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ABSTRACT: Cerebral hypoperfusion is associated with cognitive decline in ageing, mild cognitive impairment, vascular
type dementia, and Alzheimer’s disease. The mechanisms leading to such neurological impairments are still uncertain.
Although several mechanisms have been proposed as contributing factors leading to neuronal injury, glutamate excitotoxicity
seems to be the relevant one. Recently, it was found that (3-lactam antibiotics such as ceftriaxone show a neuroprotective
effect by upregulation of glutamate transporter and reduction of glutamate excitotoxicity. To study the contribution of
glutamate excitotoxicity and the effects of ceftriaxone on spatial learning and memory in chronic cerebral hypoperfusion, we
conducted experiments in rats subjected to permanent bilateral common carotid artery occlusion. Ceftriaxone (200 mg/kg)
was injected daily in rats for 5 days after the onset of the arterial ligation. A Morris water maze was used to assess learning
and memory two months after arterial ligation. Hippocampal histology and glutamate transporter 1 (GLT-1) expression were
also studied. Results showed that ceftriaxone improved learning and memory performance. Consistently, the histological
study showed an increase hippocampal CA1 and CA3 neuronal numbers in the ceftriaxone-treated group compared with
the vehicle-treated group. Although not statistically significant, the GLT-1 protein level in the hippocampus was 86%
higher than the sham group. We conclude that ceftriaxone treatment can attenuate neuronal injury and improve spatial
learning and memory after chronic cerebral hypoperfusion and that glutamate excitotoxicity may play an important role in

the pathophysiology of chronic cerebral hypoperfusion.
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INTRODUCTION

Reduction of cerebral blood flow (CBF) results in
neuronal injury and neurological impairment which
depends on degree and duration of the insult'. The
condition can occur focally or globally?. Complete
cessation of blood flow as occur in stroke causes cere-
bral infarction while cerebral hypoperfusion usually
results in selective injury of neurons in vulnerable
areas of the brain. Cerebral hypoperfusion is observed
in ageing, mild cognitive impairment, vascular type
dementia and Alzheimer’s disease>~. In animal, cere-
bral hypoperfusion can be induced by occluding major
blood vessels supplying the brain. Bilateral common
carotid artery occlusion (2VO) is among several vas-
cular occlusion models being used extensively in the
study of chronic cerebral hypoperfusion. Permanent
ligation of the vessels causes incomplete reduction
of blood flow to 35-45% of control level in cortex
and white matter regions and approximately 60% of
control level in hippocampus. The hypoperfused state
is maintained for duration up to 3 months after the
ligation®. Chronic reduction of CBF in this manner
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has been previously thought to be innocuous to neu-
rons’. However, 2VO alters brain energy metabolism,
induces progressive neuronal cell death, and finally
leads to cognitive impairment®'?. Neuronal injury
is not detected initially but it occurred in a delayed
manner. There are several mechanisms leading to
neuronal injury and death after insufficient CBF.
Previous studies showed that oxidative stress plays
a key role in chronic cerebral hypoperfusion'!!2.
Nevertheless, other mechanisms including glutamate-
mediated excitotoxicity, acidotoxicity, and inflamma-
tion are thought to participate in the process of neu-
ronal injury'3. The role of glutamate excitotoxicity
has been demonstrated in focal ischaemic model '* and
several neurodegenerative diseases'>™'7. However,
further detailed study about glutamate excitotoxicity
involvement in chronic cerebral hypoperfusion has yet
to be investigated.

Glutamate signalling is essential for learning and
memory processes 8.  Glutamate is released from
glutamatergic synapses in regulated fashion'®. More
than 90% of extracellular glutamate is removed by
glial glutamate transporter (GLT-1), and glutamate-
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aspartate transporter (GLAST), specifically expressed
in astrocyteszo’m. In ischaemic condition, excessive
glutamate release occurs. It results in overstimula-
tion of glutamate receptors which consequently raises
cytosolic Ca>* concentration to the detrimental level.
The Ca®* overload finally triggers cell death?24,
This process is so-called glutamate excitotoxicity. In
2005, Rothstein found that ceftriaxone (CTX) upreg-
ulated glutamate transporters and showed neuropro-
tective effect?>. Ceftriaxone is a 3-lactam antibiotic
which is one of the members of third generation
cephalosporins. It is readily transported across blood-
brain barrier and is effective against gram negative
and gram positive bacteria through the inhibition of
cell wall synthesis?®. Pre and post treatment of
CTX reduced infarct volume after middle cerebral
artery occlusion, an in vivo model of stroke?’-28,
It enhances both protein expression and functional
activity of GLT-1 by mechanism involving NF-«kB
signalling pathway?. These observations suggest
the high efficacy of CTX in the upregulation of
GLT-1 and the reduction of glutamate excitotoxicity.
For 2VO model, glutamate excitotoxicity may also
cause neuronal injury after the chronic CBF reduction.
Whether injury via glutamate excitotoxicity taking
part in behavioural impairment at 8 weeks of chronic
hypoperfusion needs further investigation. To empha-
size the importance of glutamate-mediated toxicity in
this condition, we carried out experiments examining
the effects of ceftriaxone treatment in chronic cerebral
hypoperfused rats. Spatial learning and memory, hip-
pocampal histology and glutamate transporter expres-
sion were studied in chronic cerebral hypoperfused
rats with and without ceftriaxone treatment.

