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Increased glutamic acid decarboxylase expression in 
the hippocampus impairs learning and memory  
in Fmr1 knockout mice
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Abstract: This study compares the behavioral differences in 4- and 6-week-old mice in hippocampal expression 
of glutamic acid decarboxylase (GAD). Using immunoblotting and immunohistochemical staining, we compared 
the changed GAD expression in Fmr1 knockout mice. We detected the amino acid levels of hippocampus by high 
performance liquid chromatography, the data were analyzed with Multifactor Variance Analysis. Fmr1 knock out 
(KO) mice showed a higher expression of GAD65/67 protein in hippocampus than the Fmr1 wild type (WT) mice (P 
< 0.05). The six-week KO mice and WT mice exhibited a higher expression of GAD65/67 protein (in hippocampus) 
than their four-week counterpart (P < 0.05). KO mice showed a higher number of GAD65/67-positive neurons in 
hippocampus and cortex than the WT mice of the same week (P < 0.05). The six-week KO mice and WT mice contain 
a greater number of GAD65/GAD67-positive neurons in hippocampus than their four-week counterpart (P < 0.05). 
The γ-aminobutyric acid and aspartate levels in KO group were lower than WT mice, while the level of glutamate in 
KO was higher than WT group. Altered GAD protein levels in KO mice may play an important role in their abnormal 
learning and memory behavior in Fmr1 knockout mice.
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Introduction

Fragile X syndrome (FXS) is a common heredi-
tary disease associated with mental retarda-
tion. The CCG repetitive sequence amplification 
and silencing of the secondary promoter region 
of the methylated FMR1 (fragile x gene) cause 
deficiency in FMR1 (fragile X mental retardation 
1) protein leading to mental retardation, behav-
ioral anomalies and macro-orchidism [1-8]. The 
genetic basis of FXS involves a CGG repeat 
expansion mutation in the Fmr1 gene, which 
codes for fragile X mental retardation protein 
(FMRP), an RNA-binding protein involved in the 
trans-port and translational regulation of a 
wide array of cellular and synaptic proteins. 
Fragile X syndrome (FXS) affects 1 in 4000-
6000 people worldwide [9, 10], FXS patients 
are characterized by anxiety, sensory hypersen-
sitivity, and elevated incidence of epilepsy, con-
sistent with dysfunction and imbalance in excit-
atory and inhibitory neurotransmission in the 
amygdala, cortex, and hippocampus. Excitatory-

inhibitory imbalances and synaptic dysfunction 
are proposed to play a central role in a number 
of pathological states, including FXS and auti- 
sm spectrum disorder (ASD). FXS has varying 
degrees of cognitive ability, ranging from nor-
mal to severely impaire [11-13]. FXS has a male 
bias, but also affects women with severe cogni-
tive impairment [14, 15]. Comorbidity of autism 
and FXS has been established [16, 17]. Its 
characteristics include disruptions in cognition, 
social skills, sensitivity to stimuli and circadian 
rhythms [17-22]. These conditions are modeled 
in Fmr1 knockout mice that display several  
phenotypes of FXS, Thus, Fmr1 knockout mice 
provide an important animal model to study 
characteristics of FXS. Fmr1 KO mice, originally 
created by the Dutch-Belgian Consortium are 
frequently used as models of FXS. Fmr1 (fragile 
X mental retardation 1) knockout mouse lacks 
normal FMR1 protein, manifests abnormal 
behavior, mental retardation, memory impair-
ment and macro-orchidism [1-8], and is linked 
to autism at the molecular level [23-25]. The 
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CGG expansion size is correlated with spatial 
performance in FXS males [26]. In addition, 
Fragile X Mental Retardation 1 (FMR1) expres-
sion is high in the hippocampus [27]. Hippo- 
campus has been shown to be necessary for 
the formation of spatial memory in humans and 
rodents. The “mGluR Theory of Fragile X” [23] 
postulates that lack of FMRP leads to defective 
protein translation downstream of group I 
metabotropic glutamate receptors (mGluRs), 
leading to enhanced mGluR signaling, which 
contributes to impaired learning and memory of 
FXS. Reducing group I mGluR signaling should 
alleviate some of the symptoms of FXS [28]. 
Evidence for changes in the GABAergic system 
in FXS has also emerged [29-34]. Jorge R [35] 
investigated the role of GABA, the major inhibi-
tory transmitter of the brain, in the consolida-
tion and generalization of conditioned fear and 
in associated network activities in the hippo-
campus. These processes are mediated by  
the experience-dependent regulation of GABA  
synthesis through the glutamic acid decarbox-
ylase [36], which account for more than 99% of 
the GABA synthesis in the brain. 

The Morris water maze (MWM) is widely used  
to investigate hippocampus-dependent spatial 
learning and memory in rodents. Mouse pas-
sive avoiding experiment also is one of the  
commonly used methods to evaluate memory 
and learning ability of central nervous system 
of mouse. Previous studies of Fmr1 KO mice in 
learning and memory have not consistently 
reported deficits [37, 38]. In this study, we 
observed 4- and 6-week-old Fmr1 knockout 
mice using passive avoidance and tested 
changes of Fmr1 knockout mouse hippocam-
pus GAD expression. We discussed the rela-
tionship between learning and memory of Fmr1 
knockout mice and changes in hippocampus 
GAD expression. We used high performance liq-
uid chromatography (HPLC) to quantify the hip-
pocampal tissue concentrations of aspartate 
and glutamate, GABA and taurine, discussed 
the pathogenesis of fragile X syndrome, and 
discuss the evidence in brain development and 
aging research.

