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Lin et al.: 5-Hydroxy Tryptamine Receptor 6 Inactivation Improves Cognitive Impairment

5-hydroxy tryptamine 6, a serotonin receptor has been documented to be involved in epilepsy and is exclusively 
expressed in central nervous system (eg. cerebral cortex, hippocampus, striatum and olfactory tubercle) that 
mediate cognition. This study attempted to investigate whether 5-hydroxy tryptamine receptor 6 is involved 
in cognitive impairment of chronic epileptic rats in vivo magnetic resonance imaging study employing a 
high field (7T) magnet with T2-weighted imaging sequence and magnetic resonance spectroscopy. Rats were 
divided into control (n=8) and epileptic group (n=37). Status epilepticus was induced by intraperitoneal 
injection of lithium chloride-pilocarpine. Spontaneous recurrent seizures rats were divided into dimethyl 
sulfoxide (SE), SB-271046 (SE+SB), WAY-181187 (SE+WAY) group. Spatial learning and memory were 
evaluated by Morris-water maze test. Hippocampal volumetric analysis was based on T2-weighted coronal 
images manually calculated regions of interest. Dentate gyrus data were measured to evaluate metabolite 
ratios to total creatinine by single voxel point resolved spectroscopy-magnetic resonance spectroscopy. After 
4 w of SE, spontaneous recurrent seizures were observed and rats showed poor performance in Morris-Maze. 
SB-271046 intervention attenuated stages and frequency of spontaneous recurrent seizures and improved 
performance of Morris-Maze. Lac/total creatine(R) and excitatory neurotransmitters (glutamate, combined 
resonance of glutamate and glutamine, glutamine, taurine) increased significantly in SE group compared 
to control group. Volumetric analysis showed hippocampal volume decreased significantly and lateral 
ventricles became larger in SE group. In SE+SB group, score of N-acetyl aspartate/total creatine+choline(R), 
volume of hippocampus increased significantly, gap between left and right side of N-acetyl aspartate/total 
creatine+choline, Lac/total creatine(R) glutamate/total creatine(R), combined resonance of glutamate and 
glutamine/total creatine(R), glutamine/total creatine(R), taurine/total creatine(R) decreased significantly 
compared to SE group. N-acetyl aspartate/total creatine+choline(R) was positively correlated with time-
spent in target quadrant and N-acetyl aspartate/total creatine(L-R) was negatively correlated with time-
spent in target quadrant and total swimming distance. In conclusion, lateralization of metabolic injury 
and over-expression of 5-hydroxy tryptamine receptor 6 are characteristics of pilocarpine-induced chronic 
epilepsy. SB-271046 can attenuate spontaneous recurrent seizures and improve spatial learning and memory 
by improving hippocampal metabolic injury. 

Key words: 5-hydroxy tryptamine receptor 6, epilepsy, cognition, magnetic resonance spectroscopy, metabolic 
injury

Recently, growing attention has been turned 
to the cognitive deficits co-occurring with 
epileptic onset[1-3], which can be caused by 
hippocampal sclerosis, including neuron loss and 
glial proliferation, and involves the imbalance 
between the Excitatory Amino Acids (EAA), 
such as Glutamate (Glu), and Inhibitory Amino 

Acids (IAA), such as Gamma-Aminobutyric 
Acid (GABA)[4]. Studies of animal models have 
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documented that both upregulated EAA and 
downregulated IAA may result in seizures. In the 
normal brain, extracellular Glu is maintained at a 
low level via the Glu-Glutamine (Gln) cycle. Once 
taken up by astrocytes, Glu is rapidly converted 
to Gln via Gln Synthetase (GS). In turn, Gln is 
in taken by neurons and converted to Glu by 
Phosphate Activated Glutaminase (PAG). On 
the other hand, Glu is converted into GABA via 
Glutamic Acid Decarboxylase (GAD). Therefore, 
this Glu-Gln cycle is crucial for maintaining the 
balance between EAA and IAA in the brain. 

5-Hydroxy Tryptamine Receptor 6 (5-HTR6), 
a serotonin receptor has been documented to be 
involved in epilepsy[5-9]. It is exclusively expressed 
in the central nervous system (eg. cerebral cortex, 
hippocampus, striatum and olfactory tubercle) 
that mediate cognition in which its expression 
predominates in glutamatergic and GABAergic 
neurons and subsets of GABAergic interneurons[10]. 
Its ligands have been reported to modulate the 
balance between neuronal excitation (Glu) and 
inhibition (GABA), which may have widespread 
implications for neurotransmission and neuronal 
activity[10,11]. Other animal experiments also 
suggest that selective 5-HTR6 antagonists (i.e. SB-
399885, SB-271046, SB-258510 and Ro-258510) 
can improve the threshold of seizures[12-14]. Of 
them, 5-HTR6 antagonist SB-271046 has been 
demonstrated to attenuate pilocarpine-induced 
chronic epilepsy (spontaneous recurrent seizures, 
SRSs)[15]. 

According to the available literature, 5-HTR6 and 
its ligands are involved in dementias including 
AD[16]. 5-HTR6 can produce a bidirectional 
influence on memory or amnesia. The selective 
manipulation of 5-HTR6 can improve or impair 
memory, depending on the memory stages and 
sub-areas of the cerebrum[17]. For example, 
the activation of 5-HTR6 can modulate cyclic 
Adenosine 3’,5’-Monophosphate (cAMP) 
production, improve memory formation, and 
facilitate short-term memory and long-term 
memory in passive avoidance tasks, while 5-HTR6 
agonist WAY-466 can impair social recognition 
memory[16]. In dementias-related diseases such 
as Alzheimer’s disease and schizophrenia, 
studies have found that 5-HTR6 expression is 
down-regulated in the prefrontal cortex and 
hippocampus while upregulated in the striatum, 
and that its antagonists can improve dementias-

induced cognitive dysfunction[16]. In our previous 
study, 5-HTR6 is over-expressed in a pilocarpine-
induced chronic epileptic model, which is easily 
susceptible to cognitive impairment[15]. However, 
it remains to be unveiled whether 5-HTR6 is 
involved in the cognitive impairment in chronic 
epilepsy.

