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A B S T R A C T

Aims: Glutamatergic dysfunction is posed as a main stage in neurodegenerative disorders such as Alzheimer's
disease (AD). Glutamate-mediated excitotoxicity contributes to cognitive dysfunction and cell death in AD.
Ceftriaxone (CFT), a well-known upregulator of GLT-1, selectively induces the expression of glutamate trans-
porter-1 (GLT-1) in different brain regions and therefore can be posed as a potential candidate for elimination of
glutamate-induced excitotoxicity which is an early prominent event in AD brains. This study was designed to
investigate the electrophysiological and behavioral effects of the β-lactam antibiotic ceftriaxone in okadaic acid
(OKA)-induced model of AD.
Materials and methods: Male Wistar rats divided into four control, ceftriaxone (CFT), OKA, and OKA plus cef-
triaxone (OKA + CFT) groups. OKA was injected intracerebroventricularly (i.c.v., 200 ng/5 μl) into lateral
ventricles and after two weeks the evoked field potential recorded from hippocampal perforant path-DG sy-
napses in order to evaluate the effect of ceftriaxone treatment (200 mg/kg/day, i.p.) on long-term potentiation
(LTP) and paired-pulse responses.
Key findings: Results of this study revealed that ceftriaxone treatment significantly ameliorates the OKA-induced
attenuation of field excitatory post-synaptic potential (fEPSP) slope and population spike (PS) amplitude fol-
lowing high-frequency stimulation and paired-pulse paradigm indicating its beneficial effects on both short-term
and long-term plasticity in these neurons. Ceftriaxone also has an improving effect on OKA-induced impairment
in short- and long-term memories evaluated by alternation behavior and passive avoidance tasks in rats.
Significance: Therefore, this study suggests that GLT-1 might be a promising therapeutic target for treatment of
neurodegenerative disorders such as AD in the future.

1. Introduction

Glutamatergic systems play critical roles in cognition, and dys-
function of glutamatergic neurons can underlie many psychological and
neurodegenerative disorders [1,2]. Glutamate mediates fast excitatory
neurotransmission in part through activation of N-methyl-D-aspartate
(NMDA) receptors and Ca2+ influx, which in turn initiate a cascade of
events that ultimately lead to synaptic plasticity and memory formation
[3]. Previous studies highlight the involvement of glutamatergic sys-
tems in early phases of neurodegenerative disorders such as Alzheimer's
disease (AD) [4]. In AD, increased release of glutamate from pre-
synaptic neurons and astrocytes, and decreased glutamate removal

from the synaptic space give rise to over-stimulation of glutamate re-
ceptors and increases in the production of β-amyloid (Aβ) peptide, cell
death and finally deterioration of learning and memory [5]. Increased
Aβ levels can also induce further glutamate release from presynaptic
neurons which exacerbates the excitotoxicity and results in the for-
mation of neurofibrillary tangles (NFTs) [6]. Extracellular deposits of
Aβ and intracellular NFTs are two main hallmarks of AD responsible for
many pathological changes including impairment in hippocampal long-
term potentiation (LTP) and facilitation of long-term depression (LTD),
the two forms of synaptic plasticity associated with learning and
memory [7,8].

A large body of work has shown the glutamate-mediated
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excitotoxicity and neurodegeneration are major contributors to cogni-
tive dysfunction and cell death in AD. There is evidence that impair-
ments in mechanisms of glutamate uptake contribute to excitotoxic
processes described above. Specifically, a decrease in glutamate uptake
function has been correlated with down-regulation of glutamate
transporters in different regions of the AD brain [9]. Five glutamate
transporters (GLTs), also called excitatory amino acid transporters
(EAAT1-5), have been identified each of which can act to regulate levels
of released glutamate in synapses [10]. Glutamate transporter-1 (GLT-
1), also known as EAAT2, is the predominant glutamate transporter in
neocortex and hippocampus being responsible for 80–90% of glutamate
uptake in these regions [11]. This transporter is primarily expressed in
perisynaptic processes of astrocytes and is believed to have a pivotal
role in the elimination of excessive glutamate from synaptic spaces.
Reduced expression of GLT-1 protein has been reported to be an early
and prominent event in AD brains and likely contributes to increases in
the production of Aβ [12].

