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Abstract
Rationale Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by memory impairment, neuronal death, and
synaptic loss in the hippocampus. Long-term potentiation (LTP), a type of synaptic plasticity, occurs during learning and
memory. Serotonin receptor type 7 (5-HTR7) activation is suggested as a possible therapeutic target for AD.
Objective The aim of the present study was to examine the effects of chronic treatment with the 5-HTR7 agonist, AS19, on cognitive
function, memory, hippocampal plasticity, amyloid beta (Aβ) plaque accumulation, and apoptosis in an adult rat model of AD.
Methods ADwas induced in rats using Aβ (single 1μg/μL intracerebroventricular (icv) injection during surgery). The following
experimental groups were included: control, sham-operated, Aβ + saline (1μL icv for 30 days), and Aβ +AS19 (1μg/μL icv for
30 days) groups. The animals were tested for cognition and memory performance using the novel object recognition and passive
avoidance tests, respectively. Next, anesthetized rats were placed in a stereotaxic apparatus for electrode implantation, and field
potentials were recorded in the hippocampal dentate gyrus. Lastly, brains were removed and Aβ plaques and neuronal apoptosis
were evaluated using Congo red staining and TUNEL assay, respectively.
Results Administration of AS19 in the Aβ rats increased the discrimination index of the novel object recognition test.
Furthermore, AS19 treatment decreased time spent in the dark compartment during the passive avoidance test. AS19 also
enhanced both the population spike (PS) amplitude and the field excitatory postsynaptic potential (fEPSP) slope evoked poten-
tials of the LTP components. Aβ plaques and neuronal apoptosis were decreased in the AS19-treated Aβ rats.
Conclusions These results indicate that chronic treatment with a 5-HTR7 agonist can prevent Aβ-related impairments in cogni-
tion and memory performance by alleviating Aβ plaque accumulation and neuronal apoptosis, hence improving neuronal
plasticity. AS19 may be useful as a therapeutic agent for AD.
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Introduction

Serotonin (5-hydroxytryptamine; 5-HT) acts as a neurotransmit-
ter and neuromodulator in the central nervous system (CNS)
(Fidalgo et al. 2013). It is involved in physiological functions

and pathophysiological conditions including schizophrenia, de-
pression, anxiety, and Alzheimer’s disease (AD) (Butzlaff and
Ponimaskin 2016; Filip and Bader 2009).

The behavioral effects of 5-HTare mediated by a large family
of specific 5-HT receptors (Butzlaff and Ponimaskin 2016; Filip
and Bader 2009). 5-HT receptor type 7 (5-HTR7) is located in
different brain regions, such as the hypothalamus, thalamus, ce-
rebral cortex, and hippocampus (Leopoldo et al. 2011). It was
shown that a 5-HTR7 agonist improved motor coordination,
cognition, spatial memory, and synaptic plasticity in rodents
(De Filippis et al. 2015; Stiedl et al. 2015). Also, 5-HT7R is
involved in depression, schizophrenia (Nikiforuk et al. 2013;
Wesolowska et al. 2006; Wesołowska et al. 2006), and drug
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abuse (Hauser et al. 2014; Shahidi and Hashemi-Firouzi 2014),
and improves cognitive dysfunction (Waters et al. 2012), indicat-
ing that 5-HTR7 agonists may be used as pharmacological tools
for the treatment of neurological disorders. Moreover, 5-HTR7
activation is suggested as a possible therapeutic targets strategy
for AD (Meneses 2014; Xiang et al. 2016). Nevertheless, 5-
HTR7’s role in AD is unclear.

AD is a neurodegenerative disease of the CNS characterized
by progressive cognitive decline and dysfunction, aggregation
of amyloid β-peptide (Aβ) plaques, neuronal loss, and neuro-
nal apoptosis (Alberghina and Colangelo 2006; Obulesu and
Lakshmi 2014; Querfurth and LaFerla 2010; Radi et al. 2014).
The cholinergic system is severely impaired in AD (Xu et al.
2012). Moreover, it has been reported that the serotonergic
system also contributes to this impairment. AD is associated
with decreases in serotonergic synthesis and receptors (Butzlaff
and Ponimaskin 2016; Dengler-Crish et al. 2017; Garcia-
Alloza et al. 2004; Palmer et al. 1987). In addition, AD disturbs
neural plasticity and synaptic function (Park et al. 2012; Vasefi
et al. 2013; Xiang et al. 2016; Zhang et al. 2002).