MATERIALS AND METHODS
Animals

A total of 84 young adult male Spraque Dawley
rats, 8 weeks of age, were used in the experi-
ments. They were divided into 3 groups according
to vessel ligation and treatments: the sham-operated
group (sham), the vehicle-treated bilateral common
carotid artery-occluded group (2VO-Veh), and the
ceftriaxone-treated bilateral common carotid artery-
occluded group (2VO-CTX).

All animals were obtained from the National Lab-
oratory Animal Centre, Mahidol University, Salaya,
Nakhon Pathom. They were maintained in ventilated
isolation cages under natural light/dark cycle and
constant room temperature of 25°C. The rats were
allowed to freely access to standard diet and water
throughout the experimental period. Experimental
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procedures were approved by Siriraj Animal Care and
Use Committee, Faculty of Medicine Siriraj Hospi-
tal, Mahidol University, Thailand (protocol number:
SI-ACUP 001/2554, approval date: 27 January 2011).

Surgical procedure

The operation was conducted as previously de-
scribed with slight modification®®3!. The rats were
anaesthetized with ketamine 60 mg/kg and xylazine
6 mg/kg intramuscularly. After induction of anaes-
thesia, a ventral cervical incision of neck was per-
formed. The right and left common carotid arteries
were gently separated from carotid sheath and vagus
nerves. The arteries were then permanently ligated
with silk suture. The sham-operated animals went
through the same procedure except that the arteries
were not ligated. Animals were allowed to fully
recover before returning to their cages. All surgical
procedures were carried out under sterile techniques.
The rat body temperature was maintained using a
heating lamp during surgery and recovery.

Drug administration

Ceftriaxone (purchased from Siam Bheasach, Thai-
land) was diluted in sterile water to the concentration
of 25% (w/v). Ceftriaxone (200 mg/kg) or vehicle
were intraperitoneally injected once daily for 5 days
starting on the first day after surgery.

Morris water maze test

Morris water maze test was conducted 8 weeks after
surgery in sham (n = 12), 2VO-Veh (n = 14),
and 2VO-CTX (n = 13). The protocol was slightly
modified from the previous studies3*33. The Morris
water maze is a circular swimming pool (diameter
200 cm, height 50 cm) located in a room with various
extra-maze cues. The pool was filled with water to
the depth of 25 cm. The glass escape platform was
submerged 2 cm below water surface and located at
the centre of one quadrant. A video camera was fixed
to the ceiling of the room and was connected to a
computer for recording.

In the hidden platform session, the rats were
allowed to swim for 120 s to find the hidden platform.
The latencies to find the hidden platform of each
rat were measured 4 trials per day for 5 days. The
location of the hidden platform was placed in the
same quadrant every single day. The probe trial was
performed on the 6th day. During the probe trial, the
platform was removed and the rats were allowed to
swim for 120 s. The time spent in the target quadrant
was recorded.
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The visible platform session was also conducted
at 8 weeks after surgery to evaluate the visual perfor-
mance, sensorimotor performance and motivation to
perform the task. Separated groups of animals (sham:
n = 8, 2VO-Veh: n = 9, and 2VO-CTX: n = 10)
were used to prevent the carry on effects on Morris
water maze test. The platform was raised 2 cm higher
than the water surface and was tied with two 40-mm
balls as visible cues. The swimming session was
similar to the hidden platform but the location of the
platform was moved to different quadrants in different
trials. Average swimming speeds were calculated
from the first trial of the test. The average swimming
speeds and the mean escape latencies were analysed.