It has been well stablished that ceftriaxone (CFT), a β-lactam anti-
biotic, selectively induces the up-regulation of glutamate transporter-1
(GLT-1) in different brain regions such as frontal cortex, hippocampus,
amygdala and thalamus [13,14]. Accordingly, a logical therapeutic
strategy to combat the onset and development of AD pathology would
be to target glutamate uptake functions and thereby maintain synaptic
glutamate at non-pathological levels. The present study was designed to
test this approach and, specifically, to investigate whether administra-
tion of ceftriaxone could offset the emergence of behavioral and sy-
naptic plasticity impairments in an animal model of AD. Specifically,
we examined the effects of ceftriaxone in the okadaic acid (OKA)-in-
duced AD model. In this model, intracerebroventricular (i.c.v.) OKA
treatment leads to neuroinflammation, oxidative stress, cholinergic
dysfunction, neuroinflammation, mitochondrial dysfunction, gluta-
mate-mediated excitotoxicity, and impairments in learning and
memory. Phosphorylation of tau protein and GSK3β and thereby for-
mation of NFTs and extracellular β-amyloid deposits as well as the
consecutive neuronal loss provide an AD like neuropathology in this
model [15,16]. In this electrophysiological study, we have evaluated
the long-term synaptic plasticity of neurons by measuring LTP, a long-
lasting increase in synaptic strength, in hippocampal DG neurons. LTP
has been proposed as a model responsible for consolidation of long-
term memory with proposed molecular mechanisms which can provide
the level of stability needed to maintain memories for months or longer.
Therefore, we explored the effect of ceftriaxone on paired-pulse para-
digm and long-term potentiation of hippocampal dentate gyrus (DG)
neurons, which are involved in spatial pattern separation, together with
the evaluation of short- and long-term memory in OKA-treated rats.

2. Materials and methods

2.1. Animals and ethics

Male Wistar rats weighing 300–350 g maintained under standard
housing conditions at an ambient temperature of 21–25 °C with food
and water ad libitum. All experimental procedures were approved by
the Ethics Committee of Ardabil University of Medical Sciences (GN-
9423) and were performed in accordance with relevant guidelines and
regulations.

2.2. Treatments

Animals were divided into four control (vehicle), ceftriaxone (CFT),
OKA, and OKA plus ceftriaxone (OKA + CFT) groups (n = 10 in each
group). OKA (Sigma-Aldrich, St.Louis, MO, USA) dissolved in sterile
artificial cerebrospinal fluid (aCSF: 147 mM NaCl, 2.9 mM KCl, 1.6 mM
MgCl2, 1.7 mM CaCl2 and 2.2 mM dextrose) according to the manu-
facturer's instructions and injected once (200 ng/5 μl) into lateral
ventricles. The control group only received the same volume of aCSF as

a vehicle [17]. Ceftriaxone was dissolved in 0.9% sodium chloride
(saline) and administered intraperitoneally (i.p.) at the dose of 200mg/
kg/day beginning 1 h before i.c.v. administaration of OKA up to two
weeks (Fig. 1).

In order to i.c.v. injection of OKA or its related vehicle, animals
were intraperitoneally anesthetized with chloral hydrate (350mg/kg)
and placed in a stereotaxic instrument (Stoelting Co., Illinois, USA). A
longitudinal incision was made through the scalp and two small holes
drilled for inserting injection cannula into the lateral ventricles
(AP=−0.8, ML=1.6 and DV=3.5mm below dura) [18]. I.c.v. in-
fusion of OKA or the vehicle carried out during 5min using a Hamilton
microsyringe at a rate of 1 μl/min and the injection needle was left in
the place for another 5min before being slowly withdrawn to avoid
backflow [17].