Long-term potentiation (LTP) is a type of synaptic plastic-
ity (Bliss and Collingridge 1993). LTP is the physiological
basis for memory formation and has been used as a neuronal
model of neuroplasticity (Bliss and Collingridge 1993; Bliss
and Gardner-Medwin 1973). 5-HT is involved in most forms
of synaptic plasticity (Costa et al. 2012; Costa et al. 2012;
Tokarski et al. 2005; Tokarski et al. 2003; Vasefi et al.
2013), and in vivo data show that 5-HTR7 activation reduced
Aβ levels in the interstitial fluid of the brain (Fisher et al.
2016). Additionally, 5-HTR7 activation has been shown to
promote the formation of dendritic spines and neurite elonga-
tion (Li et al. 2017; Speranza et al. 2015; Speranza et al. 2017).
Stimulation of 5-HTR7 reverses long-term synaptic depres-
sion in animal models of fragile X syndrome (Costa et al.
2015; Costa et al. 2012). However, in vivo data regarding 5-
HTR7 activation in LTP formation in AD is not available.

Therefore, the aim of this study was to show the effect
of 1 month of selective 5-HTR7 agonist, AS19, on cog-
nition, memory, neuronal apoptosis, Aβ accumulation,
and LTP induction in the hippocampal dentate gyrus in a
rat model of AD.

Materials and methods

Animals

Adult male Wistar rats weighing 250–300 g were used. Rats
were housed at a temperature of 20 °C ± 2 °C on a 12 h light/
dark cycle with free access to food and water. Rats were main-
tained in cages with two rats per cage. Animal care, treatment,
and surgical procedures were approved by the ethics commit-
tees of the HamadanUniversity ofMedical Sciences (Ref. No.:

6383), and performed according to the Guide for Care and Use
of laboratory animals published by the National Institute of
Health, USA (NIH Publication No. 85-23, revised 1985).

The rats were randomly distributed into four groups as
follows (n = 10 per group): the control group, which did not
undergo any operation or treatment; the sham group, which
received 6 μL of 0.9% saline (Shahid Ghazi Co, Tabriz, Iran)
via intracerebroventricular (icv) injection during stereotaxic
surgery, and subsequently received 1 μL saline via icv injec-
tion daily for 30 consecutive days; the Aβ group, which re-
ceived Aβ peptides via icv injection during stereotaxic sur-
gery, and subsequently received 1 μL saline via icv injection
daily for 30 consecutive days; and the Aβ + AS19 group,
which received Aβ peptides via icv injection during stereo-
taxic surgery, and subsequently received AS19 (a selective 5-
HTR7 agonist, 1 μg/μL) via icv injection daily for 30 consec-
utive days.

Chemicals

Aβ (1–42) and AS19 were purchased from Tocris (UK).
Ketamine and xylazine were purchased from Behbod Darou
(IR) and Alfasan (Holland), respectively. Urethane was ac-
quired from Sigma.

AD induction

Surgery and AD induction were performed as previously de-
scribed (Shahidi et al. 2017). In brief, rats were anesthetized
using xylazine (10 mg/kg) and ketamine (100 mg/kg), and
placed into a stereotaxic device. A guide cannula was lowered
into the right lateral ventricle, and relative to the bregma, the
coordinates for the icv injection were: anterior-posterior (AP),
1.6 mm from bregma; mediolateral (ML), + 0.9 mm from the
midline; and dorsoventral (DV), 2 mm from the skull surface
(Paxinos, 2007). The guide cannula was secured in place
using two stainless steel screws anchored to the skull with
dental acrylic cement. Animals individually recovered in their
home cages.

