mouse hip-
pocampus in a dose-dependent manner [19]. In this study,
ampicillin (200 mg/kg) or vehicle was administered for 5 days
before the induction of transient global forebrain ischemia, and
neuronal cell death was examined 3 days after reperfusion. As
shown in Fig. 1, marked pyramidal cell death was observed
in the hippocampal CA1l area of the saline-treated ischemic
group. However, pyramidal cell death was markedly reduced
in the ampicillin-treated group (Fig. 1A). The semiquantitative
analysis of the data showed a significant reduction in pyramidal
cell death in the medial hippocampus of the ampicillin-treated
group compared to that of the saline-treatment group (Fig. 1B).
These data indicate that ampicillin has a marked protective effect
against ischemic hippocampal neuronal cell death in mice.

Effect of the penicillin G sodium salt

Next, we tested the effect of penicillin G, which is one of the
most commonly used B-lactam antibiotic, and its distribution in
the central nervous system is very low. In this study, penicillin
G (6,000 U/kg or 20,000 U/kg, i.p.) was administered for 5 days
before the induction of transient forebrain ischemia. Neuronal
cell death was then examined in the medial CA1 region (Fig. 2).
However, there was no significant difference in the neuronal cell
death in the hippocampus, indicating that the neuroprotective
effect of ampicillin was dependent on the accumulation in the
central nervous system.

Effect of ampicillin on glial cells and gelatinase
reactivation

To examine the activities of astrocyte and microglial cells,
immunohistochemistry with GFAP and the isolectin B4 antibody
was performed. As shown in Fig. 3, the reactivity of both GFAP
and isolectin-B4 in the ampicillin-treated animals seemed to be
reduced compared to that of the control animals. Next, it has been
known that MMPs, including MMP-2 and MMP-9, are activated
during cerebral ischemia and play a role in the degradation of the
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Fig. 1. Effect of the ampicillin pretreatment (200 mg/kg for 5
days) on delayed neuronal death in the hippocampus of mice
after transient global forebrain ischemia. (A) Representative
images of cresyl violet-stained brain coronal sections 3 days after
transient forebrain ischemia or sham manipulation. Daily treatment
with ampicillin protected the medial CA1 pyramidal cells of the
hippocampus 3 days after forebrain ischemia. The scale bars in e and
f indicate 200 um and 20 um, respectively. (B) Quantitative analysis
of the neuronal damage in the saline- and ampicillin-treated groups.
*p<0.05.

extracellular matrix, and reportedly inhibition of the activities
of MMPs reduced ischemic lesions in cerebral ischemia [25,26].
In the present study, in situ zymography was used to examine
whether ampicillin administration reduce the activities of MMPs.
As shown in Fig. 4, ampicillin administration distinctly reduced
the activities of MMPs in the hippocampus.

Ampicillin-induced induction of the GLT-1 protein

Next, to identify the role of ampicillin in the induction of GLT-
1, a Western blot analysis was employed. Ampicillin or saline
was administered to normal mice for 5 days, and the hippocampi
were isolated. As shown in Fig. 5, the expression level of GLT-1
increased significantly (~70%) in response to the administration
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Fig. 2. Effect of the penicillin G sodium salt pretreatment (6,000,
20,000 U/kg, for 5 days) on delayed hippocampal neuronal death
after transient global forebrain ischemia in mice. (A) Representative
images of cresyl violet-stained brain coronal sections 3 days after
transient forebrain ischemia or sham manipulation. The penicillin
G sodium salt did not protect the medial CA1 pyramidal cells of the
hippocampus 3 days after ischemia/reperfusion. The scale bars in e
and f indicate 200 um and 20 um, respectively. (B) Quantitative analysis
of the neuronal damage in the saline- and ampicillin-treated groups.
There was no significant difference in neuronal damage between the
saline- and penicillin G-treated groups.

of ampicillin. These data suggest that ampicillin may protect
hippocampal neurons by inducing GLT-1 in the hippocampus.

DHK reversed the neuroprotective effects of
ampicillin

Finally, to identify the molecular mechanism of ampicillin, we
tested whether co-administration of DHK, a GLT-1 antagonist,
reversed the protective effect of ampicillin. DHK (10 mg/kg) was
administered to the mice 30 min before the onset of ischemia,
and neuronal cell death was then examined in the hippocampus.
As shown in Fig. 6, the ampicillin treatment significantly
reduced neuronal damage in the medial CAI area. However,
the neuroprotective effect of ampicillin disappeared following
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co-administration of the DHK. These data clearly indicate that
ampicillin protects pyramidal neurons in the hippocampus
against global forebrain ischemia by increasing the expression
level and activity of GLT-1.

DISCUSSION

In the present study, ampicillin reduced the activities of
MMPs and increased the expression level of GLT-1. In addition,
pretreatment with ampicillin significantly reduced medial
hippocampal cell death following global forebrain ischemia, and
its protective effect disappeared following co-administration

Isolectin-B4 GFAP

saline

ampicillin

Fig. 3. Glial reaction following transient forebrain ischemia and the
effect of ampicillin. Representative images show that the ampicillin
treatment apparently reduced the immunoreactivities of isolectin-B4 (A
and B) and GFAP (C and D) in the hippocampal CA1 area. The animals
were administered saline (A and C) or ampicillin (B and D) and sacrificed
3 days after transient forebrain ischemia. The scale bars indicate 50 um
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of DHK, a GLT-1 antagonist. Combined, the data indicate that
ampicillin-induced neuroprotection against transient forebrain
ischemia is mediated by the induction of GLT-1.