2.3. Electrophysiology

Two weeks after OKA or vehicle administration and following ur-
ethane anesthesia (1.8 g/kg, i.p.), animal's head was fixed in a stereo-
taxic apparatus. Details of electrophysiological methods have been
described in our previous studies [17,19]. Briefly, the skull was exposed
and a stimulating and recording electrodes (stainless steel, 0.125mm
diameter, Advent, UK) were lowered slowly (0.2mm/min) into per-
forant pathway (AP=−8.1mm; ML=4.3mm; DV=3.2mm) and DG
(AP=−3.8mm; ML=2.3mm; DV=2.7–3.2mm) until obtaining the
maximal response [18]. The signals were filtered (1 Hz–3 kHz band
pass) and passed to a computer through an analogue to digital interface
(eLab 2, Sciencebeam, Iran). Input/output (I/O) function of the neurons
obtained using different stimulus currents (0.1–1mA) at the frequency
of 0.1 Hz and paired-pulse responses also were evaluated with inter-
stimulus intervals of 10, 20, 30, 50, 70, 100 and 120ms [20]. Baseline
activity was recorded using single stimuli delivered at 0.01 Hz with
stimulus intensity that produced 40% of the maximum fEPSP and LTP
was induced using 400 Hz high-frequency stimulation (HFS) protocol
(10 bursts of 20 stimuli and 10 s inter-burst intervals with stimulus
duration of 200 μs and intensity increased by 80% of baseline level).
The PS amplitude was measured as the average of the difference in
voltage between the peak of the first positive wave and the peak of the
first negative deflection and the difference in voltage between the peak
of the second positive wave and the peak of the first negative deflection.
The fEPSP slope was measured as the maximum slope of first positive
wave in order to measure synaptic efficacy [17]. All of the data
(60min) after HFS used for statistical comparisons.

Fig. 1. Design of experiments. Rats were administered with OKA on the 1st day
and treatment with ceftriaxone or vehicle began 1 h before a single bilateral
i.c.v. microinjection of OKA and continued daily for two weeks. The animal
then underwent short-term spatial memory evaluation on the 10th day using Y-
maze test. Passive avoidance task also conducted for evaluation of long-term
spatial memory performed on days 12 and 13 and the electrophysiological
studies started one day after the last behavioral test at 14th day of OKA in-
jection. After that, the animal was sacrificed for histological assessments.
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2.4. Behavioral studies

2.4.1. Y-maze task
Short-term spatial memory was evaluated by monitoring sponta-

neous alternation behavior in a black Plexiglas Y-maze (each arm 40 *
30 * 15 cm). The experiment details were the same as that described
previously as follows: the rat was placed at one of the arms and the
movements through the maze monitored visually for a 8-min session.
Complete entries into the three arms on overlapping triplet sets were
considered as a successful alternation and the alternation behavior
calculated as the percentage of actual alternations [21].

2.4.2. Passive avoidance learning
The detailed methods for passive avoidance learning test have been

described in our earlier study [17]. Briefly, after habituation in a light/
dark chamber, rats were put in light chamber for training trial. Im-
mediately after entering to the dark chamber, a 1.5mA, 50 Hz foot
shock was delivered for 2 s leaving the rat in the dark chamber for more
20 s. The trial was repeated after 2min and thereafter the rat was
placed in the light chamber. Staying in the light chamber for 2min
recorded as a successful learning of the task, otherwise the trial was
repeated until successive avoidance learning. Twenty-four hours later
the animal was placed in the bright chamber for 5min. During this time
the step-through latency (STL) was evaluated as a recalling criteria after
24 h [17,22].

2.5. Histology

Animals were perfused transcardially with a cold 4% paraf-
ormaldehyde solution and after decapitation, the brain removed and
fixed in the same paraformaldehyde solution for 24 h at room tem-
perature. Subsequently, coronal sections with the thickness of 5 μm
were cut through the brain using a microtome and mounted on poly-L-
lysine–coated glass slides and then the sections were used for evalu-
ating the injection site.