The Aβ was solubilized in sterile water at a 1 μg/μL con-
centration and 6 μL of Aβ fragment solution were used for
each single injection (Babri et al. 2014; Shahidi et al. 2017).
Aβ solution was unilaterally injected into the region using a
10-μL microsyringe (Hamilton-Reno, NV, USA). Chemical
or saline microinjections were performed using a 30-gauge
injector cannula (1 mm below the tip of the guide cannula)
with a Hamilton syringe (Hamilton Laboratory Products,
Switzerland) attached to the injector cannula with polyethyl-
ene micro-tubing (PE-20). To treat the Aβ group, AS19 pow-
der (1 μg/μl) was dissolved in saline and microinjected via icv
at a volume of 1 μL for 30 consecutive days (Han et al. 2016;
Perez-Garcia and Meneses 2009; Zhang et al. 2015). The
sham rats received saline at the same volume.
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The novel object-recognition test

The procedure was performed as described in our previous
studies (Hashemi-Firouzi et al. 2015). The apparatus consisted
of a wooden open brown box (48 cm × 41.5 cm × 36 cm)with a
black floor. The training phase was done with two similar ob-
jects symmetrically fixed to the floor of the box, 10 cm apart for
10min. One day later, the retention test was performed in which
one of the objects was replaced by a novel object. The animals’
behavior was recorded with a video-camera system for 10 min.
The exploration time for an object was defined as sniffing or
placing the nose within 1 cm of the object while being oriented
towards the object. The discrimination index was defined as the
exploration time spent on the novel object divided by the total
exploration time (Fig. 1). The box and the objects were cleaned
with wet tissue paper (water) before each session or test
(Takuma et al. 2014; Wang et al. 2014).

Passive avoidance learning

The passive avoidance apparatus and procedure were similar
to our previous studies (Ghahremanitamadon et al. 2014;
Khodamoradi et al. 2015). The transparent plastic apparatus
consisted of a two-chamber dark/light shuttle box (20 × 30 ×
20 cm) with a rectangular opening (6 cm × 8 cm) located be-
tween the two chambers. The floor of the dark chamber was
lined with stainless steel rods 1 cm apart from each other. A
shock generator was used to deliver electric shocks (50 Hz,
0.2 mA, 0.5 s) on the floor of the dark chamber.

This test has three stages: habituation, acquisition, and re-
tention. In order to habituate the groups to the apparatus, rats
were given two habituation trials. The rats entered into a light-
ed section of the apparatus and 5 s later, the guillotine door
was raised. Because of the natural tendency of rats to seek
dark environments, they tried to enter the dark compartment
(Barzegar et al. 2015). This trial was repeated after 30 min.
The latency to enter the dark compartment (the step-through

latency) was recorded after the rats entered freely into the dark
compartment. Then, the door was closed, an electrical shock
was administered, and the experimental rat was returned to its
cage. This procedure was repeated again after 2 min. If the rats
did not enter the dark chamber within 120 s, the acquisition
trial was completed. The number of trials was recorded
(Hasanein and Shahidi 2012; Jabbarpour et al. 2014).

The following day the retention test was performed.
During the retention test, rats were placed in the light
chamber and allowed to explore for 20 s before the guil-
lotine door was opened. Step through latency, total time
spent in the dark compartment, and the number of total
entrances into the dark compartment were recorded for
600 s during the test day (Fig. 1).

Electrophysiological recording

Rats were anesthetized with urethane (1.5 g/kg, intraperitone-
ally (ip)) and fixed in a stereotaxic apparatus. During surgery,
a heating pad was used to maintain the body temperature of
the anesthetized rat. Cement was slowly removed and the
skull was exposed. Two bipolar electrodes (0.008 in. in diam-
eter, Teflon-coated stainless steel, A-M Systems, USA) were
used as follows. The stimulating electrode was positioned at
coordinates 8.1 mm posterior to the bregma, 4.3 mm lateral to
the midline, and 2.7–3.2 mm from the skull surface into the
perforant pathway (PP). The recording electrode was placed at
coordinates 3.8 mm posterior to the bregma, 2.3 mm from the
midline, and 2.7–3.2 mm from the surface of the skull into the
dentate gyrus of hippocampus (Paxinos) (Fig. 1).