Although existent studies have revealed that 
5-HTR6 and its ligands affect cognition by 
modulating the release of Glu/GABA/serotonin/
ache[10,16], this insight is gained through the 
invasion of microdialytic needles, which may 
pose potential health risks and has limited clinical 
application. Thanks to the development of imaging 
technology, new imaging equipment including 
7T proton Magnetic Resonance Spectroscopy 
(1H-MRS) can provide a non-invasive and sensitive 
approach to examine the metabolic changes in the 
brain in vivo. This approach can reveal the energy 
turnover and viability of neurons and glia through 
the spectrum analysis of the metabolites[18]. For 
example, N-Acetyl Aspartate (NAA) has been 
closely associated with neuronal mitochondrial 
function, whereas Glu is the dominant excitatory 
neurotransmitter and mediates the generation of 
ATP within the neuronal-glial metabolic cycle[17], 
lactic acid (Lac)/total Creatine (tCre) indicates 
glycolytic energy production, increased inositol 
(Ins/tCre), (Gln/tCre), Glx (Glu and Gln mix)/
tCre are linked with astrocytic activation, NAA/
tCre+Choline (Cho) is considered to be a marker 
of hippocampal sclerosis[19,20]. Still, it is of great 
interest to investigate how 5-HTR6 may modulate 
metabolic parameters used in MRS detection.

Therefore, the current study investigated the role 
of 5-HTR6 in cognitive impairment of chronic 
epileptic rats by 7T proton magnetic resonance 
spectroscopy and analyzed the correlation between 
spatial memory and MRS parameters. We used 
HE and FJC staining to reveal the hippocampal 
sclerosis and detected the expression of 5-HTR6 
in different cerebral areas by Western blot. We 
found that 5-HTR6 was over-expressed in the 
prefrontal cortex and the hippocampus and that 
its antagonist SB-271046 improved the epilepsy-
related cognitive impairment by attenuating the 
metabolic injury and the neuronal loss. These 
findings provide a new insight into the role of 
5-HTR6 in chronic epilepsy, which may serve as 
a promising target in the treatment of cognitive 
impairment accompanying epilepsy.
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evaluate the spatial learning and memory of the 
rats in a circular water maze (120 cm in diameter 
and 50 cm in height). A hidden platform (9 
cm in diameter) was located 0.5 cm below the 
surface of the water and obscured from visual 
detection by placing floating plastic particles on 
the water surface. The temperature of the water 
was 25.0°±0.5°. During the experiment, the rats 
started from a random location in the maze and 
were allowed to swim freely until they located the 
hidden platform. The entire experiment lasted for 7 
d. For the first 5 d, the rats were left in the maze to 
locate the platform for a maximum duration of 60 
s. This learning session was repeated 5 times each 
day with an interval of 1 h between the sessions. 
On the final day, the platform was removed, and 
the swimming paths of the rats were recorded over 
a period of 2 min to analyze the crossings over 
the original location of the removed platform, the 
total swimming distance, the total time spent in the 
target quadrant, and the time spent in the quadrant 
opposite to the target quadrant.

Magnetic resonance:

T2-weighted TurboRARE (rapid acquisition 
with relaxation enhancement multiple spin echo) 
images and MRS data were collected through a 7T 
small animal Magnetic Resonance Imaging (MRI) 
scanner (70/20USR Biospec) (Bruker Biospin 
GMbls, Germany) according to the procedure[22]. 
Prior to MRI scanning, the rats were initially 
anaesthetized with 3.0 % isoflurane in an oxygen 
and air mixture (1:4). During the MRI scanning, 
the animals were placed prone in a MR-compatible 
stereotactic holder with the head clinched, the 
teeth hooked by a tooth bar and a nose cone placed 
near the nose to sustain the anesthesia. The core 
body temperature was maintained at approximately 
37° using a heating cradle and respiration was 
monitored. Imaging was performed on a 7T 
small animal MRI scanner (70/20USR Biospec) 
(Bruker Biospin GMbls, Germany). The body coil 
and surface coil were used as the exciting coil 
and receiving coil. After initial three-direction 
localizer acquisitions, T2-weighted TurboRARE 
(rapid acquisition with relaxation enhancement 
multiple spin echo) images were obtained for 
optimal hippocampal slice positioning with the 
following parameters; Repetition Time(TR)= 4200 
ms, Echo Time(TE)=35 ms, number of averages=2; 
Field of View (FOV)=40×40 mm, slices=30, slice 

MATERIALS AND METHODS
Pilocarpine-induced chronic epilepsy:

Forty-five male adult Sprague-Dawley rats 
(weighted 200-250 g, aged 10-13 w old) were 
obtained from Shrek Company (Shanghai, China) 
and housed in a room with a humidity of 50 %±5 % 
at 22-26° on a dark/light cycle of 12 h. All animals 
were allowed free access to food and water. Eight 
rats were assigned to the control group and the rest 
to the Status Epilepticus (SE) group (n=37). The 
latter received an intraperitoneal injection of lithium 
chloride (127 mg/kg, i.p.) (Sigma, USA) 16-18 h 
prior to and of atropine administration (1 mg/kg 
i.p.) (Sigma, USA) 30 min before the pilocarpine 
administration (30 mg/kg, i.p.) (Sigma, USA). The 
control group was treated with saline. The activity 
of induced seizures was evaluated according to 
the Racine’s score[21] and the following procedure 
was performed according to the attachment. The 
SE model was considered successful if stage-IV 
or stage-V seizures were observed in rats for more 
than one hour and diazepam (5 mg/kg; i.p.) was 
used to terminate SE. These SE rats were used 
for the subsequent experiments. The behavior of 
rats was constantly video-monitored for 15 h per 
day over a period of eight weeks. Spontaneous 
Recurrent Seizures (SRSs) were evaluated based 
on their corresponding frequency (per w) and 
severity stage over the chronic epilepsy period.