Histological assessment

Twenty-four hours after the last session of the be-
havioural test, the rats were deeply anaesthetized with
ketamine/xylazine. The rats were then transcardially
perfused with 200 ml saline solution and then fol-
lowed by 4% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4. The brains were removed out and
were post-fixed in 4% paraformaldehyde solution at
4°C for 24 h. After post-fixation, the brains were
processed in tissue processor and were embedded
in paraffin. Coronal sections of 10 pum thickness
were prepared using a microtome. The sections were
mounted on 3% APES-coated slides. To investigate
neuronal damage, the slides were stained with cresyl
violet and mounted with Permount. The stained slides
were examined under a light microscope (Carl Zeiss
Axio Imager M2, Germany). Pictures of hippocampus
were taken at magnification of 200x for neuronal
counting. For each brain, series of 3 sections spaced at
an interval of 200 um from each other were analysed.
For each slide, the total numbers of live neurons in an
area of 530 um x 700 um (approximately 0.37 mm?)
of hippocampal CA1 and CA3, 250 um x 100 um
(approximately 0.25 mm?) of dentate gyrus were
counted by an investigator who was blinded to the
experimental groups. The live neurons were identified
by their large nuclei with prominent nucleoli.

Western blot analysis

Eighteen rats were divided into 3 groups equally
and sacrificed by decapitation at the first week after
ischaemic insult. Right hippocampal region was
quickly dissected out and homogenized in RIPA
buffer containing protease inhibitor cocktails. The
homogenate was centrifuged at 14 000g at 4 °C for
10 min. The supernatant was used for protein anal-
ysis. The protein concentration of the supernatant was
determined using the Bradford assay. For gel elec-
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trophoresis, each lane was loaded with approximately
30 ug of protein. After separated by 4-10% SDS
polyacrylamide gel electrophoresis, protein on the gel
was then electrophoretically transferred to nitrocellu-
lose membranes. The membranes were blocked and
incubated overnight with antibody generated against
the N-terminus of GLT-1. After washing, the mem-
brane was incubated with an alkaline phosphatase-
conjugated secondary antibody for 1 h and then was
incubated with BCIP/NBT. The band intensities were
analysed and were normalized with (3-actin levels.

Statistical analysis

Results were expressed as mean+ SEM. The dif-
ferences of mean escape latencies from Morris wa-
ter maze test were analysed using repeated-measure
ANOVA with groups (sham, 2VO-Veh, 2VO-CTX)
as grouping factor and trial days as repeated factors.
Bonferroni post hoc test was used for pairwise com-
parison. The other data were analysed using one-
way ANOVA. Fisher’s least significant difference post
hoc test was used to determine the difference between
groups. Statistical significances were accepted at p <
0.05.

RESULTS

Effects of ceftriaxone on learning and memory
performance

The mean escape latencies were different among
groups as reported by repeated-measure ANOVA
(F(2,36) = 18.017, p < 0.001). Bilateral occlu-
sion of common carotid arteries caused learning and
memory deficit (Fig. 1a). The mean escape latencies
in the 2VO-Veh were significantly longer than those
of Sham (p < 0.01). Treatment with ceftriaxone
(2VO-CTX) improved spatial performance as mean
escape latencies were shorter compared with 2VO-
Veh (p < 0.05). The swimming speeds were not
different between groups (Fig. 1b), indicating that the
motor performance was not affected in this model.
Memory retention was tested in probe trial. The
rats were allowed to swim for 120 s to test their
spatial bias or memory of the platform position in the
target quadrant. There was difference among groups
(F(2,36) = 9.730, p < 0.001). 2VO-Veh group
spent less time in the target quadrant compared with
Sham group. 2VO-CTX group spent more time in the
target quadrant than 2VO-Veh group (p < 0.05) which
referred to better memory retention in the ceftriaxone-
treated rats.