2.6. Statistical analysis

Statistical analysis of electrophysiological and behavioral data
conducted using independent sample t-test, two-way mixed ANOVA
and one-way ANOVA followed by Tukey post-hoc test for comparison of
means between different groups. Kruskal Wallis non-parametric test
followed by Mann-Whitney U performed for comparison of step-
through latencies between groups in passive avoidance test. A p-value
of less than 0.05 was regarded as significant. Data are expressed as
means ± S.E.M. IBM SPSS Statistics software (version 20) was used for
all analyses.

3. Results

3.1. Electrophysiology

In this study, the input-output (I/O) responses were assessed by
delivering variety of stimulus current (0.1–1 μA) for evaluation of sy-
naptic potency prior to LTP induction. The responses show the depen-
dence of neural action potentials to excitatory input. Two-way mixed
ANOVA indicated that the stimulus-response curves recorded from DG
before the paired-pulse or high-frequency stimulations were not sig-
nificantly different in fEPSP slope (F(3,24)= 0.32, p= 0.80) and PS
amplitude (F(3,24)= 0.57, p= 0.63) between groups (Fig. 2). Re-
garding these results, the possible changes in recorded paired-pulse
activity or LTP would be independent of neural transmission or basal
synaptic strength.

After a steady baseline recording, LTP was induced using HFS sti-
mulation protocol and a 10% increase in fEPSP slope and 25% in PS
amplitude were recognized as LTP induction criteria. Comparison of

data recorded before HFS did not show any significant difference be-
tween the groups in terms of EPSP slope or PS amplitude and also in-
jection of OKA did not have significant effect on baseline recordings
from DG neurons. Independent samples t-test also showed no significant
difference in fEPSP slope (t (10)= 0.98, p=0.35) and PS amplitude (t
(12)= 0.83, p= 0.42) after HFS between the control and ceftriaxone
groups (Fig. 3). Although, a small decrease in fEPSP slope and PS am-
plitude was seen in the ceftriaxone group in comparison with the
control group but they were not statistically significant. On the other
hand, one-way ANOVA showed a significant difference in fEPSP slope
(F(3,22) = 9.19; p < 0.001) and PS amplitude (F(3,22) = 6.45;
p < 0.01) between the control, OKA, and OKA + CFT groups. In the
current study, i.c.v. injection of OKA led to a robust decrease in fEPSP
slope (p < 0.001) and PS amplitude (p < 0.01) comparing with the
control group and administration of ceftriaxone showed an improving
effect on recorded evoked potentials in a way that there was no sig-
nificant difference in fEPSP slope (p = 0.24) and PS amplitude
(p = 0.37) between the OKA + CFT and control groups. A significant
increase in fEPSP slope was shown in OKA + CFT group comparing to
the OKA group (p < 0.05) (Fig. 4).

We evaluated the short-term plasticity and probability of pre-
synaptic involvement in induction of long-term potentiation in DG

Fig. 2. Input-output curves (mean ± SEM) of (A) the fEPSP slope and (B) the
PS amplitude in the dentate gyrus. Input/output function of the neurons ob-
tained using different stimulus currents (0.1–1mA) at the frequency of 0.1 Hz.
There was no statistically significant difference between groups, n=7 in each
group.
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neurons by delivering paired-pulse stimulation at performant path-DG
synapses. As in Fig. 5, paired-pulse stimulation applied with intervals of
10, 20, 30, 50, 70, 100 and 120 ms. One-way ANOVA showed a sig-
nificant difference in fEPSP slope index at inter-pulse intervals of 50 ms
(F (3,24) = 4.43, p < 0.05) and 70 ms (F (3,24) = 4.34, p < 0.05),
and in paired-pulse index at inter-pulse intervals of 50 ms (F
(3,23) = 5.23, p < 0.01) and 70 ms (F (3,23) = 4.93, p < 0.01)
between different groups. Intracerebroventricular infusion of OKA sig-
nificantly decreased the fEPSP slope index at inter-pulse intervals of 50
and 70 ms (p < 0.05) and paired-pulse index at inter-pulse intervals of
50 ms (p < 0.01) and 70 ms (p < 0.05). In this experiment, treatment
with ceftriaxone had also an ameliorating effect on paired-pulse re-
sponses recorded from OKA-injected rats in a way that there was no
significant difference in fEPSP slope and paired-pulse indices between
the OKA + CFT and control groups at all inter-pulse intervals.