Materials and methods

Laboratory animals

This study, a randomized, controlled animal 
experiment was performed at the Institute of 

Neuroscience, Second Affiliated Hospital of 
Guangzhou Medical College, China, from Janu- 
ary to December 2010. Animals were bred and 
reproduced by Guangzhou Medical College 
Laboratory Animal Center. The operation and 
breeding procedures of animals in this study 
conformed to animal breeding management 
standards of Guangdong Province and Guang- 
zhou Medical College Laboratory, and followed 
humanitarian principles. Animals were housed 
in laboratory for 7 days to adapt to the environ-
ment before experiment, at room temperature 
(23 ± 2)°C, had access to food and water ad 
libitum. Experimental processes were main-
tained quiet indoors. Experimental procedures 
were performed in accordance with the Gui- 
dance Suggestions for the Care and Use of 
Laboratory Animals, issued by the Ministry of 
Science and Technology of the People’s 
Republic of China.

FVB Fmr1 KO mouse and wild counterpart WT 
mouse were kindly provided by Professor BA 
Oostra from Erasmus University Rotterdam, 
Netherland Cell Biology and Genetics Research 
Center. Select FMR1 KO homozygote (-/-) and 
WT homozygote (+/+) FVB inbred line mice, 
were grouped according to age (4 or 6 weeks) in 
four groups of 15 each. 

Genotype identification of experimental ani-
mals

Fmr1 gene of KO mice was inserted with neo-
mycin segment. All the experimental mice were 
genotyped before use to ensure that the strains 
were purebred [3]. Design primer 5’-GTGGTTA- 
GCTAAAGTGAGGATGAT-3’ and 5’-CAGGTTTGTT- 
GGGATTAACAGATC-3’ in order to detect WT 
mice. Design primer 5’-AGTCATGCTATGGATAT- 
CAG-3’ and 5’-TGGGCTCTATGGCTTCTGA-3’ de- 
tect KO mice. We can identify the genotyping of 
experimental animal by polymerase chain reac-
tion (PCR) and electrophoresis Genotype identi-
fication of experimental animals.

Step-through test

BA-200 mice step-through instrument was 
used to test the step-through behaviors of mice 
(Thaimeng Science and Technology Company, 
Chengdu, Sichuan, China). The mice in the 
bright chamber headed back toward the door 
before training. After adapting to the environ-
ment for 3 minutes, power was connected to 
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copper grid in the black chamber at a voltage 
36v. The mouse in the dark chamber received 
an electric shock. The normal reaction involves 
mouse heading back to bright chamber. Copper 
grid was switched on for 5 minutes. The mouse 
learning and memory tests were administered 
after 24 hours. The first entry of the mouse into 
the dark chamber was defined as step-through 
latency. The number of mice entering the dark-
room within 5 minutes was defined as step-
through error count. If the mice failed to enter 
the darkroom in 5 minutes, latency was record-
ed as 300 seconds.

Step-down test

A DT-200 mice step-down instrument was used 
to test the step-down behaviors of mice 
(Thaimeng Science and Technology Company, 
Chengdu, Sichuan, China). After setting the 
period to 5 minutes and voltage 32 V, the mice 
were placed in each reaction tank platform to 
test for short memory. After covering the trans-
parent vent cap, the power was switched on to 
stimulate the mice. Mice scampered following 
electric shock, until they found and jumped on 
the platform. Altered signal of the infrared 
detector of platform displays latency parame-
ters on the screen. The first time mouse jumps 
out of the platform into the tank was recorded 
as latency. If the mouse failed to do so in 5 min-
utes, it was recorded as latency of 5 minutes. 
The total number of electric shocks received by 
the mouse after latency was recorded.

Morris water maze

MT-200 Morris Water Maze was used to inve- 
stigate the learning and memory of mice 
(Thaimeng Science and Technology Company, 
Chengdu, Sichuan, China). The pool was 120 
cm in diameter and 60 cm deep, and the plat-
form was 30 cm high and 10 cm in diameter.  
At a temperature of 22 ± 5°C, water mixed  
with milk powder was released into the pool. 
Using a smart video tracking system (Harvard 
Apparatus, Holliston, MA, USA) on the top of  
the pool, the mice were tracked. All of the refer-
ents outside the maze were maintained still 
during the experimental procedure.

Golgi staining

Spine analyses were conducted using Golgi 
staining with the FD Rapid Golgi Stain Kit (FD 

Neurotechnologies, Baltimore, MD) [4, 5], fol-
lowing the manufacturer’s guidelines. Briefly, 
freshly removed brains were immersed in a  
proprietary impregnated solution and stored  
at room temperature for 2 weeks in the dark. 
Next, the brains were transferred to a second 
impregnation solution and incubated for 48 
hours at 4°C. Finally, the tissues were shipp- 
ed to FD Neurotechnologies, where they were  
sectioned to 120-mm-thick, slices, stained and 
mounted on gelatin-coated slides. The slides 
were returned to UCSF for microscopic ana- 
lyses.