This study has been approved by Ethical Committee 
of Fujian Medical University Union Hospital, 
Fuzhou, China. All procedures or protocols were 
conducted as described by NIH guide for Care and 
Use of Laboratory Animals.

Drug intervention:

After the successful induction of SRSs, the SE 
rats were further divided into three sub-groups, 
respectively receiving a daily intervention of 10 
% Dimethyl Sulfoxide (DMSO) (Sigma, USA) 
(the SE group), 1 mg/kg 5-HTR6 antagonist SB-
271046 (Tocris, USA) (the SE+SB group), and 
1 mg/kg 5-HTR6 agonist WAY-181187 (Tocris, 
USA) (the SE+WAY group). All the substances 
were dissolved in DMSO and all interventions 
were maintained for 14 d.

Morris water maze tests:

2 w after the intervention (8 w after SE modeling), 
Morris water maze tests were performed to 
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the slices were air dried on a slice warmer at 60° 
for at least 5 min or over-night and then cleared in 
xylene for at least 1 min and cover-slipped with 
DPX (Sigma, USA). 

Western blotting:

The other half of the brains from each group were 
subject to western blot analysis. Briefly, once deep 
anesthesia was achieved by using 10 % chloral-
hydrate (300 mg/kg, i.p.), rats were transcardially 
perfused with 200 ml 0.01 M Phosphate-Buffered 
Saline (PBS). Hippocampal tissues were separated 
and stored in a -80° refrigerator for subsequent 
experiments. Proteins extracted from hippocampal 
tissues were separated by using Sodium Dodecyl 
Sulfate Polyacrylamide Gel Electrophoresis 
(SDS-PAGE) and transferred onto nitrocellulose 
membranes. The membranes were then blocked 
with 5 % skim milk at room temperature for 2 h and 
subsequently incubated with primary antibodies; 
anti-5-HTR6 antibody (ab103016, 1:1000; Abcam, 
USA) and anti-GAPDH antibody (1:1500, Beijing 
Emarbio Science and Technology, China). After the 
incubation, the membranes were washed with Tris 
Buffered Saline Tween (TBST) and were further 
incubated with peroxidase-conjugated secondary 
antibody (anti-Rabbit, HRP, donkey). Specific 
bands were detected using an Electro-Chemi-
Luminescence (ECL) system and the intensity of 
signals was analyzed with the Image J software.

Statistical methods:

All statistical analyses were performed with SPSS 
20.0 software (Illinois, USA). Data were presented 
as mean±standard deviation or median (range) 
calculated from at least three experiments. The 
number of animals used for behavioral analysis 
was 8, 6, 7, 7, respectively for the Control, SE, 
SE+SB, and SE+WAY groups; that used for MRS 
and WB analysis was 3 each for the Control, SE, 
SE+SB, and SE+WAY groups. The two-tailed 
student’s t-test or one-way Analysis of Variance 
(ANOVA) was used for inter-group comparisons. 
Alternatively, the non-parametric rank tests were 
conducted to identify differences in FJC scores 
among various intervention groups. Chi-square 
test was adopted to analyze categorical data. After 
the hypothesis testing, the Fisher’s partial Least 
Squares Difference (LSD) test was performed for 
multiple comparisons in case of homogeneous 
variance and the Kruskal-Wallis H (K) method was 
used in case of heterogeneous variance. Pearson 

thickness=1.0 mm and matrix=256×256. Then, we 
selected the hippocampal area, DG as the Region 
of Interest (ROI) for 1H-MRS measurement, 
which was set as 2×2×3 mm3. After the selection 
of ROI, the water suppression pulse was adjusted 
for Chemical-Shift-water Suppression (CHESS) 
prior to the Point-Resolved Spectroscopy (PRESS) 
acquisition. MRS data were collected with 
TR=2500 ms, TE=16 ms and scan duration=10 
min 40 s. The spectral data were processed using 
the software package TOPSPIN (v3.1, Bruker 
Biospin, Germany). The areas under the peak for 
various metabolites, including NAA, Ins, Asp, 
Taurine (Tau), GABA, Cho, Glu, tCre and Lac, 
were calculated automatically using a Quantum 
Estimation (QUEST) method with a subtraction 
approach for background modeling, using tCre as 
the criterion.

The originally acquired T2-weighted coronal 
images (30 sections/rat) were transferred to a 
computer where volumetric analysis was performed 
using image J software. This program allows the 
user to manually outline ROIs and afterwards 
calculate the volumes of a specific ROI[23]. From 
rostral to caudal, a total of 7 sections were 
included in calculation. The dorsal hippocampus 
starts approximately from -2.12 mm to -3.8 from 
bregma and the ventral hippocampal from -4.5 mm 
to -6.8 mm from bregma.