Baseline responses were elicited by single 0.1 ms biphasic
square wave pulses (0.1 Hz frequency, current isolation unit
A365WPI) which were delivered to the perforant pathway via
the stimulating electrode, and the recording electrode obtained
the evoked field potentials in the granular cells of the dentate
gyrus (Karamian et al. 2015; Karimi et al. 2015; Lashgari et al.
2008). An input/output (I/O) response curve was constructed
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Fig. 1 A schematic of the experimental design and timeline
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using the intensity of a single-pulse stimulation of the perforant
pathway and averaging 10 responses in the dentate gyrus per
intensity. The evoked field potential response was equal to 50%
of the maximum response for all subsequent stimuli. The base-
line response recordedwas considered as the time point B0min^
just before high-frequency stimulation (HFS). The HFS
(400 Hz, 10 bursts of 20 stimuli, 0.2 ms stimulus duration,
and 10 s inter-burst interval) induced LTP (Komaki et al.
2014; Tahmasebi et al. 2015). After high-frequency stimulation,
evoked responses were recorded at 5, 30, and 60min (Karamian
et al. 2015; Komaki et al. 2015; Salehi et al. 2015; Tahmasebi
et al. 2015). The peak field excitatory postsynaptic potential
(fEPSP) amplitude and population spike (PS) were measured.
PS amplitude was analyzed as the distance from the negative
peak to halfway between two positive peaks. The slope on the
rising part of the first positive peakwas used as the fEPSP slope.

Apoptosis (TUNEL assay)

After all rats had completed behavioral testing and electro-
physiological recording (postoperative day 30), they were
anesthetized (Fig. 1). Brains were fixed through perfusion
with a paraformaldehyde solution. Subsequently, the brains
were dehydrated, embedded in paraffin, and cut into consec-
utive 5-μm transverse sections. Alternate sections were used
for TdT-mediated dUTP end labeling (TUNEL) staining.

One method for detecting DNA damage is TUNEL staining.
TUNEL labels cells that have undergone DNA fragmentation
and programmed cell death (Anderson et al. 2000). In order to
detect apoptotic neurons in brain sections, the TUNEL staining
was performed using a TUNEL Detection Kit (Roche) as previ-
ously described (Pourheydar et al. 2016) and according to the
manufacturer’s instructions. After staining, the sections were an-
alyzed under a light microscope (× 400, Olympus). A cell clearly
displaying dark brown colored particles in the nucleus was de-
fined as an apoptotic neuron in the hippocampal cornu ammonis
1 (CA1) region. For each animal, the mean number of apoptotic
cells (dark brown cells) was obtained by counting five coronal
sections with 120 μm intervals.

Congo red staining

Congo red staining was used to show Aβ plaque production in
the brain tissue (Gorevic et al. 2011). The fixed brains were
serially sectioned into 5-μm coronal sections. The
paraformaldehyde-fixed brain tissues were embedded in paraffin,
hydrated, and prepared for the staining of amyloid plaque using
the Congo red kit according to the manufacturer’s protocol
(Asianpajuhesh, Iran). Briefly, the brain sections were incubated
in Congo red for 20 min, and then differentiated in an alkaline
alcohol solution, followed by counterstaining with hematoxylin
for 30 s, and were then mounted onto slides. The number of
Congo red stained plaques was calculated for statistical analysis.

Data analysis

All data are presented as mean ± standard error of the mean
(SEM). Behavioral and histological data were statistically an-
alyzed using a one-way analysis of variance (ANOVA)
followed by a least significant difference (LSD) test.
Electrophysiology data were analyzed using two-way
ANOVA with repeated-measures analysis on the time points
of the same animals. Values of p < 0.05 were considered to be
significant.

Results

Effects of treatments on the novel object recognition
test

One-way ANOVA also showed that there was no significant
difference in the total time spent exploring objects in proxim-
ity on the training day between all of the experimental groups
(F (3, 39) = 0.96, p > 0.05, Fig. 2a).
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Fig. 2 Effect of chronic treatment of AS19 on total time exploration (a)
and discrimination index (b) in object recognition test. ***p < 0.001
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sham group. &&&p < 0.001 as compared with the Aβ + AS19 group
(n = 10 in each group). Each column represents mean ± SEM
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There was a stronger tendency to explore the new ob-
ject among all of the experimental groups on test day.
One-way ANOVA showed significant differences in the
discrimination index between the groups 1 day after train-
ing (F (3, 39) = 31.981, p < 0.001; Fig. 2b). A significant
difference was also found between the Aβ rats and the
other groups. The LSD posttest determined that the dis-
crimination index of the Aβ rats was significantly lower
than in the control and sham groups (p < 0.001). The LSD
test also determined that the discrimination index of Aβ
rats receiving AS19 was significantly higher than in the
Aβ group (p < 0.001). One-way ANOVA clarified that
there was no significant difference in the discrimination
index between the control, sham, and the Aβ group re-
ceiving AS19.