Dendritic spine density and spine morphology

Spine analyses were conducted blinded to  
the experimental conditions on coded Golgi 
impregnated brain sections containing the dor-
sal hippocampus. Spines were examined on 
dendrites of DG granule neurons as well as  
apical (stratum radiatum) and basal (stratum 
oriens) dendrites of CA1 pyramidal neurons. 
The neurons that satisfied the following criteria 
were chosen for analysis in each of the experi-
mental groups: i) presence of untruncated den-
drites; ii) consistent and dark Golgi staining 
along the entire extent of the dendrites; and iii) 
relative isolation from neighboring neurons to 
avoid interference with analysis [6]. Three 
5-dendritic segments, each at least 15 mm in 
length [7], were analyzed per neuron, and 
10-11 neurons were analyzed per brain.

On the basis of morphology, spines were classi-
fied into the following categories: (i) Thin: spines 
with a long neck and a visible small head; (ii) 
Mushroom: big spines with a well-defined neck 
and a very voluminous head; and (iii) Stubby: 
very short spines without a distinguishable 
neck and stubby appearance [7-9]. To acquire 
images for spine analysis, the dendritic seg-
ments were imaged under bright field illumina-
tion on a Zeiss Axioimager microscope with a 
63x oil immersion objective. Spine analyses 
were based on the method of Margarinos et al. 
[7]. This method focuses on spines that are 
parallel to the plane of section. Although the 
method may underestimate the total number of 
spines, it facilitates a direct comparison of 
treatment groups when analyzed identically [7]. 
Image J software was used to calculate linear 
spine density [10], which was presented as the 
number of spines per 10 mm of dendrite length.
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Western blot

On the 6th day, the mice were sacrificed and 
brains were removed 30 minutes after intra-
peritoneal injection. The cortex and hippocam-
pus were isolated on ice. 1000 µL whole-cell 
lysis buffer, 10 µL PMSF and 10 µL phospha-
tase inhibitor (Guangzhou Maygene Bio-Tech- 
nology Company, Guangzhou, Guangdong Pro- 
vince, China) were mixed with 100 mg of each 
of the tissues. The mixture was homogenized 
and centrifuged at 14000 g, at 4°C, for 5 min-
utes. The supernatant fractions were stored  
in different centrifuge tubes at -80°C. The pro-
tein concentration of the supernatant was 
determined using the BCA protein assay kit 
(Guangzhou Maygene Bio-Technology Com- 
pany). GAD was determined by Western blot. 
We extracted 15 µg of whole-cell protein to 
examine GSK3β. The protein extract was mixed 
with sample buffer (10% SDS) and boiled for 5 
minutes. Both proteins were measured by 10% 
SDS-PAGE as follows: protein samples were run 
in 5% loading gel at 80 V for 30 minutes and 
subsequently in 10% stacking gel at 140 V for 
30 minutes. After electrophoresis, the proteins 

were transferred from the gel to a PVDF mem-
brane (bore diameter of PVDF membranes  
0.45 µm). The transfer was processed using a 
100 V stabilivolt for 3 hours followed by immu-
noblot hybridization. Briefly, the PVDF mem-
brane was immersed in 5% defatted milk pow-
der for 1 hour, washed with TBST three times, 5 
minutes per wash, and hybridized with primary 
antibodies of GAD (GAD rabbit anti-mouse 
monoclonal antibody; Cell Signaling Technology, 
Inc., Beverly, Massachusetts, USA; 1:6000) 
overnight at 4°C. Next day, the membranes 
were again washed three times with TBST for 5 
minutes each, hybridized with horseradish per-
oxidase-labeled secondary antibody (goat anti-
rabbit IgG (H+L), Beyotime, Nantong, Jiangsu 
Province, China; 1:1000) at room temperature 
for 1 hour, washed three times with TBST for 5 
minutes each, dipped into ECL (BeyoECL Plus, 
Guangzhou Maygene Bio-Technology Company) 
for 4 minutes and exposed, developed and 
fixed on film in a darkroom. The Western blot 
was quantified by Quantity One software (Bio-
Rad, Hercules, CA, USA). GAPDH was used as 
an internal reference. 

Immunohistochemical analysis

Anti-GAD65/67 was used to stain all the slices 
by floating staining as follows: PBS was injected 
into the hole of Rinse boxes, to rinse 4 slices 
and washed by PBS 3 times, 5 min each time. 
The remains of the hole were dried. Two drops 
(100 µl) of peroxidase blocking agent contain-
ing the solution A of S-P Kit were added and 
incubated for 30 min under oscillation at room 
temperature. They were washed with PBS for 3 
times before drying the remains. Two drops 
(100 µl) of normal non-specific serum (solution 
B of S-P Kit) were added and incubated for 
60min under oscillation at room temperature, 
and normal non-immune serum was dried. To 
each slice, 100 µl first antibody was added at a 
dilution of 1:4000 in BSA solution and incubat-
ed for 60 min under oscillation at room tem-
perature. They were refrigerated under 4°C 
overnight. Rinse boxes were removed from the 
fridge and placed at room temperature for 60 
min, washed with PBS for 5 times, 5 min each 
time. The residues were dried before 2 drops 
(100 µl) of secondary antibody marked by bio-
tin (solution C) was added, and incubated for 
45 min under oscillation at room temperature. 
They were washed with PBS for 3 times, 5 min 
each time. The residues were dried before addi-
tion of 2 drops (100 µl) of streptavidin-peroxi-

Figure 1. PCR amplification of Fmr1 fragment of KO/
WT mice. Note: Lane 1: DNA marker, Lane 2-3: wild-
type mouse, Lane 4-5: FMR1 knock out mouse.