Fluoro-jade C staining:

After the MRS performance, half of the brains 
from each group were formalin-fixed and parrffin-
embedded and cut at a thickness of 4-5 μm. Prior 
to staining, sections were air-dried for at least 30 
min. Slices were first immersed in a basic alcohol 
solution consisting of 1 % sodium hydroxide in 80 
% ethanol for 5 min. They were then rinsed in 70 % 
ethanol for 2 min, in distilled water for 2 min, and 
then incubated in 0.06 % potassium permanganate 
solution for 15 min. After the incubation, the slices 
were transferred for 10 min to a 0.0001 % solution 
of Fluoro-Jade C (Sigma, USA) dissolved in 0.1 
% acetic acid vehicle. The working dilution was 
obtained by first making a 0.01 % stock solution 
of the dye in distilled water and then adding 1 ml 
of the stock solution to 99 ml of 0.1 % acetic acid 
vehicle and used within 2 h after preparation. The 
slices were then rinsed through three changes of 
distilled water for 1 min per change and excess 
water was drained onto a paper towel. Afterwards, 
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analysis was employed to examine the correlation 
between spatial memory and MRS parameters. A 
p value<0.05 was considered as significant for all 
statistical tests. 

RESULTS AND DISCUSSION
Status epilepsy was successfully induced in 34 rats 
in the SE group 10-30 min after the pilocarpine 
injection. About 7-28 d after the SE induction, SRSs 
were observed and 24 out of the 34 rats survived. 
They were equally assigned to the SE, SE+SB, and 
SE+WAY group. After the MRS, 8 rats survived 
in the control group. 6 in the SE group, 7 in both 
the SE+SB and SE+WAY group. No significant 
difference in survival rate was found between the 

SE groups after the SB-271046 or WAY181187 
intervention (Table 1). The SB-271046 intervention 
markedly decreased the stages of SRSs in the 
SE+SB group when compared with those of the SE 
group, while no significant difference was observed 
between the SE+WAY and SE group (Table 1). These 
results suggest that SB-271046 can reduce the attack 
frequency of and ameliorate the gravity of SRSs.

4 w after the successful SE induction, rats were 
treated with SB-271046 or WAY118718 for 2 weeks 
(fig. 1A). Then their spatial learning and memory 
were evaluated by Morris water maze test (fig. 1B). 
The test protocol (fig. 1A) and representative image 
of the swimming paths (fig. 1B) of each group were 
respectively presented.

Group Pre-SE SE SE-4w SE-8w

Con 8 8 8 8

SE 37 34 (success rate 91.89 %) 8 6 (survival rate 75 %)

SE+SB 8 7 (survival rate 87.5 %)

SE+WAY 8 7 (survival rate 87.5 %)

TABLE 1: COMPARISON OF SUCCESS AND SURVIVAL RATES AFTER PILOCARPINE-INDUCED SE 

Fig. 1: The spatial learning and memory of rats after the SB-271046 or WAY181187 intervention by the Morris water maze test; A: Protocol of 
5-HT6R ligands intervention; B: Path plot of Morris-water maze test; C: Improvement of spatial memory after the SB-271046 intervention; D: 
Time spent in the target quadrant; E: Time spent in the opposite quadrant; F: Total distance in 120 seconds G: were improved.
Note: *p: vs. Con; #p: vs. SE; @p: vs. SE+SB; */#/@p<0.05; **/##/@@p<0.01; ***/###/@@@p<0.001; (  ): Con; (  ): SE; (  ): SE+SB and (  ): SE+ 
WAY
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especially in the latter two groups, as indicated by 
the arrows, while no enhanced signal was observed 
in the control group, as shown in fig. 2A-fig. 2D. 
The positions of the Dentate Gyrus (DG) voxels 
indicated the region of interest and the performance 
of DG spectrum from a SE rat showed the changes 
of metabolites, as shown in fig. 2E and fig. 2F. The 
images indicate that after the SE modeling, obvious 
impairment can be observed in the hippocampus.

Across the four groups, no significant change of 
NAA/tCre was found in both the left hippocampus 
(NAAtCre(L)) (fig. 3A) and right hippocampus 
(NAAtCre(R)) (fig. 3B). However, a lateral 
discrepancy of NAA/tCre between the left 
hippocampus and right hippocampus (NAAt/
Cre(L-R)) was found (fig. 3C) (one-way ANOVA-
test: F=4.598, p=0.032). The lateral discrepancy of 
NAA/tCre increased significantly in the SE group 
when compared with the control group (LSD-
test: *p=0.014) and decreased in the SE+SB or 
SE+WAY group when compared with the SE group, 
though without significance (fig. 3A-fig. 3C). On 
the other hand, there were no significant changes 
for NAA/tCre+Cho in the left hippocampus (NAA/
tCre+Cho(L)) among all four groups (fig. 3D). 
However, the changes of NAA/tCre+Cho in the right 
hippocampus (NAA/tCre+Cho(R)) were markedly 
different across the four groups (fig. 3E) (one-way 
ANOVA-test: F=18.917, p=0.000). NAA/tCre+Cho 
significantly increased in the SE group when compared 
with the Control group (LSD-test, **p=0.002) and 
in the SE+SB group when compared with the SE 
group (##p=0.008), though without significance after 
the WAY181187 intervention (fig. 3E). Similarly, 
the lateral discrepancy of NAA/tCre+Cho between 
the left hippocampus (NAA/tCre+Cho(L)) and right 
hippocampus (NAA/tCre+Cho(R)) was significant 
among the four groups (fig. 3F) (one-way ANOVA-
test: F=16.834, p=0.000). It markedly increased in 
the SE group when compared with the Control group 
(LSD-test: ***p=0.000) but noticeably decreased in 
SE+SB and SE+WAY group when compared with 
the SE group (fig. 3F) (##p=0.01 for both). There 
were no obvious differences for Lac/tCre in the left 
hippocampus (Lac/tCre(L)) among for groups (fig. 
3G). Likewise, Lac/tCre in the right hippocampus 
(Lac/tCre(R)) noticeably increased when the SE 
group was compared with the Control (LSD-test: 
**p=0.005), but markedly decreased after the SB 
intervention when the SE+SB group was compared 
with the SE group (fig. 3H) (##p=0.007). However, no 