Effects of treatments on the passive avoidance
learning test

One-way ANOVA revealed that in the first acquisition trial
there was no significant difference in the step-through latency
in acquisition among the experimental groups of rats (F (3,
39) = 1.47, p > 0.05), indicating that there is no difference in
the exploratory behavior of the groups into the dark compart-
ment (Fig. 3a). Figure 3b shows significant differences among
the experimental groups with respect to the number of trials to
acquisition (F (3, 39) = 9.818, p < 0.001). LSD posttest showed
that this number for the Aβ group was significantly higher than
that of the control and sham groups (p < 0.001). However, the
Aβ rats receiving AS19 also required a higher number of trials
compared to the control and sham groups (p < 0.01).

There was a significant difference in the step-through la-
tency between all groups in the retention test (F (3, 39) = 9.4,
p < 0.001; Fig. 3c). LSD posttest showed that the Aβ group
had lower step-through latency in retention than the control
and sham groups (p < 0.001, p < 0.001, and p < 0.05 respec-
tively; Fig. 3b). The AS19-treated Aβ group had higher step-
through latencies in retention compared to the Aβ group
(p < 0.05); however, step-through latency in retention of
AS19 rats was lower than those of control and sham groups
(p < 0.05).

There was also a significant difference in time spent in the
dark compartment among the experimental groups (F (3,
39) = 46.495, p < 0.001). LSD posttest revealed that the Aβ

�Fig. 3 Effect of chronic treatment of AS19 on the step through latency in
acquisition (a), number of trials to acquisition in acquisition (b), step-
through latency in retention (c), and time spent in the dark compartment
(d) on passive avoidance learning task. ***p < 0.001, **p < 0.01, and
*p < 0.05 as compared with the control group. ###p < 0.001, ##p < 0.01,
and #p < 0.05 as compared with the sham group. &&&p < 0.001) and
&p < 0.05 as compared with the Aβ + AS19 group (n = 10 in each
group). Each column represents mean ± SEM There are not symboles in
Fig 3.D. Therefore the Fig 3.D was attached.
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group spent more time in the dark compartment compared to
the control and sham groups (p < 0.001). AS19-treated Aβ
rats spent less time in the dark compartment compared to the
Aβ group (p < 0.001). Conversely, AS19-treated Aβ rats had
greater time in dark compartment values than the control and
sham groups (p < 0.01) (Fig. 3d).

Measurement of evoked potentials

Figure 4a clarifies sample traces from the control, sham, Aβ,
and Aβ + AS19 groups before and after the high-frequency
stimulation. The traces of population spike (PS) amplitude and
fEPSP slope in the control, sham, and Aβ + AS19 groups
were increased following high-frequency stimulation, but
not in the Aβ group.

Effects of treatments on population spike amplitude

Figure 4b shows the effects of Aβ and AS19 on the amplitude
of the population spike induced by high-frequency stimulation
in the perforant pathway-dentate gyrus area of the hippocam-
pus. The time point B0 min^ represents the baseline measure-
ments of population spike amplitude just before high-
frequency stimulation induction. Statistical analysis with
two-way ANOVA (groups × time) determined that there were
significant differences in the population spike amplitude be-
tween experimental groups ((F (3, 34) = 8.12, p < 0.001), and
time points ((F (3, 114) = 83.3, p < 0.001), and their interac-
tion ((F (9, 102) = 5.21, p < 0.001). Pairwise comparisons re-
vealed that the population spike amplitude of the Aβ group
was significantly less than that of the control and sham groups
(p < 0.001 and p < 0.001, respectively). The population spike
amplitude of the AS19-treated Aβ group was significantly
higher than that of the Aβ group (p < 0.01). There was no
significant difference in population spike amplitude among
control and sham groups (p > 0.05). In addition, there were
no significant differences in population spike amplitude be-
tween AS19-treated Aβ and control and sham groups
(p > 0.05 and p > 0.05, respectively).