3.2. Behavioral studies

In the current research, we evaluated the alternation behavior using
the Y-maze task in order to assess the short-term spatial memory of the
animals. Results showed that the total number of entries into the dif-
ferent arms did not change significantly. One-way ANOVA indicated a
significant difference in the alternation score between different groups
(F(3,28) = 4.45, p < 0.05). Tukey HSD posthoc test showed a sig-
nificantly decreased alternation score in OKA-treated rats comparing to

the control group (p < 0.05). Our results also indicated that treatment
with ceftriaxone improved alternation score in OKA-treated rats as
there was no significant difference in alternation score between
OKA + CFT group and the control group indicating the ameliorating
effect of ceftriaxone on short-term spatial memory in an OKA-induced
model of AD (Fig. 6A).

The non-parametric Kruskal Wallis analysis of variance followed by
Mann-Whitney U test (two-tailed) used for evaluation of difference in
STL in passive avoidance retention test. Results of Kruskal Wallis test
revealed a significant difference in STL between the groups (H
(3) = 9.54, p < 0.05) with a mean rank of 27.78 for control, 27.44 for
ceftriaxone, 14.11 for OKA and 22.00 for OKA + CFT groups. Mann-
Whitney U test showed that OKA-injected rats had a STL value lower
than those of the control group (Z = 2.36, p < 0.05) and application
of ceftriaxone had an improving effect on passive avoidance learning in
OKA-treated rats in a way that there was no significant difference in
STL between OKA + CFT group and the control group (Fig. 6B).

4. Discusstion

This study aimed to investigate whether treatment with ceftriaxone,
a well-known upregulator of GLT-1, could ameliorate an AD-like im-
pairment in behavior and synaptic plasticity in OKA-induced AD in rats.
Application of β-lactam antibiotic ceftriaxone at a dose known to sti-
mulate the expression of glial GLT-1 [23,24] significantly offset effects

Fig. 3. Effect of ceftriaxone treatment on HFS-in-
duced LTP of hippocampal dentate gyrus neurons.
(A) Representative superimposed fEPSPs and PSs
during baseline (black) and 5min after (gray) HFS.
(B1) The effect of ceftriaxone treatment on LTP of
hippocampal dentate gyrus neurons using 400 Hz
tetanic stimulation at the fEPSP slope and (C1) PS
amplitude. (B2, C2) Summary bar charts show mean
values of fEPSP slope or PS amplitude (%) measured
60min following HFS. The horizontal dashed line
represents the baseline value and the data are
plotted as the average percentage changes from
baseline responses. Results showed no significant
difference in fEPSP slope (p= 0.35) or PS amplitude
(p= 0.42) after between groups (n= 7 in each
group).
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of OKA on behavior and electrophysiological activity of DG neurons.
More specifically, i.c.v. injection of OKA alone significantly attenuated
the high-frequency stimulation-induced increase in fEPSP slope and PS
amplitude recorded from hippocampal DG. Administration of cef-
triaxone beginning with the day of OKA treatment and continuing daily
for 2 weeks thereafter had a remarkable protective effect on LTP and
memory following application of OKA. Ceftriaxone eliminated the ef-
fects of OKA on both perforant path-DG evoked fEPSP slope and PS
amplitude and measures of short and long-term memory.

There have been only a few in vitro studies on the attenuating action
of OKA on LTP in the hippocampus [25]. In this study, administration of
OKA did not change the baseline activity of the neurons but had a
significant ameliorating effect on potentiation of fEPSPs and PSs re-
corded from the DG granule cells. It has been previously reported that
inhibition of PP1 and PP2A enzymes by their selective inhibitor OKA
alters LTP induction in hippocampal slices and this action was

attributed to the role of these protein phosphatases in the phosphor-
ylation status of signaling mediators [26]. Decreases in PP1 and PP2
activity also have been observed in AD brain [27]. Other studies have
shown deleterious effects of OKA on a cognitive performance together
with numerous pathological changes (oxidative stress, mitochondrial
dysfunction, neuroinflammation, cholinergic dysfunction, neuro-ex-
citotoxicity) that are also evident in neurodegenerative diseases such as
AD [28,29]. These observations have encouraged the use of the OKA
treatment as a powerful means for studying AD pathology.