To evaluate visual performance, sensorimotor per-
formance and motivation to perform the task, the
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Fig. 1 Effects of ceftriaxone on spatial learning and memory
performance in chronic cerebral hypoperfused rats using
Morris water maze. (a) Mean escape latencies from train-
ing day 1-5 represent daily spatial learning performance.
(b) Swimming speed from the first trial of the Morris water
maze test represents motor functions. (c) Time spent in
the target quadrant during probe test without the submerged
platform represents memory performance. Sham: n = 12,
2VO-Veh: n = 14, and 2VO-CTX: n = 13 were used in
the hidden platform session. Data present as mean + SEM.
*p < 0.05 versus sham-operated group. *p < 0.05 versus
2VO-Veh group.

visible platform session of Morris water maze was
tested in separated groups of rats (Fig.2). The rats
were subjected to find the visible platform that was
randomly changed for each trial. There was no
difference among groups in visible-platform session
(F(2,24) = 1.630, p = 0.217). The average
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Fig. 2 (a) Mean escape latencies obtained from visible
session of Morris water maze task. (b) Average swimming
speeds calculated from the first trial of the visible session.
Sham: n = 8, 2VO-Veh: n = 9, 2VO-CTX: n = 10 were
used in this task. Data present as mean = SEM.

swimming speeds were also not different among rats
(F(2,24) = 0.007, p = 0.993).

Effects of ceftriaxone on hippocampal neurons

After 8 weeks of bilateral common carotid artery
occlusion, the number of survival neurons in hip-
pocampal CAl (F(2,42) = 7.154, p = 0.009) and
hippocampal CA3 (F'(2,42) = 3.282, p = 0.047)
were significantly reduced (Fig. 3a, 2VO-Veh versus
Sham, p = 0.003). More dead neurons, seen as py-
knotic cells, were also observed in the cresyl-stained
sections of hippocampus (Fig. 4). No difference in
number of survival neurons was observed in dentate
gyrus (F(2,42) = 1.520, p = 0.230). Ceftriaxone
treatment after 2VO showed neuroprotective effects
on CAl and CA3 pyramidal neurons. The numbers
of survival neurons in CA1 and CA3 were higher in
2VO-CTX group compared with those of 2VO-Veh
group (p = 0.020 and 0.015, respectively).

Effects of ceftriaxone on hippocampal glutamate
transporter-1 (GLT-1) expressions

There was a trend for the amount of GLT-1 expres-
sion to be higher in 2VO-CTX group but this was
not statistically significant (F'(2,15) = 3.305, p =
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Fig. 3 Effects of ceftriaxone on number of survival hip-
pocampal neuron. Mean hippocampal neuron numbers of
(a) CALl areas, (b) CA3 areas, and (c) dentate gyrus areas,
n = 5. Data present as mean + SEM. *p < 0.05 versus
sham-operated group. *p < 0.05 versus 2VO-Veh group.

0.064). The mean amount of GLT-1 was slightly
higher in ceftriaxone-treated groups. The percentages
of mean hippocampal GLT-1 expression (normalized
with mean GLT-1 expression in Sham) were about
186% and 135% in 2VO-CTX and 2VO-Veh, respec-
tively (Fig. 5).

DISCUSSION

Chronic cerebral blood flow reduction has been
associated with ageing, mild cognitive impairment
and several neurodegenerative diseases including
Alzheimer disease and vascular type dementia3*3°.
Bilateral common carotid artery occlusion has been
employed in studying the effect of chronic cerebral
hypoperfusion because it causes oligaemia, of about
40-65% of normal CBF. The oligaemic phase can
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Fig. 4 Effects of ceftriaxone on hippocampal CA1 neuron
survival. Photographs show representative cresyl violet
staining of (a)—(c) hippocampal CAl areas, (d)-(f) hip-
pocampal CA3 areas, and (g)—(i) dentate gyrus areas of
sham, 2VO-Veh, and 2VO-CTX at 400x magnification.
Live neurons show large nuclei with prominent nucleoli
(arrow) while injured or dead neurons are shrinkage with
pyknotic appearance (arrow head). Scale bar, 50 um.
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Fig. 5 Effects of ceftriaxone on GLT-1 protein expression in
hippocampus. GLT-1 was measured at first week after 2VO
induction with n = 6. Values represent mean + SEM.

be maintained long enough to cause neuronal injury
and learning/memory deficit®’-3%. Spatial learning
and memory impairment without any other sensori-
motor deficits have been reported in this model®. As
shown in our results that bilateral common carotid
artery ligation did not affect the performance of the
rats in the visible platform session. Besides the
visual performance, sensorimotor and motivation are
also important for the visible platform session of
Morris water maze3*. The results here also imply
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that both sensorimotor and motivation were also not
interrupted.