Figure 2. Results of latency between KO mice at 
same age.
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dase solution (solution D), and incubation for 
30 min under oscillation at room temperature. 
They were washed with PBS 3 times, 5 min 
each time. The residues were dried before 
color development of solution using DAB, 
observed microscopically. PBS was used to ter-
minate the reaction 3 to 5 min later. The slices 
were washed with PBS for 3 times, 5 min each 
time. The slices were pasted on the slide pro-
cessed by gelatin before air drying and dehy-
drated to make it transparent, and finally 
mounted with neutral gum. Six slices of hippo-
campus were selected from 20 mouse brain 
slices of different genotypes in each group. The 
slices were visualized under the microscope 
and photographed simultaneously. The pic-
tures were analyzed by Image J 13.7 and the 
hippocampus tissue concentrations of amino 
acids were quantified.

Hippocampus tissue preparation 

After decapitation, the brains were quickly 
removed and placed on an ice-cold dissection 
plate. Each brain was sectioned into eight dif-
ferent areas. Hippocampus tissue from both 
hemispheres was pooled and frozen in liquid 
nitrogen and stored at -80°C until assayed. For 
the quantification of amino acids and mono-
amines, brain tissue wet weight was deter-
mined, and each piece was placed into a vial 
containing ice-cold homogenization buffer (0.1 
M perchloric acid, 0.1 mM ethylene diamine-
tetra acetic acid, 2 mM sodium metabisulfite). 
After homogenization with an ultrasonic tissue 
disrupter (Sonoplus HD60, Bandelin, Germany) 
the samples were centrifuged (14,000 × g for 
15 min at 4°C) and the supernatants were fil-
tered through a syringe filter (0.2 micron pore 
size; Whatman, USA) before HPLC analysis.

Reversed-phase HPLC analysis

The supernatants of each sample were divid- 
ed, using one part for amino acid analysis and 
one part for measuring monoamines, respec-
tively. Concentrations of the amino acids aspar-
tate, glutamate, glutamine, taurine, alanine, 
and GABA were determined by automatic pre-
column derivatization with ortho-phthalalde-

Figure 3. KO mouse and WT mouse step-through ex-
periment results. A. Results of error count of KO/WT 
mice at same age. B. Results of incubation period of 
KO/WT mice at different ages. C. Results of number 
of errors KO/WT mice at different age.

Figure 4. KO mouse and WT mouse step-down ex-
periment results. A. Results of incubation of KO/WT 
mice at same age. B. Results of number of errors 
KO/WT mice at same age.



GAD and avoidance behaviour of Fmr1 KO mice

3126 Int J Clin Exp Med 2018;11(4):3121-3134

hyde (OPA) and fluorescence detection (follow-
ing a modified version of the method of Lindroth 
& Mopper), Briefly, the HPLC analysis was per-
formed on a C18 reversed-phase column (125 
× 4 mm, packed with LiChrospher(R)5 tm, 
MERCK, Germany), using a non-linear gradient 
of 5% to 75% methanol in 0.15 M phosphate 
buffer, pH 7.0, at a flow rate of 1.5 mL/min.

Statistical analysis

All the results were expressed as a mean ± SD 
and analyzed by SPSS 17.0 statistical software 
(SPSS, Chi-cago, IL, USA). Differences among 

groups were analyzed by one-way analysis of 
variance (ANOVA), and an independent sample 
t-test was used to analyze the comparisons of 
KO and WT mice in Western blot, step-down 
and step-through tests. A P value < 0.05 was 
considered statistically significant. 

Results

Laboratory animal model testing

To identify the genotype of experimental ani-
mals, the KO and WT mice PCR results are 
shown in Figure 1. KO mice showed amplifica-

Figure 5. Morris water maze results. A. Navigation of 
different mouse breeds (4-week-old). B. Navigation 
of different mouse breeds (6-week-old). C. Latency: 
WT mouse navigation at different weeks of age. D. 
Latency: KO mouse navigation at different weeks of 
age. E. Step through experimental results: different 
mouse breeds (4-week-old). F. Step through experi-
mental results: different mouse breeds (6-week-
old). G. spatial search experimental result with dif-
ferent  breed of mice under different ages.
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tion of about 800-bp DNA fragments. WT mice 
showed amplification of about 468 bp DNA 
fragments (Figure 1). KO mouse showed irrita-
bility hyperactivity, and aggression, and prone 
to epilepsy. Male mice exhibited macro-orchi- 
dism.

KO mouse and WT mouse step-through experi-
ment results

Latency of WT mouse was significant longer 
than similar week-old KO mouse (P < 0.05) 
(Figure 2). Error count of KO mouse was more 
than WT mice significantly (P < 0.05). There 
were no differences between latency and the 
error count of KO or WT mouse at different  
ages (P > 0.05) (Figure 3). The latency and the 
error count of KO and WT mice on the first day 
were compared on the second day.

KO mouse and WT mouse step-down test 
results

Latency of WT mice was significantly longer 
than similar week-old KO mice (P < 0.05). Error 
count of KO mice was significantly greater than 
WT mice (P < 0.05) (Figure 4). Latency and 
error count of differently aged KO or WT mice 
were not significantly different (P > 0.05). 
Latency and the error count of KO mice and  
WT mice on the first day were compared with 
the second day.