As shown in fig. 1C, the escape latencies from Day 
1 to Day 5 were different among the four groups 
(repeated measured ANOVA, F=2.913, p=0.047). 
Except for that of the SE+WAY group, the latency in 
the Control, SE, SE+SB group was greatly decreased 
with the progress of training, reaching a nadir at Day 
4 (respectively, *p=0.025, *p=0.012, **p=0.002 as 
compared with Day 1). Although repeated measured 
ANOVA reported no significant difference at the same 
point of training among the four groups (F=2.375, 
p=0.102), one-way ANOVA indicated that the escape 
latency was different among the four groups at Day 
5 (F=7.6080, p=0.002): compared with the Control 
group, the latency of the SE group prolonged without 
significance (p=0.059); compared with the SE group, 
the latency was significantly shortened in the SE+SB 
group (p=0.023), but not significantly changed in the 
SE+WAY group. These findings indicate that SB-
271046 can improve the short-term memory of the 
chronic epileptic rats.

At Day 7, the four groups showed marked differences 
in platform crossings (fig. 1D), time spent in the 
target quadrant (fig. 1E), and total distance (fig. 1G) 
(F12=16.510, **p=0.004; F12=6.893, **p=0.01; and 
F12=4.692, *p=0.031, respectively). However, the 
four groups demonstrated no obvious differences 
in time spent in symmetric platform's quadrant (fig. 
1F) Compared with the control group, the SE rats 
displayed fewer platform crossings (fig. 1D), less 
time in the target quadrant  (fig. 1E) and shorter 
swimming distance (fig. 1G) (p=0.001, 0.01 and 
0.01 respectively); compared with the SE group, 
after the SB intervention. The rats in the SE+SB 
group reported more platform crossings (fig. 1D) 
(p=0.001), more time spent in the target quadrant 
(fig. 1E) and longer distance (fig. 1G), though 
with no significance, compared with the SE group. 
After the WAY intervention, the SE+WAY group 
reported fewer platform crossings (fig. 1D), without 
a statistical significance though, shorter time in the 
target quadrant (fig. 1E) (p<0.05), compared with the 
SE+SB group. The SE+WAY group showed fewer 
platform crossings (fig. 1D) (p=0.000), less time spent 
in the target quadrant (fig. 1E) (p=0.01), and shorter 
total distance (fig. 1G) (p=0.028). The data suggest 
that the spatial exploration ability of the chronic 
epileptic is greatly impaired and can be improved by 
SB-271046 and aggravated by WAY181187.

From the MRS images, T2-weighted signal was 
enhanced in the SE+SB, SE, and SE+WAY groups, 
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discrepancy of Lac/tCre between left hippocampus 
and right hippocampus (Lac/tCre(L-R)) was 
discovered (fig. 3I). Moreover, there were no marked 
differences for the Lns/tCre in the left hippocampus 
(Lns/tCre(L)) among for groups (fig. 3J). Lns in the 
right hippocampus (Lns/tCre(R)), representing glial 
activation and osmosis, was significantly different 
among the four groups (fig. 3K) (one-way ANOVA-
test: F12=4.310, p=0.038). It greatly increased in the 
SE group when compared with the Control group 

(LSD-test: *p=0.41), but significantly declined in 
the SE+SB group when compared with the SE group 
(#p=0.02). However, no discrepancy of Lns/tCre 
between left hippocampus and right hippocampus 
(Lns/tCre(L-R)) was discovered (fig. 3L). Altogether, 
the ratio changes suggest that neuron loss, glial 
activation and lactose accumulation are present 
during the chronic epilepsy, especially in the right 
hippocampus, which can be greatly attenuated by the 
SB-271046 intervention.

Fig. 2: MRS images of the hippocampus; (A-D): SE, SE+SB, and SE+WAY groups showed enhanced T2-weighted signal as indicated by the red 
arrows, especially in the SE and SE+WAY group; (E): ROI location in the dentate gyrus (DG) voxels and (F): Performance of DG spectrum from 
a SE rat

Fig. 3: Changes of NAA/tCre, NAA/tCre+Cho, Lac/tCre, and Ins/tCre after the SB-271046 intervention; A: Ratio of NAA to tCre in the left  
hippocampus; B: Ratio of NAA to tCre in the right hippocampus; C: Lateral discrepancy ratio of NAA to tCre between the left and right  
hippocampus; D: Ratio of NAA to tCre with the addition of Cho in the left hippocampus. E: Ratio of NAA to tCre with the addition of Cho in the 
right hippocampus; F: Lateral discrepancy ratio of NAA to tCre with the addition of Cho between the left and right hippocampus; G: Ratio of Lac 
to tCre in the left hippocampus; H: Ratio of Lac to tCre in the right hippocampus; I: Lateral discrepancy ratio of Lac to tCre between the left and 
right hippocampus; J: Ratio of Ins to tCre in the left hippocampus; K: Ratio of Ins to tCre in the right hippocampus; L: Lateral discrepancy ratio 
of Ins to tCre between the left and right hippocampus.
Note: *p: vs. Con; #p: vs. SE; @p: vs. SE+SB; */#/@p<0.05; **/##/@@p<0.01 and ***/###/@@@p<0.001
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The Glu-Gln cycle maintains the balance between 
EAA and IAA in the brain. In this research, Glu, 
Gln, GABA, Glx, Tau, Gly in the DG region were 
detected via 7T MRS. Glu/tCre of the left epileptic 
hippocampus (Glu/tCre(L)) (fig. 4A) and right 
epileptic hippocampus (Glu/tCre(R)) (fig. 4B) 
greatly increased when the SE group was compared 
with the Control (LSD-test: **p=0.007, **p=0.008, 
respectively). After the SB-271046 intervention, it 
decreased in both hippocampi, significantly in the 
left hippocampus (fig. 4A and fig. 4B) (#p<0.05) 
when the SE+SB group was compared with the SE 
group. Similarly, GABA/tCre of the left epileptic 
hippocampus (GABA/tCre(L)) (fig. 4C) and right 
epileptic hippocampus (GABA/tCre(R)) (fig. 4D) 
also greatly increased when the SE group was 
compared with the Control (**p=0.001 and **p<0.01, 
respectively). After the SB-271046 intervention, 
it decreased in both the left and right hippocampus 
when the SE+SB group was compared with the SE 
group (fig. 4C and fig. 4D) (#p=0.03 and ##p<0.01, 
respectively). However, no significant changes in 
the ratio of Glu to GABA were observed in both the 
left hippocampus (Glu/GABA(L)) (fig. 4E) and right 