The mechanism leading to neuronal injury and
neurological impairments in chronic cerebral hypop-
erfusion is still inconclusive. It has been shown in
2VO model that several cellular functions are altered
after cerebral hypoperfusion. The changes in glucose
metabolism were detected. At 5 min after 2VO
onset, adenosine triphosphate (ATP) and phosphocre-
atine were depleted and sustained at low levels for
2 weeks. Approximately 5 weeks after the onset,
ATPase activity was reduced with the increase of
lactate concentration in the hippocampus and cerebral
cortex. In the end at 8 weeks, ATP level was returned
to the normal level. Nevertheless, the level of phos-
phocreatine remains decrease®3°. In transient and
focal ischaemic models, massive release of glutamate
can induce neuronal injury through various mecha-
nisms including increase intracellular Ca?*, oxidative
stress, and inflammation?%4%4!.  The involvement
of such glutamate excitotoxicity in chronic cerebral
hypoperfusion has been scarcely reported. Therefore,
we designed the experiments to evaluate the involve-
ment of glutamate excitotoxicity in chronic cerebral
hypoperfusion and to examine whether the rescue
of glutamate transporter, GLT-1, would prevent long
term effects of cerebral blood flow reduction.

Recently, it was found that (3-lactam antibi-
otics upregulate glutamate transporters. Among all
{3-lactam antibiotics studies, ceftriaxone (CTX) shows
the highest potency in the upregulation of gluta-
mate transporter>>. The upregulation of glutamate
transporter by CTX treatment was associated with
the reduction of neuronal injury and neurological
deficit?®4>43 Therefore, we applied CTX to the
animals from day 1-5 after vessel ligation. The
results showed that CTX treatment improved learning
and memory performance measured at 8 weeks after
arterial ligation. The mean escape latencies were
significantly shorter and the times spent in target quad-
rant were significantly longer in the CTX-treated rats.
We further studied the brain histology after the be-
havioural assessment. Hippocampus was investigated
because of the significant role of this brain area in
spatial learning and memory*+#¢. The results showed
that CTX treatment attenuated the neuronal injury in
hippocampus. The number of survival hippocampal
neurons in the CTX-treated rats increased after the
arterial ligation especially in CAl and CA3 areas.
Therefore, CTX attenuated hippocampal injury and
spatial learning/memory impairment after 2VO.

We hypothesized that CTX may exert neuropro-
tection by attenuating glutamate excitotoxicity since
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it has been demonstrated it induces upregulation of
glutamate transporters both in vitro and in vivo ex-
periments?»2°,  Glutamate transporters are critical
for glutamate removal from the extracellular space?’.
GLT-1 which is specifically expressed in astrocyte is
responsible for up to 90% of glutamate uptake in the
brain*®, GLT-1 protein was measured one week after
2VO induction, during which time the peak of CTX-
upregulation of GLT-1 with effective dose of CTX
occurs2”#. Our results showed that the percentages
of mean hippocampal GLT-1 expression were about
186% for 2VO-CTX and 135% for 2VO-Veh com-
pared with that of the sham. However, the difference
among groups was not statistically significant. This
could be because of the dynamic characteristic of the
CBF and the pathophysiological processes occur after
arterial ligation. Our results agrees with other studies
in focal ischaemic and hypoxic-ischaemic model that
showed no alteration in glutamate transporter protein
level 2434 Some studies showed increased uptake
activity without transporter protein level changes?s.
CBF gradually increases after initial drop immediately
after arterial ligation to reach approximately 70% of
control rats within 8 weeks to 3 months>*3!, There-
fore, the GLT-1 expression might also depend on the
duration after cerebral hypoperfusion. Interestingly, at
10 weeks of 2VO that glutamate uptake decreases>!.
Therefore glutamate transporter expression and glu-
tamate uptake activity should be further evaluated to
directly answer the involvement of glutamate trans-
porter and glutamate excitotoxicity in chronic cerebral
hypoperfusion. Besides, other mechanisms including
oxidative stress and inflammatory responses may also
contribute to the pathophysiology of chronic cere-
bral hypoperfusion. Antioxidants, such as green tea
polyphenols, and immunosuppressive drugs, such as
cyclosporin A and FK-506, have protective effects and
attenuated cognitive impairment in 2VO rats, suggest-
ing the role of oxidative stress and inflammation in
chronic cerebral hypoperfusion>4.

In conclusion, the ceftriaxone treatment improved
spatial learning and memory performance in the Mor-
ris water maze, and increased hippocampal CA1 and
CA3 neuronal number in the hippocampus. The
results suggest that treatments targeting glutamate
excitotoxicity mechanisms may be beneficial during
the onset of chronic cerebral hypoperfusion in rats.
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