Navigation results

At the beginning of experiment, the latency of 
the 4-week- and 6-week-old KO mice looking  
for platform was longer than WT mice (P < 
0.05). Until the fourth day, the latency and  
number of platform crossings of KO mice com-
pared with WT mice was significantly different 
(P < 0.05) (Figure 5). The latency of 6 week-old 
KO or WT mice was greater than 4 week-old 
mice, but not statistically significant (P > 0.05) 
(Figure 5).

Spatial memory

The 4-week-old and 6-week-old WT mice in tar-
get quadrant stayed longer than in other quad-
rants, more than 25% of the total time. The 
6-week-old KO mice in the fourth quadrant 
stayed longer, and the residence time of 4 
week-old KO mice in the second quadrant  
was slightly longer. The comparative spatial 
memory of KO or WT mice is illustrated in  
Figure 5.

KO and WT mouse dendritic spines

Juvenile (1 W) and adult (7 W) KO dendritic 
spine length increased markedly compared 
with age-matched WT. The dendritic spine den-
sity increased significantly (P < 0.05), and the 
juvenile and adult KO compared with WT 

Figure 6. Expression of GAD65/67 protein in KO and 
WT mice. A. GAD65/67 protein expression in hippo-
campus of KO/WT mice. B. Altered GAD65/67 im-
munohistochemistry in the hippocampus of KO/WT 
mice.
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showed more immature dendritic spines (P < 
0.05) (Figure 8).

± 0.04 mg/g), P < 0.05] (Table 1). However, 
there are no significantly difference between 

Figure 7. Altered amino acid levels in hippocampus of KO and WT mice. A. 
GABA standard liquid chromatogram. B. KO mice: HPLC of amino acids. C. 
WT mice: HPLC of amino acids.

Figure 8. Golgi staining showing dendritic spines in 1- and 7-week-old KO 
and WT mice (2000 ×). (A1 and A2) were 1-week-old KO and WT mive den-
dritic spine characteristics, (B1 and B2) were 7-week-old KO and WT mive 
dendritic spines.

Expression of GAD65/67 
protein in KO and WT mice 

GAD65/67 protein content 
changes in the hippocampus 
are shown in Figure 6. The 
protein content of GAD65/67 
in the hippocampus of KO 
mice was increased compar- 
ed with WT mice (P < 0.05). 
GAD65/67 protein content in 
the hippocampus increased 
gradually in growing mice. KO 
mice clearly showed a higher 
number of GAD65/67-positive 
neurons (in region of the hip-
pocampus) than the WT mice 
of the same week (P < 0.05). 
The six-week KO mice and  
WT mice contained a grea- 
ter number of GAD65/GAD67-
positive neurons (in region of 
the hippocampus) than the 
four-week counterpart (P < 
0.05). Immunohistochemical 
changes of GAD65/67 in the 
hippocampus are shown in 
Figure 6. 

Altered amino acid levels in 
hippocampus of KO and WT 
mice

Reversed-phase HPLC result 
showed in Figure 7. The result 
analysis was present in Table 
1. The level of γ-aminobutyric 
acid in four-week KO mice is 
0.42 ± 0.06 mg/g, which is 
significantly lower than that in 
four-week WT mice (0.50 ± 
0.06 mg/g), P < 0.05. The 
level of Glycine in four-week 
KO mice was obviously lower 
than in four-week WT mice 
[KO mice: (0.17 ± 0.05 mg/g) 
versus WT mice: (0.17 ± 0.05 
mg/g), P < 0.05]. While the 
level of glutamate was dra-
matically higher in four-week 
KO mice than in four-week WT 
mice [KO mice: (0.84 ± 0.09 
mg/g) versus WT mice: (0.64 
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the level of aspartate in four-week KO mice and 
WT mice. 

Discussion

Fragile X syndrome is a common psychiatric 
genetic disease with mental retardation, with 
morbidity ranking next only to Down’s syn-
drome. The disease accounts for 2% to 6% of 
all cases of nonspecific mental retardation and 
40% of X-linked mental retardation. The etiolo-
gy of fragile X syndrome involves abnormal 
FMR1 trinucleotide repeat amplification result-
ing in defective or deleted fragile X mental 
retardation protein (FMRP). Patients with frag-
ile X syndrome have different degrees of men-
tal retardation and personality changes, atten-
tion deficit disorder, hyperesthesia, visual mo- 
tor integration disorder, hyperpraxia, anxiety, 
epilepsy, autism, unusual facies, and macro- 
orchidism.

The pathogenesis, intelligence or behavior of 
FXS patients is a research hot spot. Fmr1 
knockout mice manifest abnormal behavior, 
including acoustic source convulsion. Yan 
observed longer escape latency in KO mice 
(FVB × C57BL/6J) than in WT mice. KO mice 
exhibited longer spatial and working memory 
than WT mice on the first day, indicating that 
memory of KO mice was worse than WT mice 
[9]. Mineur observed no significant behavioral 
differences in escape latency between KO mice 
(C57BL/6J) and WT mice [10]. Due to differ-
ences in results obtained, it is necessary to 
study the cognitive function of Fmr1 knockout 
mice in depth.

Learning is the process of adaptation by the 
nervous system to environmental changes, 
resulting in new behaviors and experiences. 
Memory is an indispensable brain function that 
humans or animals rely on for existence. It is 
the retention and reappearance of experience 
after learning. Learning and memory are two 

This study used Morris water maze (MWM), 
step-through and step-down experiments. Mor- 
ris water maze is an important tool to study 
learning and memory ability of KO mice. It was 
designed by physiologist Morris, and applied to 
research of brain mechanism of learning and 
memory [34]. 