Glutamate NMDA receptors are highly expressed in different brain
regions and are considered to be critical for normal physiological ac-
tions including the learning and memory [30]. Decreased glutamate
uptake from synaptic space and increased glutamatergic release from
presynaptic neurons and astrocytes can lead to hyper-excitation of
glutamate receptors and Ca2+ overload which in turn initiate a cascade
of events that finally gives rise to excitotoxicity, cell death, and learning

Fig. 4. The effect of ceftriaxone treatment on LTP of dentate gyrus neurons in OKA-injected rats. (A) Representative superimposed fEPSPs and PSs during baseline
(black) and 5 min after (gray) LTP induction. (B1) Effect ceftriaxone treatment on LTP of hippocampal dentate gyrus neurons using 400 Hz tetanic stimulation at the
fEPSP slope and (C1) PS amplitude. (B2, C2) Summary bar charts show mean values of fEPSP slope or PS amplitude (%) measured 60 min following HFS. The
horizontal dashed line represents the baseline value and the data are plotted as the average percentage change from baseline responses. *p < 0.05, **p < 0.01, and
***p < 0.001; n = 7 in each group).
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and memory impairment. intracellular Ca2+ influx through enhanced
NMDA channel activities gives rise to dysfunction of mitochondrial
electron transport system, generation of reactive oxygen species (ROS)
and excitotoxicity in neural cells [31]. It is reported that OKA can in-
duce over-expression of NR1 and NR2B subunits in NMDA receptor, the
effect responsible for excessive Ca2+ influx in rats [29]. Normally, the
NR2A and NR2B subunits are highly expressed in the hippocampus [32]
and it has been previously reported that the NR2 subunits play a critical
role in synaptic plasticity of the neurons. Interestingly, they have shown
that NR2A subunits associate with the induction of LTP but NR2B
subunits contribute to long-term depression (LTD) [33]. It is also de-
monstrated that over-expression of NR2B subunits leads to the

excessive Ca2+ influx through NMDA receptors and results in neural
excitotoxicity and subsequent neurodegeneration [34]. The NR1/NR2B
form of NMDA receptors is remarkably increased in AD neurons and
excitotoxicity in AD requires its over-activity as well [31]. It has been
reported that administration of OKA selectively increases the pre-
synaptic release of glutamate and extracellular glutamate concentration
leading to hyperactivity of NMDA receptors, elevated calcium influx,
hyperphosphorylation of tau proteins, and ultimately excitotoxicity and
synaptic dysfunction [35,36]. Increase in NMDA receptor NR2B sub-
units also has been demonstrated in the cortex and hippocampus of
OKA-injected rats [29]. Therefore, in the current study, one of the
possible reasons for attenuating effect of OKA on memory and LTP

Fig. 5. Paired-pulse responses in different experimental groups recorded from hippocampal DG cell layer using inter-stimulus intervals of 10, 20, 30, 50, 70, 100 and
120 ms. (A) Single traces show paired-pulse facilitation in different groups at an inter-stimulus interval of 50 ms. (B1, C1) Effect of ceftriaxone treatment on paired-
pulse responses recorded from dentate gyrus granule cells at fEPSP slope ratio (percentage of mean fEPSP2/fEPSP1 ± SEM) and the PS amplitude ratio (percentage
of mean PS2/PS1 ± SEM). Bar charts show a significant difference in fEPSP slope (B2) and PS amplitude ratio (C2) between the groups at an inter-stimulus interval
of 50 and 70 ms (*p < 0.05, and **p < 0.01; n = 7 in each group).
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induction would be a high production of hippocampal NR1 and NR2B
subunits.