hippocampus (Glu/GABA(R)) (fig. 4F) across the 
four groups. Glx (a mixture of Glu and Gln)/tCre not 
in the left hippocampus (Glx/tCre(L)) (fig. 4G), but 
in the right hippocampus (Glx/tCre(R)) (fig. 4H), was 
significantly different among the four groups (one-
way ANOVA-test: F=6.165, p=0.015). It markedly 
increased in the SE group when compared with the 
Control (fig. 4G and fig. 4H) (LSD-test, **p=0.01), 
but noticeably decreased when the SE+SB group 
was compared with the SE group (fig. 4G and fig. 
4H) (#p=0.040). Similarly, Tau/tCre, not in the left 
hippocampus (Tau/tCre(L)) (fig. 4I), but in the right 
hippocampus (Tau/tCre(R)) (fig. 4J) was different 
among the four groups. It significantly increased 
when the SE group was compared with the control 
(fig. 4I and fig. 4J) (*p<0.05) and decreased without 
significance after the SB-271046 intervention. In 
addition, no significant change in Gly/tCre in both 
the left hippocampus (Gly/tCre(L)) (fig. 4K) and 
the right hippocampus (Gly/tCre(R)) (fig. 4L) was 
observed among the four groups. These results 
indicate that EAA is upregulated in the chronic 
epilepsy and that 5-HTR6 ligands do not affect the 
ratio of Glu to GABA.

Fig. 4: Changes of Glu/tCre, GABA/tCre, and Glx/tCre after the SB-271046 intervention; A: Ratio of Glu to tCre in left hippocampus; B: Ratio of 
Glu to tCre in right hippocampus; C: Ratio of GABA to tCre in left hippocampus; D: Ratio of GABA to tCre in right hippocampus; E: Ratio of 
Glu to GABA in left hippocampus; F: Ratio of Glu to GABA in right hippocampus; G: Ratio of Glx to tCre in left hippocampus; H: Ratio of Glx to 
tCre in right hippocampus; I: Ratio of Tau to tCre in left hippocampus; J: Ratio of Tau to tCre in right hippocampus; K: Ratio of Gly to tCre in left 
hippocampus and L: Ratio of Gly to tCre in right hippocampus
Note: *p: vs. Con, #p: vs. SE, @p: vs. SE+SB; */#/@p<0.05 and **/##/@@p<0.01
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In order to investigate the correlation between MRS 
and spatial memory, all of the above parameters, 
including NAA/tCre(L-R) (fig. 5A and fig. 5B), 
NAA/tCre+Cho (fig. 5C), Lac/tCre(R) (fig. 5D), 
Lac/tCre (L-R) (fig. 5E and fig. 5F), GABA/
tCre(R) (fig. 5G), GABA/tCre(L-R) (fig. 5H), Glu/
GABA(L-R) (fig. 5I), NAA/tCre+Cho(R) (fig. 5J), 
Glx/tCre(R) (fig. 5K) and Glu/tCre(R) (fig. 5L) 
were analyzed by Pearson test. The scores of NAA/
tCre+Cho(R) (fig. 5C) and Glu/GABA(L-R) (fig. 5I) 
were positively correlated with the time spent in the 
target quadrant (r=0.826, p=0.001; r=0.680, p=0.01 
respectively). The score of NAA/tCre+Cho(R) (fig. 
5C) was also positively correlated with the total 
swimming distance (r=0.753, p=0.003). The scores 
of NAA/tCre(L-R) (fig. 5A), Lac/tCre(R) (fig. 5D), 
Lac/tCre(L-R) (fig. 5E), GABA/tCre(R) (fig. 5G), 
GABA/tCre(L-R) (fig. 5H), and Glx/tCre(R) (fig. 
5K) were negatively correlated with the time spent 
in the target quadrant (r=0.831, p=0.000; r=0.611, 
p=0.027; r=0.667, p=0.013; r=0.802, p=0.001; 
r=0.812, p=0.001; r=0.715, p=0.003, respectively) 
and the scores of NAA/tCre(L-R) (fig. 5B), Lac/

tCre(L-R) (fig. 5F), and Glu/tCre(R) (fig. 5L) were 
also negatively correlated with the total swimming 
distance (r=0.938, p=0.000; r=0.576, p=0.039; 
r=0.576, p=0.043, respectively). From the results, it 
is evident that to some extent, the ratios of NAA/
tCre and NAA/tCre+Cho can reflect the spatial 
exploration ability of the chronic epileptic rats.

As shown in fig. 6A, the lateral ventricles after 
Pilocarpine treated became larger, while both the 
dorsal hippocampus and ventral hippocampus 
became smaller as shown the arrows. Interestingly, 
the right side of hippocampus was larger than the left 
with significance (fig. 6B) (p<0.0001). Furthermore, 
the volume of both the right side of hippocampus 
and left side of hippocampus (fig. 6C and fig. 6D) 
in SE group decreased significantly when compared 
with that in the control group (****p<0.0001, 
p<0.0001 respectively). While in the SE+SB group, 
it increased significantly when compared with that 
in the SE group and in the SE+WAY group (fig. 6C 
and fig. 6D) (#p<0.05), it showed reversed without 
significance (p>0.05). 