Swimming time in Water Maze and step-throu- 
gh times reflect learning and memory of ani- 
mals. Impaired learning and memory lead to ex- 
tended latency, disorientation, running disord- 
ers, and other anomalies of a range of indica-
tors. MWM hidden platform experiment showed 
that spatial memory was highly dependent on 
the hippocampus. The learning ability of mice 
with impaired brain areas seriously affected 
the outcomes in hidden platform experiment, 
but not in MWM visual platform experiments. 
Another study using congenic mice on a 
C57Bl/6J background, did not find any impair-
ment in Fmr1 KO mice with the MWM, including 
reversal learning [39]. The authors proposed 
that the effects noted in previous studies were 
related to the presence of genes from the 129 
embryonic stem (ES) cell line in the original KO 
mice. To investigate this hypothesis, they test-
ed male F1 progeny fromC57BL/6J Fmr1 hets 
and 129/ReJ and found a difference in perfor-
mance, supporting their hypothesis. Paradee et 
al. as well as Dobkin et al. [37] presented early 
evidence of strain-specific effects of Fmr1  
deletion. The findings suggested that male and 
female Fmr1 knockout mice on C57 albino 
background exhibited spatial learning and 
memory impairments.

Passive avoidance experiment is used to study 
learning and memory, to study memory consoli-
dation and retention. Recording the time from 
the electric shock administration until the ani-
mal enters the chamber or the time animals 
jumped off the platform is used to test memory 
retention and consolidation. Since the training 
time is short, with a clear division of the event 

Table 1. Altered amino acid profile in hippocampus of KO and WT mice  
(
_
x  ± SD, n=15)

Guoup Glutamine (mg/g) Aspartate (mg/g) GABA (mg/g) Glycine (mg/g)
WT 0.64 ± 0.04 0.41 ± 0.07 0.50 ± 0.06 0.25 ± 0.06
KO 0.84 ± 0.09※1 0.43 ± 0.09※2 0.42 ± 0.06※3 0.17 ± 0.05※4

※1: compared with WT mice, P=0.023 < 0.05. ※2: compared with WT mice, P=0.205 
> 0.05. ※3: compared with WT mice, P=0.041 < 0.05. ※4: compared with WT mice, 
P=0.016 < 0.05.

process related to each 
other. Memory, an inner 
psychological process of 
animal and human, can-
not be directly observ- 
ed, but indirectly esti-
mated according to the 
observed stimulation re- 
action.
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study and maintenance in training process, 
passive avoidance test is an excellent method 
to separate short-term and long-term memory. 
Passive avoidance is used widely in neurosci-
ence. Avoidance experiment uses animal pref-
erence for dark (light and shade shuttle), and 
fear and memory of aversive stimuli (such as 
foot electric shock). Therefore, for experiment-
er (rather than for animal), avoidance experi-
ment is similar to implied associated conditions 
of fear. The stimulation is mild foot electric 
shock, provoking a reaction of escape.

Active avoidance requires animals to escape 
actively from the aversive stimulus box where-
as passive avoidance requires animals to 
refrain from exposure to the aversive stimulus. 
Previous studies have found that KO mice often 
rely on hippocampus function, and in hippo-
campus dependence experiments KO mice 
failed to manifest significant learning disabili-
ties, which proved that hippocampus function 
operated normally [35]. In this study, we 
observed juvenile and adult FVB KO mice and 
WT mice on MWM. On the first day of naviga-
tion, we found that latency of KO mice was lon-
ger than WT mice. As the experiment pro-
gressed, we found that KO mice showed poorer 
visual spatial learning ability than WT mice. We 
also determined that age did not play a role in 
learning ability. In spatial search test, animal 
stayed longer in the target quadrant suggesting 
that memory was stronger. The experimental 
results found that WT mice stayed longer time 
in target quadrant than KO mice, which proved 
that WT mouse had certain functional memory 
and KO mouse showed memory disorders.

The FMRP expression is the strongest in hippo-
campus and cortex than other brain regions, 
Lack of FMRP leads to defective intelligence, 
indicating that FMRP might have a certain 
effect in learning and memory. In MWM KO 
mice latency was extended, in response to  
KO mice expressing inactivated protein in  
hippocampus that showed lack of FMR1  
affects complex brain function. 

Previous research showed that dendritic spines 
in the mammalian central nervous were associ-
ated with irritability and synaptic transmission. 
Damaged dendritic spines affect neural elec-
trophysiology, resulting in spatial cognitive dys-
function and epilepsy. 

FMRP expression anomaly in KO mice lead to 
neuronal cell enlargement and dysplastic fea-

tures of neurons, such as accumulation of non-
phosphorylated neurofilaments and abnormal 
dendrite orientation. It proved that FMRP may 
participate in the regulation of protein synthe-
sis in synapse. The lack of FMRP hindered pro-
tein synthesis, affecting synapse formation 
resulting in negative influence on learning and 
memory [36].