The astrocytic glutamate transporters, GLAST and GLT-1, are re-
sponsible for maintaining low extracellular glutamate levels and among
them, the GLT-1 is responsible for about 80–90% of all extracellular
glutamate scavenging actions [37]. On the other hand, a decrease in
GLT-1 expression has been reported in neurodegenerative disorders
such as AD [38], and so the question arises whether upregulation of
GLT-1 can have a protective effect on learning and memory and elec-
trophysiological characteristics of hippocampal neurons in an OKA-in-
duced model of AD. For this purpose, we used β-lactam antibiotic cef-
triaxone which is well-known that selectively upregulates the
expression of glial GLT-1 in the hippocampus and different cortical
areas [23,24]. In this study, application of ceftriaxone significantly
improved the learning and memory in Y maze and passive avoidance
tasks and ameliorated the HFS induced LTP of hippocampal DG neurons
in OKA-treated rats. Administration of ceftriaxone increased the re-
corded PS amplitude and fEPSP slope without changing the input-
output function and baseline activity of these neurons. The effects can

be attributed to enhanced expression of perisynaptic astrocytic GLT-1
and the consequent increase in glutamate scavenging activity in order
to establish a lower extracellular glutamate concentration. These results
were further supported by improving effect of ceftriaxone on learning
and memory in passive avoidance tests. Maintenance of a low level of
neurotransmitter glutamate at the synaptic space might be a key
strategy in preventing the production of β-amyloid (Aβ) peptide, oxi-
dative stress, cell death and deterioration of learning and memory in AD
[7]. It has been previously well-established that administration of cef-
triaxone up-regulates the hippocampal GLT-1 expression and also pre-
vents the hypoxia-induced cognitive dysfunction, excitotoxicity and
neural loss in rats [39]. Ceftriaxone-induced GLT-1 expression and
hence a decrease in glutamate over-activity are shown to have a neu-
roprotective effect in MPTP-induced Parkinson's disease rat model [40].

The decrease in synaptic proteins PSD-95 has been shown in dif-
ferent regions of AD brain [41]. Significant changes in PSD95 levels
also have been observed in different subregions of the hippocampus in
3xTg-AD mice [42]. A positive correlation also has been shown between
the GLT-1 and PSD95 levels, and that application of ceftriaxone can
restore PSD95 in different hippocampal subregions (DG, CA1, CA3) to
normal levels [43]. Furthermore, previous studies have determined that
OKA administration results in hyperphosphorylation of tau protein
through an inhibitory action on PP2A and thereby gives rise to the
production of NFTs and subsequent neurodegeneration [36,44]. GLT-1
indirectly affects calcium influx by scavenging excessive extracellular
glutamate and, as a consequence, GLT-1 downregulation could con-
tribute to tau hyperphosphorylation and microtubule-associated dys-
function in AD. Therefore, in this study, the beneficial effects of cef-
triaxone on both electrophysiological responses of the dentate gyrus
granule cells and behavioral performance might be in part due to a
restoration or protection of synaptic PSD95 levels and maintenance of
the normal phosphorylation state of tau protein through upregulation
of glial GLT-1.

However, far too little attention has been paid to the effect of GLT-1
on learning and memory, in this study we also set out to explore the
effect of ceftriaxone alone on electrophysiological and behavioral per-
formance in rats. Interestingly, one unanticipated finding was that ad-
ministration of ceftriaxone alone had no significant effect on baseline
activity, PS amplitude and fEPSP slope recorded from hippocampal DG.
There were also no significant changes in short- and long-term memory
performed using Y-maze and passive avoidance tests. A possible ex-
planation for this might be the role of compensatory mechanisms in-
volved in maintaining the normal homeostasis in synaptic spaces.
Although, the role of GLT-1 on hippocampal learning and memory is
not well-known but contrary to our findings, one approach for ex-
ploring the effect of GLT-1 in learning and memory is that increased
GLT-1 expression leads to attenuation of LTP and metabotropic gluta-
mate receptor dependent LTD at hippocampal CA3 neurons, the results
which were further supported by the detrimental effect of ceftriaxone
on novel object recognition in rats [45]. This discrepancy may be at-
tributed to using different hippocampal subregions and behavioral
tasks.