Fig. 5: Correlations between MRS and spatial memory; A: Correlation between NAA/tCre(L-R) and target platform's quadrant; B: Correlation 
between NAA/tCre(L-R) and total swimming distance; C: Correlation between NAA/tCre+Cho and target platform's quadrant; D: Correlation 
between Lac/tCre(R) and target platform's quadrant; E: Correlation between Lac/tCre (L-R) and target platform's quadrant; F: Correlation 
between Lac/tCre (L-R) and total swimming distance; G: Correlation between GABA/tCre(R) and target platform's quadrant; H: Correlation 
between GABA/tCre(L-R) and target platform's quadrant; I: Correlation between Glu/GABA(L-R) and target platform's quadrant; J: Correlation 
between NAA/tCre+Cho(R) and total swimming distance; K: Correlation between Glx/tCre(R) and target platform's quadrant and L: Correlation 
between Glu/tCre(R) and total swimming distance
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In order to investigate whether the expression of 
5-HTR6 was related to the impairment of spatial 
memory in chronic epilepsy, we detected the 
expression of 5-HTR6 in Hip/PFC in different 
groups (fig. 7A) and in PFC/OB/Hip/Str (fig. 7B) 
with Western-blot assay. The expression of 5-HTR6 
increased significantly in the pre-cortex, hippocampus 
and striatum of the SE group but decreased in the 
olfactory bulb when compared with that of the 
Control group (fig. 7C) (all p<0.05). When compared 
with the Control group, the protein level of 5-HTR6 
in the hippocampus (fig. 7D) and Prefrontal Cortex 
(PFC) (fig. 7E) of the SE, SE+SB and SE+WAY 
groups were significantly up-regulated (all p<0.05). 
When compared with the SE group, the protein level 
of 5-HTR6 in the SE+SB and SE+WAY groups was 
not significantly changed after the WAY181187 
intervention (fig. 7D and fig. 7E) (all p>0.05).

Hippocampal sections were stained by Fluoro-Jade 
C (a marker of degenerating neurons). As shown 
in fig. 8, FJC-positive neurons, which displayed a 
shape of triangle or spindle, were located in the DG, 

Fig. 6: Volumetric analysis of hippocampus; A: Lateral ventricles showed enhanced T2-weighted signal and became larger after Pilocarpine treated 
as shown the arrows; B: Right side of hippocampus was larger than the left with significance (p<0.0001); C: Volume of right side of hippocampus; 
D: Volume of left side of hippocampus in SE group 
Note: ****p<0.0001; p<0.0001 and #p<0.05 and p>0.05

Amygdaloid Nucleus (AN) and Entorhinal Cortex 
(Ect) regions. Few FJC-positive neurons were 
detected in the control group. The phenomenon was 
more obvious in the SE group and attenuated after the 
SB-271046 intervention, while no significant change 
was observed after the WAY118718 intervention.

Our present study firstly indicated that 5-HTR6 
antagonist SB-271046 can improve the spatial 
learning and memory of pilocarpine-induced chronic 
epileptic rats. Interestingly, the SE group showed 
significant lateralization changes in MRS parameters, 
such as decreased NAA/tCre and NAA/tCre+Cho, 
and increased Gln synthetase activation and Lac/tCre 
in the right hippocampus. Furthermore, the MRS 
parameters such as NAA/tCre and NAA/tCre+Cho 
were perfectly correlated with the scores of spatial 
memory such as time spent in the target quadrant and 
total swimming distance. 5-HTR6 antagonist SB-
271046 improved the MRS parameters, narrowed the 
lateralization, but modulated the ratio of EAA to IAA 
mildly. This may be due to the over-expression of 
5-HTR6 in the epileptic hippocampus and the fact 
that SB-271046 decreases FJC positive neurons.
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Fig. 8: Hippocampal tissues by FJC staining

Fig. 7: Evaluation for the 5-HTR6 expression in the epileptic brain tissues; A: Expression of 5-HTR6 in different groups using Western blotting; B: 
Expression of 5-HTR6 in sub-areas of cerebrum using Western blotting; C: Expression of 5-HTR6 in pilocarpine-induced chronic epileptic rats; D: 
Expression of 5-HTR6 in the prefrontal cortex and E: Expression of 5-HTR6 in the hippocampus
Note: (  ): Con and (  ): SE-8W 
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Chronic epilepsy, especially Temporal Lobe 
Epilepsy (TLE), is likely to be accompanied with 
cognitive impairment including deteriorated spatial 
learning and memory. The underlying mechanism 
remains understudied and effective treatments still 
need exploring. Recent research shows that 5-HTR6 
is involved in epilepsy and that 5-HTR6 ligands 
have been explored as a solution to Alzheimer's 
disease[10,24]. Therefore, we speculated that 5-HTR6 
may be involved in the memory deficit accompanying 
the progression of epilepsy. The present study 
investigated the over-expression of 5-HTR6 protein 
in the epileptic prefrontal-cortex and hippocampus 
and found that both 5-HTR6 agonist and antagonism 
did not significantly change the level of 5-HTR6 
protein in these two cerebral areas. Of interest, we 
found that 5-HTR6 antagonist SB-271046 not only 
attenuated SRSs but also improved spatial learning 
and memory of the chronic epileptic rats and that 
5-HTR6 agonist WAY-181187 did not significantly 
change SRSs but significantly aggravated spatial 
memory instead of spatial learning function. 
According to Meneses et al.[16], the selective 
manipulation of 5-HTR6 improves or impairs 
memory, varying according to memory stages and 
sub-areas of cerebrum. Spatial memory may rely 
much more on the function of the hippocampus than 
on that of the prefrontal cortex. From our present 
results, 5-HTR6 agonist WAY-181187 upregulated 
the level of 5-HTR6 in the hippocampus but down-
regulated it in the prefrontal cortex, though without 
a significance, when compared with the SE group. 
It confirms that 5-HTR6 is involved in the spatial 
learning and memory impairment that accompany 
chronic epilepsy. 