Van found that C57BL/6J KO mice’s escape 
latency was no different from WT mice in the 
MWM experiment [37]. Yan found FVB × 
C57BL/6J KO mouse’s escape latency was lon-
ger than WT mouse in MWM hidden platform 
experiments [23]. In radioactive water maze 
experiments over six days, KO mouse spatial 
and working memory was longer than WT 
mouse on the first day. In elevated water maze 
experiment, we found no significant difference 
between KO and WT mice. Mineur found that 
the escape latency was no different between 
the C57BL/6J KO mice and WT mice in the 
radioactive water maze experiment [35].

The results of this study were not consistent 
with the above results, perhaps due to varia-
tions in the genetic background, age, gender, 
and reproduce times, and experimental condi-
tions involving laboratory mice.

The genetic background of the laboratory 
mouse contributed to the differences in the 
experimental results. For example: The upper 
and lower pyramidal lobe moss fibers (IIPMF) in 
the Fmr1 knockout FVB mice [38], were 
reduced in C57BL/6J mice [35] suggesting  
that the other gene expression may also have 
influence on Fmr1 expression and function.

Laboratory mice from different backgrounds 
can also affect the growth, spontaneous activi-
ties, and brain development, and then strength-
en the KO mice’s differences in background.

Mice from similar background showed age dif-
ferences in development and decline in spatial 
and non-spatial learning and memory [40]. 
Mouse background and phenotypic influence 
are much more complicated than the impact of 
modifying factors. Mice from different back-
grounds exhibit learning differences probably 
due to the differences of their genetic alleles.

Step-through and step-down experiment are 
common experimental methods for study of 
animal memory. Due to their simplicity, the dif-
ferences between animals are small. The 
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results of step-down experiment showed that 
KO mouse error counts on the first day exceed-
ed that of WT mice after two days testing. 
Latency on the first day was significantly short-
er than WT mice. It indicated that KO mouse 
learning ability significantly declined compared 
with WT mice. Although on the second day, KO 
mouse error counts decreased and latency 
increased comparing with WT mice, the differ-
ence was not statistically significant (P > 0.05). 
It indicated that memory stability of KO mice 
was not lower than WT mice. On the second 
day, experimental results showed that the 
memory stability of mice can be maintained for 
at least 24 hours.

In step-through test on the first day, compared 
with the WT mice, the number of electric shocks 
KO mice suffered increased significantly (P < 
0.05). Latency of KO mice in step-through test 
exhibited an increasing trend, but was not sta-
tistical significant. The latency and error counts 
of KO mice on the first day compared with those 
on the second day were not statistically signifi-
cant (P > 0.05). The latency and error count of 
WT mice on the first day were significantly dif-
ferent from those on the second day (P < 0.05). 

In conclusion, the results of this study showed 
that KO mice had learning deficiencies, but 
memory was normal. The impaired learning 
ability could be improved by repeat learning. 
Memory of KO mice can be improved, confirm-
ing other studies [40-42]. In step-through test, 
on the first day, the latency of KO mice was 
increased, but was not statistically significant. 
The step-through test results suggested that 
KO mice’s latency was significantly shorter than 
normal WT mice on the first day. The results 
were inconsistent in passive avoidance experi-
ment. The sensitivity of step-through test is not 
as good as that of step-down experiments [43].

FMRP is widely expressed throughout the brain, 
in both neurons and glia. Deletion of FMRP 
results in widespread alterations in the expres-
sion of mRNA and proteins including cation 
channels, adhesion molecules, neurotransmit-
ter receptors, and components of the vesicular 
transport and release machinery, suggesting 
broad cellular and synaptic alterations in the 
FXS brain. Importantly, FMRP is broadly expr- 
essed in GABAergic neuron populations, indi-
cating that it is involved in normal interneuron 
maturation and function. The GABAergic sys-
tem was first implicated in the pathogenesis of 

FXS based on studies of GABAA receptor expres-
sion in Fmr1 KO mice. Functional GABAA recep-
tors are heteropentamers, and subunit compo-
sition is an important determinant of inhibitory 
transmission, dictating receptor characteristics 
such as response kinetics, subcellular localiza-
tion, and sensitivity to a number of clinically 
important compounds. Following the initial find-
ing that FMRP binds subunit mRNA, a number 
of studies (please provide references) of mRNA 
expression in the brains of Fmr1 KO mice 
revealed prominent reductions in the expres-
sion of subunits in behaviorally relevant brain 
regions such as cortex and hippocampus. 
Complementing these changes in receptor 
mRNA expression, decreases in subunit protein 
expression have been reported, as well as a 
reduction in gephyrin mRNA, providing molecu-
lar evidence for alterations in inhibitory post-
synaptic function in the FXS brain. On the pre-
synaptic side, where FMRP is also ex-pressed, 
both increases and decreases in the expres-
sion of the rate-limiting GABA-synthesizing 
enzyme GAD have been reported in Fmr1 KO 
mice, depending partially on the brain area. For 
example, Olmos-Serrano et al. reported a pro-
nounced decrease in GAD65/67 protein exp- 
ression in the basolateral amygdala, comple-
mented by decreased vesicular GABA levels, 
whereas El Idrissi et al. describe increased 
GAD65/67 in the cortex, hippocampus, brain-
stem, and diencephalon, in conjunction with 
reduced subunit expression. In addition, pro-
teins required for GABA transport (GAT) and 
catabolism (GABA-T, SSADH) also exhibit 
decreased expression in a number of regions.

In the study of human behavior, a series of 
abnormal behaviors were found in FXS patients, 
including learning and memory deficiency, 
abnormal visual-motor cortex integration, and 
dysfunction in somatosensory and balance 
integration [42]. 