Pairwise comparisons revealed that high-frequency stimu-
lation elicited a main enhancement of population spike ampli-
tude from base time compared to 5 min (p < 0.001).
Population spike amplitude at 5 min was significantly higher
than at 30 min and 60 min (p < 0.001, p < 0.001 respectively),
and population spike amplitude at 30 min was significantly
higher than at 60 min (p < 0.001).

Effects of treatments on the fEPSP slope

Figure 4c illustrates the effects of Aβ and AS19 on the fEPSP
slope induced by high-frequency stimulation in the perforant
pathway-dentate gyrus area of the hippocampus. The baseline
responses recorded were considered as the time point B0 min^

in the measurement of fEPSP slope just before high-frequency
stimulation.

Statistical analysis with two-way ANOVA (groups × time)
determined that there were significant differences in fEPSP
slope between experimental groups ((F (3, 34) = 6.68, p <
0.001) and time points ((F (3, 114) = 58.26, p < 0.001), and
their interaction ((F (9, 102) = 4.11, p < 0.001). Pairwise com-
parisons revealed that the fEPSP slope of the Aβ group was
significantly less than that of the control and sham groups (p <
0.001 and p < 0.01, respectively). The fEPSP slope of the
AS19-treated Aβ group was significantly more than that of
the Aβ group (p < 0.05). There were no significant differences
among control and sham groups in PS amplitude between
groups (p > 0.05). In addition, there were no significant dif-
ferences in PS amplitude between the AS19-treated Aβ
groups and the control and sham groups (p > 0.05 and p >
0.05, respectively). Pairwise comparisons revealed that high-
frequency stimulation elicited a main enhancement of fEPSP
slope from base time compared to 5 min (p < 0.001), 30 min
(p < 0.001), and 60 min (p < 0.001). Additionally, EPSP slope
at 5 min was significantly higher than at 30 min and 60 min
(p < 0.001, p < 0.001, respectively) and EPSP slope at 30 min
was significantly higher than at 60 min (p < 0.001).

Effects on hippocampal apoptotic cells

As mentioned earlier, TUNEL staining was performed to de-
tect apoptotic neurons in the brain sections. Figure 5a shows a

�Fig. 4 a Indicates sample traces of the evoked field potentials recorded
in the hippocampal dentate gyrus in the experimental groups before
high-frequency stimulation (BHSF) (solid lines) and 5, 30, 30 min
(dashed lines) after high-frequency stimulation applied in the perforant
pathway. b Time-dependent changes in the population spikes (PS) am-
plitude of dentate gyrus responses to perforant pathway stimulation
following chronic icv treatment of AS19 or vehicle for 30 days. Line
shows the control (black dashed line) (n = 10 in each group), sham
(blue dashed line) (n = 10 in each group), Aβ (Pink dashed line)
(n = 10 in each group), and Aβ + AS19 (violet solid line) groups
(n = 8 in each group). ***p < 0.001 significant difference in compari-
son between different time, ###p < 0.001 significant difference in com-
parison between the different group, &&&p < 0.001 significant differ-
ence in comparison between (time × group). The significant difference
in the Aβ group comparison with control ♪♪♪p < 0.001, sham ♣♣♣p <
0.001, and Aβ +AS19 groups ♥♥p < 0.01. Data are expressed as mean
± SEM, % of baseline. c Time-dependent changes in the excitatory
post-synaptic potentials (fEPSP) slope of dentate gyrus responses to
perforant pathway stimulation following chronic icv treatment of
AS19 or vehicle for 30 days. Line shows the control (black dashed
line) (n = 10 in each group), sham (blue dashed line) (n = 10 in each
group), Aβ (pink dashed line) (n = 10 in each group), and Aβ +AS19
(violet solid line) groups (n = 8 in each group). ***p < 0.001 significant
difference in comparison between different time, ###p < 0.001 signifi-
cant difference in comparison between different group, &&&p < 0.001
significant difference in comparison between (time × group). The sig-
nificant difference in the Aβ group in comparison with the control
♪♪♪p < 0.001, sham ♣♣p < 0.001, and Aβ + AS19 groups ♥p < 0.01.
Data are expressed as mean ± SEM, % of baseline
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representative neuronal section stained using the TUNEL
kit. One-way ANOVA indicated a significant difference in
the number of apoptotic cells between groups (F (3, 39) =
174.2, p < 0.001). Tukey’s test showed that the brain sec-
tions of the rats in the Aβ group contained more apoptotic
neurons than those in the control and sham groups
(p < 0.01). The mean number of apoptotic neurons in the