 Metabolic injury, including glycolytic energy 
production disorder, neuronal mitochondrial injury, 
glial activation, is considered to be involved in 
the progression of epilepsy[25-27]. Using 7T proton 
magnetic resonance spectroscopy (1H MRS), NAA 
has been regarded as a marker of neuronal oxidative 
metabolism and attributed to mitochondrial 
dysfunction and/or neuron loss[4]. NAA/tCre has 
been shown to be reduced in the region of the 
seizure focus[28-30]. Similarly, NAA/tCre+Cho has 
been considered as a ratio of neuron loss and glia 
activation, and a marker of hippocampal sclerosis. 
Glial activation includes osmotic changes and 
Gln synthetase activation (Ins/tCre, Gln/tCre 
respectively). Beyond our expectation, the current 
study showed that the NAA/tCre and NAA/

tCre+Cho were reduced in the DG region of the right 
hippocampus of the pilocarpine-induced chronic 
epileptic rats and that Ins/tCre and Gln/tCre were 
increased. This obvious lateralization was consistent 
with the results of MRS imaging and FJC staining. It 
illustrates that pilocarpine-induced chronic epilepsy 
is liable to hemi-hippocampal lesion. This finding 
needs further verification through a pathological 
comparison of both hippocampi and MRS analysis 
of different hippocampal regions such as CA1 and 
CA3. Furthermore, available literature documents 
that NAA/tCre and NAA//tCre+Cho are related to 
cognition in TLE patients[31,32], but the underlying 
mechanism remains unknown. Of note, in the current 
study, regardless of the hippocampi, NAA/tCre was 
not correlated with spatial memory while its lateral 
discrepancy was negatively correlated with the 
spatial memory, which may indicate an impaired 
connection between the hippocampi. NAA/tCre+Cho 
of the right hippocampus was significantly correlated 
with spatial memory, suggesting that hippocampal 
sclerosis may impair spatial memory. 5-HTR6 
antagonism SB-271046 increased NAA/tCre+Cho, 
decreased Ins/tCre and Gln/tCre, and narrowed 
the gap between the left and right hippocampus, 
although 5-HTR6 agonist WAY-181187 performed 
inferiorly to SB-271046. Therefore, we speculate 
that 5-HTR6 antagonist SB-271046 can improve the 
spatial learning and memory of pilocarpine-induced 
chronic epileptic rats through attenuating neuronal 
mitochondrial injury, suppressing glial activation 
and reducing the lateral discrepancy of NAA/tCre in 
the hippocampus. 

Furthermore, 7T MRS (1H MRS) can detect Glu 
metabolism. The Glx measured by MRS is a 
combination of Glu and Gln (Glu’s precursor), 
which are compartmentalized in neurons and glia, 
respectively. Gln is also the precursor of GABA. The 
exchange of these metabolites via the Glu-Gln cycle 
maintains the balance between EAA and IAA. Glu 
is believed to play an important role in the initiation 
and spread of seizures. In our study, interracial Glu, 
GABA, Glx levels in pilocarpine-induced chronic 
epileptic rats were higher, but no significance in 
Glu/GABA was observed when in comparison 
with the control group. In previous micro-dialysis 
studies, extracellular Glu levels were higher in the 
ipsilateral mesial TLE of epilepsy patients[33], while 
interracial Glu levels measured by MRS decreased 
in TLE[30]. These data illustrate that extracellular and 
intracellular Glu levels may play different roles in 
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epileptogenesis. It is important to note that 1H MRS 
measures both intracellular and extracellular Glu as 
part of Glx. Existent research shows that 5-HTR6 
ligands can modulate neurotransmitters[10], but the 
conclusion is paradoxical. In our study, 5-HTR6 
antagonism SB-271046 significantly decreased Glu 
and Glx levels, while agonist WAY781187 decreased 
Glu, GABA and Glx, without a significance though, 
when in comparison with the SE group. These data 
suggest that Glu metabolism disorder in chronic 
epilepsy and 5-HTR6 ligands may modulate Glu 
metabolism to attenuate SRSs.

Glycolytic energy production disorder has been 
confirmed in epileptic animal model[34-36]. It can 
be measured by 7T MRS, namely Lac. Glycolytic 
inhibition has been shown to suppress spontaneous 
neuronal firing and epileptiform bursts. In our 
study, increased level of Lac/tCre was observed 
in the epileptic hippocampus, which is consistent 
with previous findings. 5-HTR6 antagonism SB-
271046 decreased the level of Lac/tCre. These data 
indicate that 5-HTR6 ligands can suppress glycolytic 
metabolism to some degree.

In conclusion, the metabolic injury, including 
glycolytic energy production disorder, neuronal 
mitochondrial injury, and glial activation, is 
obviously lateralized in pilocarpine-induced chronic 
epilepsy. 5-HTR6 antagonist SB-271046 can not 
only attenuate SRSs but also improve spatial learning 
and memory. 5-HTR6 agonist WAY-181187 cannot 
change SRSs but can significantly aggravate spatial 
memory. The mechanisms may involve the over-
expression of 5-HTR6 in the epileptic hippocampus 
and modulation of metabolic injury. 
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