Glutamate transporters regulate the synaptic concentration of
glutamate by clearing glutamate released into the synapses [13].
The accumulation of synaptic glutamate during ischemia and
the early period of reperfusion triggers a cascade of neuronal cell
death. Pharmacological tools and genetic approaches have been
used to minimize glutamate signaling and confer neuroprotection
against neurological diseases, such as cerebral ischemia and
epilepsy. Interestingly, among the five subtypes of glutamate
transporters, GLT-1 accounts for about 80% of those in the
hippocampus. Many pharmacological approaches to inhibit the
activity of GLT-1 have been developed. Several candidates, such as
ceftriaxone, successfully provided therapeutic evidence in brain
ischemia [17]. This study explored the therapeutic efficacy of the
B-lactam antibiotics ampicillin and penicillin G, both of which,

saline ampicillin

Fig. 4. Gelatinase activity in the hippocampus. In the saline-treated
group, transient forebrain ischemia induced gelatinase activity in the
hippocampus. However, ampicillin treatment reversed this activity.
In this study, freshly cut hippocampal sections were used for in situ

zymography. Gelatinolytic activity was detected as green fluorescence.
The scale bars indicate 200 pm and 50 um in B and D, respectively.

hippocampus

mCA1

Fig. 5. Expression level of the GLT-
1 protein in the hippocampus. (A)
Representative image of a western
blot from the control and ampicillin-
treated mice. In this study, normal mice
were intraperitoneally administered
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ampicillin or saline for 5 days. (B)
Quantitative data of GLT-1 expression
in the hippocampus. The data are
presented as the mean+SEM. *p<0.05.
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Fig. 6. Effect of dihydrokainic acid (DHK), a selective antagonist
of the glutamate transporter GLT-1, on hippocampal neuronal
death following global forebrain ischemia. (A) Representative
images from each group indicate that the ampicillin treatment (200
mg/kg for 5 days) reduced neuronal cell death in the medial CA1
of the hippocampus. In addition, the protective effect of ampicillin
was reversed by co-administration of DHK (10 mg/kg). The scale bar
indicates 20 um. (B) The quantitative analysis of the neuronal damage
indicated that the ampicillin treatment significantly reduced neuronal
cell death and that DHK reversed its neuroprotective effect. Animal
numbers are 6, 8, 6, and 6 for ampicillin treated-, ampicillin+DHK
treated-, DHK treated-, and sham-manipulated groups, respectively.
*p<0.05 by 5 test.

like ceftriaxone, have been reported to induce GLT-1 expression
[20]. In the present study, the pretreatment with ampicillin, but
not with penicillin G, significantly attenuated neuronal damage
in the hippocampal CA1 subfield. These findings are supported
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by the following observation. Unlike ampicillin, penicillin G,
administered systemically, does not accumulate in the central
nervous system because the outward clearance of penicillin G
from the cerebrospinal fluid is ~14 times faster than the inward
clearance [27]. As a result, in both animal and human studies,
the concentration of penicillin G in the cerebrospinal fluid was
1~2% that of the plasma concentration. In addition, the present
study demonstrated that the pretreatment with ampicillin
significantly increased the expression level of GLT-1 in the
hippocampus. Therefore, the findings of the present study suggest
that ampicillin provides protection against global forebrain
ischemia, possibly by the increased expression of GLT-1 in the
hippocampus. The neuroprotective mechanism of ampicillin
was further studied by co-administration with DHK, a selective
inhibitor of GLT-1. DHK reportedly reversed the protective effect
of ceftriaxone against global forebrain ischemia and Parkinson’s
disease in rodents [28,29]. As expected, DHK effectively reversed
the neuroprotective effect of ampicillin. Taken together, the
present results indicate that B-lactam antibiotics including
ampicillin which can increase the activity of GLT-1 in the brain
potentially protect the hippocampus from ischemic insults.

MMPs are involved in the degradation of the extracellular
matrix. They are thought to inhibit interactions of neurons
with the extracellular matrix and induce neuronal cell death. In
accordance with this idea, MMP inhibitors, such as resveratrol
and melatonin, provided neuronal protection against ischemic
injuries [30,31]. The mechanisms by which MMPs mediate
neuronal damage have not been fully elucidated. However, they
have been shown to degrade the vascular matrix, including
collagen and laminin. In addition, MMP-9 was reported to
degrade ZO-1, a blood-brain barrier protein, thereby disrupting
the integrity of the blood-brain barrier [32]. In recent studies,
neuronal damage was markedly reduced in MMP-9 knockouts
following traumatic brain injury and focal ischemia compared
to wild-type littermates [26,33]. On the other hand, MMP-2
knockouts were not neuroprotective in an animal model of focal
cerebral ischemia [34]. Therefore, MMP-9 is thought to be a
critical mediator of the induction of neuronal cell death following
cerebral ischemia. In the present study, we examined the activity
of gelatinases including MMP-9 and MMP-2. Their activity
was increased in the hippocampus following global forebrain
ischemia, whereas the pretreatment with ampicillin apparently
reduced their activity. Although it is not clear whether ampicillin
directly inhibits the activity of MMPs, such as MMP-9 or MMP-
2, the data from this study suggest that the neuroprotective effects
of ampicillin are mediated, at least in part, by its attenuation of
the increased activity of MMPs following brain ischemia. Further
studies are needed to elucidate the mechanism of action of
ampicillin related to the inhibition of the activities of MMP.

In summary, transiently induced global forebrain ischemia
resulted in neuronal cell death in discrete regions of the
hippocampus, and ampicillin conferred neuroprotection both by
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increasing the activity of GLT-1 and by decreasing the activities of
MMPs. Although further studies are needed to fully understand
the mechanism of neuroprotective action of ampicillin, the
present data clearly indicate that ampicillin may be a potential
candidate as a therapeutic tool against ischemic brain insults.
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