Some researchers believe that the FXS patients 
suffered from a wide range of dysfunction 
involving cortical sensorimotor integration, ma- 
nifesting challenges associated with hyper-
reaction of sensory afferent and related sen-
sory information. In addition, dysfunction of 
sensorimotor integration causes a decline of 
learning and memory abilities. The hippocam-
pus and cortex play an important role.

The changes of Glu or GABA content in the 
brain affect Glu/GABA ratio, altering nerve 
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physiological function, and learning and me- 
mory [44]. Zhang Shishan observed that the 
learning and memory are significantly improv- 
ed when Glu/GABA ratio increased. L-malate 
significantly decreased the level of mouse’s 
GABA in the brain. Cui ying et al. reported that 
excessive Glu/GABA ratio inhibited the mou- 
se learning and memory. Aluminum chloride 
(AlCl3) quasi dementia increased Glu content  
in the mouse brains, and lowered GABA levels. 
Rehmannia reported improved learning and 
memory of AlCl3 mice, following inhibition of 
brain Glu levels, and increased GABA content, 
and restoration of Glu/GABA ratio to normal 
level [15].

The Glu/GABA ratio increase can improve learn-
ing and memory. The relationship between 
long-term potentiation (LTP) and learning and 
memory is based on both induction and main-
tenance. Due to the limited number of GABA 
vesicles in the hippocampal neurons, stimula-
tion results in increased Glu release and LTP, 
but GABA content is still extremely low. More- 
over, GABA reduces the inhibition of NMDA 
receptors by autophosphorylation, activating 
NMDA receptors, and promoting a large influx 
of Ca2+, triggering LTP.

In the LTP maintenance, i.e., hippocampal LTP, 
part of the synapses in super-polarized state, 
and synaptic excitability start to decline. The 
activities of GABA interneurons are strength-
ened [16], NMDA receptors are reduced and 
GABA receptors increase.

In brief, the release of Glu first increases, fol-
lowed by slow increase in the synthesis of GABA 
balancing the Glu levels, conducive to synaptic 
plasticity.

Glu affects memory, by inhibiting activities of 
most neurons to promote synaptic plasticity 
and memory storage. Recently researchers 
showed that the human brain employs a wide 
range of synaptic efficiencies to enhance LTP 
maintenance. 

Glu and GABA are two neurotransmitters with 
completely opposite mechanism of action. 
Learning stimulation leads to Glu secretion and 
calcium influx and intracellular calcium over-
load, and cytotoxicity. In the long run, excessive 
Glu secretion is not conducive to learning and 
memory. Therefore, neuroglial cells immediate-

ly trigger Glu reuptake mechanisms, and con-
version to GABA. GABA is translocated to inter-
neurons, and is secreted to protect neurons 
and restrict the adverse effects of Glu.

The formation of GABA is controlled by rate-
limiting enzyme, which ensures optimal GABA 
release adequate for learning and memory, and 
prevention of build-up of toxic levels. The hip-
pocampal CA1 area Glu neurons and GABA 
neurons have complex synaptic contacts that 
prevent the excitability of Glu neurons [16]. In 
the central nervous system, GAD is a rate-limit-
ing enzyme that catalyzes Glu decarboxylation 
and formation of inhibitory neurotransmitter 
GABA. Brain neurons contain two isomerases 
of GAD, GAD65 and GAD67, which are coded  
by different genes with differences in expres-
sion and regulation. Studies have found that 
improved brain GABA interrupts memory forma-
tion [45]. The GABAA receptor agonist muscimol 
and GABAB agonist baclofen interrupt memory 
consolidation. In contrast, GABA receptor anta- 
gonist bicuculline and chloride ion channel 
blocker picrotoxin facilitate memory. This arti-
cle proposed a new theory of brain Glu/GABA-
based learning and memory regulation [44].

In summary, we have found that Fmr1 KO mice 
exhibit deficits in spatial memory acquisition 
and subsequent testing in the MWM and pas-
sive avoidance. We have also found significant-
ly higher GAD65/67 protein expression in KO 
mouse hippocampus than in WT mice (P < 
0.05). The increased GAD expression was 
accompanied with the increased aging. The 
GAD65/67 protein expression was significantly 
greater in 6-week-old KO or WT mice compared 
with 4-week-old mice (P < 0.05). The increase 
of GAD increases expression of GABA, which 
may lead to impaired learning and memory in 
KO mouse.

To date, the metabotropic glutamate receptor  
5 (mGluR5) has been the primary therapeutic 
target in FXS, based on evidence of unregulat-
ed signaling downstream of this receptor in 
Fmr1 KO mice. Given the increasing prevalence 
of inhibitory dysfunction in FXS, however, the 
GABAergic system also presents a number of 
relevant and intriguing targets for treatment 
that are distinct from therapeutics aimed at 
reducing mGluR signaling. As described above, 
current evidence generally reveals an extensive 
dampening of GABAergic function throughout 
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the adult FXS brain, and this dysfunction has 
been implicated in many of the hall-mark sy- 
mptoms of FXS, including anxiety, autistic 
behaviors, epilepsy, and cognitive impairment. 
GABAergic compounds, in turn, have demon-
strated therapeutic efficacy in many of these 
disorders. Therefore, compounds targeting the 
GABAergic system may provide novel, effective, 
and in some cases, therapeutic alternatives for 
FXS.
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