brain sections in the AS19-treated Aβ group was signifi-
cantly decreased compared to the Aβ rats (p < 0.01).
However, the AS19-treated Aβ rats had more apoptotic
neurons compared to control and sham groups (p < 0.01
and p < 0.01, respectively). There was no significant dif-
ference in apoptotic neurons counted among control and
sham groups (Fig. 5b).
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Fig. 5 Light micrographs of cell
apoptosis in the hippocampal
CA1 region. a Sections derived
from the Ba: control; b: sham; c:
Aβ; and d: Aβ +AS19^ groups
stained by TUNEL. The arrow
shows an apoptotic neuron. Scale
bar = 100 μm, magnification:
×400. The neuron apoptotic mean
was calculated (b). **p < 0.01 as
compared with the control group.
##p < 0. 01) as compared with the
sham group. &&p < 0.01 as
compared with the AD group.
Each column represents mean ±
SEM

Fig. 6 Light micrographs of
senile plaques stained in the
hippocampus. Sections derived
from the a control, b sham, c Aβ,
and d Aβ +AS19 groups stained
with Congo red. The arrow
indicates amyloid plaques. Scale
bar = 100 μm, magnification:
×400
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Effects of AS19 on brain Aβ plaque

Figure 6a–d shows the Aβ plaques in the coronal sections of
the cortex region. The plaques were detected in the brain sec-
tions of the Aβ group. Congo red staining showed that the
amyloid plaque deposits in the AS19-treated Aβ rats were
significantly decreased compared with the Aβ rats. There
was no recognizable plaque in the control and sham groups.

Discussion

The major results of this study are as follows: (1) icv Aβ
injections caused a decrease in cognition, learning, and mem-
ory in the novel object recognition and passive avoidance
tests; (2) 30 consecutive days of treatment with the 5-HTR7
agonist, AS19, ameliorated the recognition and passive avoid-
ance memory impairment caused by the Aβ injections; (3) icv
Aβ injections resulted in an impairment of fEPSP slope and
population spike amplitude in the hippocampal dentate gyrus
granule cells; (4) 30 consecutive days of AS19 administration
caused an increase in the population spike amplitude and
fEPSP slope in Aβ-treated rats; (5) icv Aβ injections en-
hanced the number of apoptotic neurons in the hippocampus;
(6) 30 consecutive days of AS19 administration decreased the
number of apoptotic neurons in the hippocampus of Aβ-
treated rats; (7) icv Aβ injections caused Aβ plaque accumu-
lation in the brain; and (8) 30 consecutive days of AS19 ad-
ministration diminished Aβ plaque accumulation in the brains
of Aβ-treated rats.

AD rats exhibited a decline in cognitive and memory func-
tions, as well as synaptic dysfunction, loss of neurons, and Aβ
plaque formation. Our results are in agreement with other data
indicating that Aβ induces memory deficits and causes inhibi-
tion of neuronal plasticity in the hippocampus (Knobloch et al.
2007; Shahidi et al. 2017). Memory loss and cognitive impair-
ment may result from synaptic dysfunction and dendrite loss in
AD (Chapman et al. 1999; Chen et al. 2000; Mufson et al.
2016). In transgenic animal models, synapse abnormalities
and memory impairments are correlated with plaque formation
(Jacobsen et al. 2006; Mucke et al. 2000). Aβ damages neuro-
nal cell, dendritic spines, and ultimate highlighted AD pathol-
ogy (Krafft and Klein 2010; Lacor et al. 2004). Therefore, cog-
nitive andmemory impairment in the AD rats may be due to the
accumulation of beta amyloids in the brain which promote neu-
ronal apoptosis and neuronal plasticity deficits.