In the current study, we have also evaluated the effect of ceftriaxone
on paired-pulse ratio (PPR) as short-term synaptic plasticity of DG
neurons in OKA-injected rats. Paired-pulse facilitation (PPF) and de-
pression (PPD) are typically accepted as a model for evaluation of the
presynaptic component of synaptic plasticity [46,47]. Mechanisms re-
sponsible for changes in paired-pulse response include facilitation of
calcium channel, altered vesicle pool properties, quantal size and ac-
tivation/inactivation status of neurotransmitter release sites. PPF re-
sults from an increase in probability of neurotransmitter release fol-
lowing the first stimulus and is mainly attributed to residual Ca2+ in
presynaptic terminals [48]. Nevertheless, recurrent inhibition mediated
by GABAergic interneurons results in a decreased fEPSP slope in the
second response compared to the first and therefore leads to PPD at
inter-stimulus intervals of 10–40ms [49]. In this study, we designed to

Fig. 6. Effect of ceftriaxone treatment on alternation behavior in Y-maze and
step-through latency of rats in single-trial passive avoidance test. (A) One-way
ANOVA followed by Tukey HSD posthoc test showed a significantly reduced
alternation behavior in OKA-treated rats in comparison with the control (ve-
hicle) group and treatment with ceftriaxone improved alternation score in OKA-
treated rats (*p < 0.05 as compared with the control group, n = 10 in each
group). (B) Kruskal Wallis followed by Mann-Whitney U posthoc tests indicated
a significantly decreased STL values in OKA-injected rats compared to control
group and application of ceftriaxone had an improving effect on passive
avoidance learning in OKA-treated rats (*p < 0.05 compared to the control
group, n = 10 in each group).

N. Hamidi, et al. Life Sciences 238 (2019) 116969

7



explore the presynaptic activity using paired-pulse stimulations at inter-
stimulus intervals of 10, 20, 30, 50, 70, 100 and 120ms. Application of
paired stimulus at intervals of 10, 20 and 30ms did not show any
changes in recurrent inhibition since there was no significant difference
in fEPSP slope and PS amplitude between the groups. On the other
hand, the results showed an OKA-induced decrease in fEPSP slope and
PS amplitude at inter-stimulus intervals of 50 and 70ms suggesting the
negative effects of OKA on presynaptic activity and PPF accompanied
by deleterious changes observed in postsynaptic function. Recently, it
has been reported that OKA decreases the mRNA expression level of
synaptophysin, a presynaptic protein associated with small synaptic
vesicles, in the rat hippocampus [50]. In consistent with this effect of
OKA, a significant decrease in presynaptic synaptophysin also has been
shown in the entorhinal cortex (EC) and other brain regions in AD [51].
In addition, it is reported that OKA impairs the mobility and transport
of recently internalized vesicles within ribbon-containing synaptic
terminals, a perturbation in synaptic vesicles trafficking which is also
demonstrated in AD [52,53]. On the other hand, results of previous
studies have demonstrated that ceftriaxone increases the expression
level of synaptophysin and enhances the number of vesicles in nerve
terminals in the hippocampal DG neurons. Furthermore, a positive
correlation has been shown between the GLT-1 activity and presynaptic
synaptophysin levels [54]. Therefore, in this study, the beneficial effect
of ceftriaxone on paired-pulse activity of hippocampal DG might be in
part due to the restoration of presynaptic synaptophysin and synaptic
vesicles trafficking in these neurons.

In conclusion, returning to the hypothesis posed at the beginning of
this study it is possible to state that treatment with ceftriaxone as a
well-known up-regulator of GLT-1 expression can ameliorate OKA-in-
duced attenuation of fEPSP slope and PS amplitude after high-fre-
quency stimulation and also paired-pulse responses recorded from
hippocampal DG cell layer. These indicate the beneficial effect of cef-
triaxone on both pre- and post-synaptic function in these neurons.
Ceftriaxone treatment also has an improving effect on OKA-induced
impairment in learning and memory. Therefore, it is suggested that
GLT-1 might be a promising therapeutic target for the treatment of
neurodegenerative disorders such as AD in the future.
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