The chronic administration of AS19 improved cognitive
ability and memory in Aβ-treated rats. These results agree
with the beneficial effects of AS19, which include improved
memory consolidation in naive animals and inhibited scopol-
amine or dizocilpine amnesic-induced effects (Perez-Garcia
and Meneses 2005). In addition, impaired memory has been
reported in mice lacking 5-HTR7 (Hedlund 2009; Sarkisyan

and Hedlund 2009). Furthermore, in rats, treatment with a 5-
HTR7 antagonist resulted in reduced hippocampal-dependent
learning (Gasbarri et al. 2008). The 5-HTR7 is expressed in
the hippocampal formation and cortex (Hedlund 2009) and
participates in memory consolidation (Meneses 2014; Perez-
Garcia et al. 2006; Perez-Garcia and Meneses 2009; Perez-
Garcia andMeneses 2005). AS19 activates 5-HTR7, increases
cyclic adenosine monophosphate (cAMP), and then activates
protein kinase A (Kawasaki et al. 1998) and facilitates mem-
ory consolidation (Perez-Garcia et al. 2006; Perez-Garcia and
Meneses 2009; Perez-Garcia and Meneses 2005). In addition,
our results indicated that the improved memory and better
cognitive function may be due to improved synaptic function
and neuronal plasticity. Aβ rats that received daily microin-
jections of AS19 exhibited potentiation of hippocampal neu-
ronal plasticity. Long-term treatment with AS19 positively
shifted the fEPSP slope and population spike amplitude. Our
present electrophysiological data are in agreement with previ-
ous studies indicating that 5-HTR7 contributes to the inhibi-
tion of hyperpolarization, and hence facilitates depolarization
and neuronal excitability (Bacon and Beck 2000; Bickmeyer
et al. 2002; Tokarski et al. 2005). Activation of 5-HTR7 de-
creases slow after-hyperpolarization amplitude in hippocam-
pal neurons (Bickmeyer et al. 2002; Tokarski et al. 2005;
Tokarski et al. 2003) and induces a positive shift in the acti-
vation curve (Bickmeyer et al. 2002) and neuronal excitability
(Tokarski et al. 2003). The population spike amplitude of LTP
reveals the number of granule cell discharges (Andersen et al.
1971; Anderson et al. 2000; Sloviter and Lomo 2012), and the
fEPSP slope is started through neurotransmitter release from
presynaptic receptors in the synaptic process (Bliss and
Collingridge 1993; Bliss and Gardner-Medwin 1973;
Sloviter and Lomo 2012). 5-HTR7 agonists potentiate hippo-
campal burst firing activity and synaptic transmission (Bacon
and Beck 2000; Bickmeyer et al. 2002; Chen et al. 2011;
Costa et al. 2012; Costa et al. 2012; Matsumoto et al. 2002;
Speranza et al. 2017; Tokarski et al. 2003). In addition, the 5-
HTR7 expression is located in the postsynaptic hippocampal
neurons (Berumen et al. 2012). LTP occurs on the postsynap-
tic side of the synapse (Taube and Schwartzkroin 1988), and is
a result of an increase in the number of glutamate receptors in
the postsynaptic neuron (Luscher and Malenka 2012).
Chronic 5-HTR7 stimulation elevates basal neuronal excit-
ability (Kobe et al. 2012) via enhancing NMDA receptor ac-
tivity (Xiang et al. 2016) and increasing AMPA glutamate
receptor transmission (Berumen et al. 2012). Accordingly,
chronic 5-HTR7 stimulation elevates basal neuronal excitabil-
ity (Kobe et al. 2012) and enhances memory and cognitive
function.

In the present study, AS19 diminished Aβ-induced
programmed cell death and Aβ plaque accumulation.
AS19 activated 5-HTR7 and enhanced the level of sec-
ondary messenger cAMP via stimulated adenylyl cyclase
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(Hoyer and Lannert 2007). This cAMP reduced Aβ levels
in the brain’s interstitial fluid (Fisher et al. 2016; Speranza
et al. 2015) and attenuated Aβ pathologies that ultimately
lead to the reduction of AD pathology (Kazim et al.
2014). The activation of the 5-HTR7 induced new synap-
tic growth via coupling with the G12 protein signaling
pathways (Citri and Malenka 2008), and also increased
neural dendritic growth (Nativio et al. 2015; Speranza
et al. 2015) and prevented apoptosis (Soga et al. 2007).

Conclusions

In summary, the results of the present study show that 1 month
of icv administration of AS19 (5-HTR7 agonist) improved
cognition and memory in an AD rat model and is associated
with decreasing Aβ plaque accumulation, reduced neuronal
apoptosis, and improving synaptic plasticity.
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